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ABSTRACT 

This paper presents an experimental study on the investigation of concrete properties by 

guided and surface wave nondestructive testing. Applications were made on two large slabs 

simulating homogeneity and layering in concrete, respectively. An efficient non-intrusive 

method was used to evaluate the concrete quality by solving the modal propagation problem 

of Lamb guided waves and Rayleigh surface waves. Lamb waves were used to determine the 

Poisson's ratio and the Young’s modulus of the concrete slabs. Rayleigh waves were identified 

using Lamb wave fundamental-modes; thereafter, the inverse problem of Rayleigh waves was 

solved to evaluate the variation of shear wave velocity with depth and thus characterize the 

layered slab. The obtained results demonstrate the high potential of this tool that can easily be 

used for insitu assessment of concrete structures. 

 

Keywords: concrete slabs; layering; nondestructive testing; Rayleigh wave; Lamb wave, 

frequency-wavenumber analysis.      
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INTRODUCTION 

Near-surface damage is a common problem for most concrete structures exposed to severe 

environmental conditions such as the freeze-thaw cycles. The repair process requires good 

assessment of the concrete quality, and proper investigation of the depth of near-surface 

degradation. Evaluating these elements by retrieving cores from the concrete structure 

represents a destructive approach, which is often expensive and illustrates only local 

characteristics of concrete. In order to nondestructively provide the required information on 

concrete conditions, several methods such as ultrasonic pulse velocity, ultrasonic echo, impact 

echo and ground-penetrating radar are used in civil engineering1,2. However, these methods 

have their own limitations in determining the concrete stiffness profile (quality versus depth). 

Thus, several research studies have focused, over the last few years, on the use of the Spectral 

Analysis of Surface Waves method (SASW), which was initially developed to characterize 

stratified media such as soils and pavements3,4. The advantage of the SASW method is its 

ability to investigate elastic properties of solid media with depth using a simple test setup 

applied at the free surface of the solid half-space. The SASW test is based on the generation of 

a transient stress pulse by a mechanical impact at the surface of the tested medium. Two 

receivers are positioned at the same surface to measure the propagation of Rayleigh surface 

waves. Depending on the impact duration, Rayleigh waves with various wavelengths 

(frequencies) are produced. The shorter wavelengths (higher frequencies) propagate in the 

near surface layers, while the longer wavelengths (lower frequencies) penetrate more deeply 

into the medium. The phase velocity of a given wavelength (frequency) depends on the mass 

density and the elastic properties (shear modulus and Poisson’s ratio) of the layers traveled by 

the wave. The SASW data analysis consists of evaluating the phase velocity of Rayleigh waves 

for all generated wavelengths (frequencies) from the unwrapped phase between the signals 

acquired at the two receivers. The obtained curve (phase velocity versus wavelength or 
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frequency) is called “dispersion curve” and it is assumed to represent the fundamental-mode 

of Rayleigh waves. The “dispersion” illustrates the phenomenon that the different wavelengths 

(frequencies) traveling the medium have different phase velocities. The shear modulus profile 

of the tested medium is determined by solving the inverse problem of Rayleigh waves using 

the calculated dispersion curve. During inversion, the solid is modeled as a system of 

horizontal layers with equal thicknesses; each layer is affected by a mass density, a Poisson’s 

ratio and a shear wave velocity. The theoretical dispersion curve is calculated for the assumed 

model using Rayleigh wave theory and then compared to the measured dispersion curve. If the 

relative difference between the compared phase velocities is significant (greater than a user 

defined percentage), the model is adjusted and a new profile is assumed. When the 

experimental curve and the theoretical curve become sufficiently close, the solution converges 

and the assumed model in the last iteration is considered to be representative of the tested 

medium. More details about the inversion process can be found in Rix and Leipski5. 

 

The transfer of the SASW method to concrete structures was not so obvious; the results 

reported in the few studies carried out on structural elements seem to be not sufficiently 

reliable. Previous applications on concrete slabs showed fluctuations of the dispersion curve 

and significant errors in the estimation of the concrete stiffness profile6,7. It is important to 

note that in those studies, the elastic waves propagating at the surface of concrete slabs were 

always interpreted as Rayleigh waves8,9,10. However, the finite dimensions of concrete slabs 

generate another type of elastic waves called Lamb waves, which are very energetic and 

dominate the vibrations produced at the surface11. Furthermore, Lamb waves propagate with 

different modes that can contribute significantly in the SASW test at the same time. This modal 

phenomenon is the main cause of ambiguity of the SASW results, due to the fact that modal 

analysis is not implemented in the signal-processing algorithm of the method. Recent studies 
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in the geotechnical field revealed similar limitations of the SASW method attributed to the 

participation of Rayleigh wave higher order modes in the test12,13. In order to overcome the 

weakness of the SASW method, a method, named FK, has been proposed in this study. The 

method resolves fundamental and higher order modes of both Lamb and Rayleigh waves to 

accurately evaluate concrete slab quality with depth. 

 

RESEARCH SIGNIFICANCE 

The investigation of concrete properties by the dispersion analysis of elastic waves 

propagating at the surface of concrete slabs requires a complete solving of the vibration modes 

of the slab; the traditional SASW method is not very efficient to resolve such a problem. This 

study examines the effectiveness of an alternative multi-sensor approach in solving the modal 

phenomenon of propagation of Lamb and Rayleigh waves in concrete slabs. The method 

involves an accurate strategy that allows identification of fundamental and higher order modes 

of Lamb and Rayleigh waves, and thus a good evaluation of concrete quality and layering.  

 

GUIDED AND SURFACE WAVE TESTING 

Elastic energy introduced by a mechanical impact into solid media such as concrete, 

propagates through hemispherical wavefronts called body waves. Body waves are of two 

kinds: “pressure waves” and “shear waves”. In solid plates, for example concrete slabs, guided 

waves known as “Lamb waves” are also created. At the free surface of a solid half-space, such 

as massive concrete structures, another type of elastic waves, called “surface waves” is formed. 

Surface waves propagate through cylindrical wavefronts; they are “Rayleigh waves” and 

“Love waves”. The formation of Rayleigh waves requires free boundary conditions only, 

while Love waves are produced under supplementary specific conditions of the stratified 

medium and the source.  
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Lamb Guided Waves 

The most important type of guided waves is Lamb waves, which are elastic perturbations of 

the material particles guided by the two parallel surfaces of a plate14. Lamb waves are formed 

by interference of multiple reflections and refractions of body waves on the two surfaces of 

the plate. The particles are perturbed in the direction of the wave propagation and 

perpendicularly to the plate’s surfaces. Lamb waves are dispersive, 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, which propagate 

independently. The phase velocity of a Lamb wave depends on the thickness, the Poisson's 

ratio of the plate and the frequency. 

 

Rayleigh Surface Waves 

Rayleigh surface waves are elastic perturbations that propagate along the air-solid interface15 

of a solid medium. The material particles at the surface move in an elliptical path within the 

vertical plane containing the direction of the wave propagation. At the surface of a 

homogeneous half-space, Rayleigh waves occupy most of the total energy generated and the 

different wavelengths (frequencies) propagate with a constant phase velocity. The vibrations 

are governed by only a fundamental-mode where the amplitude of particle motion decreases 

exponentially with depth and becomes insignificant at a depth of approximately two 

wavelengths. The cylindrical wavefront shape gives Rayleigh waves low geometrical 

spreading relatively to the spherical wavefront shape of body waves; at a distance (r) from the 

source, the amplitude of Rayleigh waves is proportional to (1/r0.5) whereas it is proportional to 

(1/r2) for body waves. This explains why Rayleigh wave amplitude is always larger than that 

of body waves at the surface. In a stratified half-space, Rayleigh waves are dispersive; the 

different wavelengths (frequencies) travel the layered system at different modal velocities 
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related to the elastic properties (Poisson’s ratio, shear modulus) and the mass density of the 

traveled layers. In solid plates, Rayleigh waves are formed by the superposition of Lamb wave 

fundamental-modes for all waves having a wavelength less than approximately half the 

thickness of the slab16. 

 

FK Method 

The use of Lamb waves represents a promising approach for the global characterization of 

concrete slabs, while Rayleigh waves permit the assessment of concrete properties in terms of 

depth. Therefore, solving the modal propagation problem of Lamb and Rayleigh waves in 

concrete slabs leads to the investigation of the concrete quality and layering, respectively. 

Based on this principle, a method named FK (F = frequency, K = wavenumber) was 

constructed, tested and presented in this study. The method uses the frequency-wavenumber 

analysis to resolve the different modes of propagation of Rayleigh and Lamb waves; this 

approach has demonstrated accuracy in the dispersion analysis of surface waves in 

geotechnical and pavement applications17,18,19. The FK test setup involves a series of Na 

accelerometers linearly positioned with equal spacing dx at the concrete surface to monitor the 

surface vibrations produced by the propagation of elastic waves (Fig. 1). Lamb and Rayleigh 

waves are generated by an impact source (steel ball, hammer) or a piezoelectric pulsar source 

placed at a distance d from the first accelerometer. An external trigger is used to start data 

acquisition at the same time as the impact. The acquired signals are amplified and recorded 

using a portable acquisition system. Thereafter, the source is moved away a certain distance 

Na × dx from its position and a second series of measurements is carried out. The same 

operation is repeated several times at Np positions of the source in order to gather a total 

number of Na × Np signals, called “seismogram”. Data analysis of the collected seismogram 

consists of applying a Fast Fourier Transformation (FFT) along the time-axis to transfer data 
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from the time domain to the frequency domain. This allows spatial distribution of energy for 

all frequencies propagating along the whole length of the FK test. When it is applied evenly on 

the transformed data along the space-axis (distance), the FFT provides information on the 

wavenumber content of the seismogram, which is directly related to the propagating 

wavelengths. The result is a two dimensional representation of the energy of elastic waves 

captured at the concrete surface; it illustrates the seismogram content in terms of frequency 

and wavenumber. Knowing the relation between the phase velocity, the frequency f and the 

wavenumber k, 
k

fπ
V ph

 2
= , the seismogram energy is redistributed in the frequency-phase 

velocity domain by a simple axis transformation. The obtained image is called an FK image, 

and it illustrates the different modes of propagation of Lamb and Rayleigh waves. The 

resolution of the FK image can be improved by extending the seismogram signals with zeros 

in the time and/or the space direction before applying the FFTs (zero padding). The dispersion 

curves are finally determined for the different modes by selecting the peaks of energy (crests) 

on the FK image.  

 

After extracting the modes of Lamb and Rayleigh waves, the inverse problem is solved to 

evaluate the elastic properties of the tested concrete. The inversion of Lamb waves involves 

modeling of the slab by assuming a thickness (if not known), a Poisson’s ratio and a shear 

wave velocity. Therefore, the modal Lamb wave solution is calculated using Lamb wave 

theory, then compared to the experimental modes. If the calculated solution does not match 

the experimental one, the model is adjusted and a new Lamb wave modal solution is computed. 

The process is repeated until the theoretical solution agrees with the experimental modal 

curves. The final assumed model is then considered to be illustrative of the concrete slab 

properties. The inversion of Rayleigh waves is performed on the fundamental-mode using the 
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same modeling approach as in the inversion of the SASW data. If higher order modes of 

Rayleigh waves are identified, the theoretical modal solution is calculated for the layered 

system (profile) obtained from the inversion of the fundamental-mode, then the computed 

theoretical curves are compared to the experimental modes in order to verify the uniqueness of 

the solution. This leads to more accuracy in the estimation of concrete elastic properties with 

depth.  

  

EXPERIMENTAL PROGRAM 

Specimens 

Two large concrete slabs, homogeneous and layered respectively, were tested in this study. 

The concrete slabs had identical dimensions of 3.5 m (11.5 ft) length, 3.0 m (9.8 ft) width and    

0.8 m (2.6 ft) depth. Half the surface area of the homogeneous slab was longitudinally and 

transversally reinforced with 16 mm diameter (0.63 in.) steel bars (Fig. 2); spacing was 0.20 m 

(7.9 in.) and cover was 0.10 m (3.9 in.). The layered slab consisted of three layers with 

different elastic properties of concrete increasing from the top layer to the bottom layer. The 

thicknesses of concrete layers were varied in the longitudinal direction of the slab as shown in 

Fig. 3. Cylinders of 100 × 200 mm (3.9 × 7.9 in.) dimensions were made from the same 

batches of the different mixtures for mechanical testing. The mixtures used for the fabrication 

of the concrete slabs were prepared using a maximum aggregate size of 20 mm (0.8 in.) and 

5% entrained air. The measured mass densities, compressive strengths, Young’s moduli and 

Poisson’s ratios of all mixtures are listed in Table 1. 

 

Items of Investigation 

The experiments on the homogeneous concrete slab were carried out in order to examine the 

accuracy of the FK method to determine Poisson's ratio and Young’s modulus of concrete 
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slabs. The effect of reinforcement bars on FK measurements was also studied on this slab. The 

second goal of the experimental work was to investigate the potential of the FK method to 

detect and characterize concrete layering; this element was studied on the layered slab.  

 

Testing 

FK measurements were taken on four parallel lines (L1, L2, L3 and L4) at the free surface of 

each slab in the transversal direction as illustrated in Fig. 4. The tests carried out at the free 

surface of the homogeneous slab were accomplished using a 50 kHz piezoelectric 

accelerometer and a pulsar 50 kHz source to generate waves in twelve (12) different positions. 

The distance between each two consecutive positions of the source was 0.15 m (5.9 in.). The 

source was placed at 0.45 m (17.7 in.) from the first position of the accelerometer, which was 

located at 0.50 m (19.7 in.) from the edge of the slab. Good contact between the transducers 

(source, accelerometer) and the concrete surface was established using Vaseline coupling. The 

acquisition parameters were adjusted to attenuate body waves and ensure a significant amount 

of Lamb and Rayleigh wave energy in the record. The equipment used for this purpose was a 

two-channel (2) portable data acquisition system. The signals were acquired at a sampling 

frequency of 500 kHz and a total duration time of 4096 μsec. 

 

The measurements on the layered slab were conducted using a series of five (5) 

accelerometers (type 4396-B&K, 49 kHz natural frequency) and a steel ball source of 8 mm 

(0.3 in.) diameter. The spacing between adjacent accelerometers was 0.04 m (1.6 in.), and the 

impact was produced at six (6) different positions of the source. The distance between each 

two consecutive positions was 0.20 m (7.9 in.) and the source was initially placed at 0.20 m 

(7.9 in.) from the first accelerometer in the series. At the end of the test, thirty (30) signals 
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were collected on each measurement line at a sampling frequency of 200 kHz, and a total 

duration time of 1024 μsec. 

 

EXPERIMENTAL RESULTS AND DISCUSSION 

Assessment of Concrete Quality 

The seismogram collected at the free surface of the homogeneous slab, on the measurement 

line L1, is presented in Fig. 5 with the corresponding FK image (contour plot of energy). The 

image demonstrates high energy of Lamb waves in the concrete slab. The dispersion curves 

determined by selecting the peaks of energy on the FK image are shown in Fig. 6(a). The 

shear wave velocity (VS) in concrete was directly determined as the value to which tends Lamb 

wave higher order modes at high frequencies20; it was evaluated to 2430 m/s (7,972 ft/s). The 

fundamental-mode of Rayleigh waves (Rf) was identified as the superposition of the 

symmetrical (Sf) and the antisymmetrical (Af) fundamental-modes of Lamb waves16; this 

phenomenon was observed at frequencies higher than 5 kHz. The identified Rayleigh waves 

show constant phase velocity (VR) equal to 2225 m/s (7,300 ft/s) for all frequencies. This 

occurs only in homogeneous media (i.e. not layered) and it demonstrates identical concrete 

quality in terms of depth. The Poisson’s ratio (ν ) of concrete was thus determined using the 

following approximate formula16:   

RS

SR

VV

VV
ν

  -12.1

87.0  
=

-
                                                          (1) 

This formula can be used only for homogeneous media where Rayleigh waves are not 

dispersive, i.e. the different frequencies propagate with a constant phase velocity. The 

calculation led to a Poisson’s ratio equal to 0.22, which is very close to 0.215 the mean 

measured value by mechanical testing on the concrete cylinders. The pressure wave velocity 

(VP) in concrete was estimated as follows: 
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2-1
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         4056=2430×
22.0×2-1

).220-1(2
=PV m/s (13,307 ft/s) 

which indicates a concrete quality “generally good” according to the classification of 

Whitehurst21. The theoretical Lamb wave solution was computed using the evaluated shear 

wave velocity, the calculated Poisson’s ratio and the known thickness of the slab (0.80 m   

[2.6 ft]). The resulting symmetrical and antisymmetrical modes were overlaid on the FK 

image and compared to the experimental Lamb wave modes to verify the exactness of the 

evaluated parameters. A good agreement was observed between the theoretical and the 

experimental dispersion curves determined by selecting the crests of energies on the FK image. 

This indicates that the estimated properties of the concrete slab are reliable and there is no 

need to adjust the shear wave velocity or the Poisson’s ratio in additional iterations. Thereafter, 

the concrete Young’s modulus (E) was calculated using the mass density (ρ) obtained by 

physical characterization of the concrete cylinders (in case this parameter is unknown, a 

reasonable value of 2400 or 2500 kg/m3 (150 or 156 lb/ft3) can be assumed without 

significantly affecting the result), the estimated shear wave velocity and the calculated 

Poisson’s ratio: 

2×)+1(×2= SVνρE                                                       (3) 

                         GPa (4,920,000 psi) 9.33=2430×)22.0+1(×2354×2= 2E

This value matches very well the Young’s modulus of 35.1 GPa (5,090,000 psi) measured by 

mechanical testing with a relative difference less than 4%. The same results were obtained on 

the other measurement lines. The Fig. 6 shows the experimental dispersion curves measured 

on the four (4) measurement lines with the theoretical Lamb wave solution calculated for the 

concrete slab (thickness = 0.80 m [2.6 ft], shear wave velocity = 2430 m/s [7,972 ft/s], 
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Poisson’s ratio = 0.22); it reveals repeatability of FK results and identical concrete quality 

under all the measurement lines.  

 

Effect of reinforcement bars on FK measurement 

In order to examine the effect of reinforcement bars on FK measurement, the seismogram 

collected on the measurement line L2 in the non-reinforced region of the homogeneous 

concrete slab was compared to that collected on the measurement line L3 in the reinforced 

region of the slab. The comparison shows additional oscillations in the signals of the 

measurement line L3 after the first arrivals as illustrated in Fig. 7. The pulse energy generated 

by the piezoelectric source at these measurement lines was constant. Moreover, the 

measurement lines L2 and L3 have identical reflecting geometries, because they are located at 

the same distances from the reflecting edges of the slab. Therefore, the difference between the 

signal’s amplitudes in the two seismograms, which illustrates the observed oscillations, 

corresponds only to the effect of the reinforcement bars. Similar effects were revealed on the 

seismogram of the measurement line L4 (reinforced region) when compared to that of the 

measurement line L1 (non-reinforced region). This result supports those obtained in the 

numerical study of Wu et al.22, which demonstrated that the existence of steel reinforcement 

bars in concrete causes a certain amount of the elastic energy generated to bounce back and 

forth between the concrete surface and the steel bars. This energy is primarily dependent on 

the steel bars diameter, the cover thickness and the spacing between the reinforcement bars. 

The study also mentions that the reflections from adjacent steel bars are added together to 

create long signal oscillations after the first arrivals. However, the observed effect of 

reinforcement bars (additional oscillations) did not influence the final FK results; Fig. 6 shows 

identical dispersion curves for the FK tests conducted in the non-reinforced region of the 

concrete slab (L2 and L3) and those in the reinforced region of the slab (L3 and L4). 
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Assessment of Concrete Layering 

The data recorded at the free surface of the layered slab, on the L1 measurement line, are 

presented in Fig. 8 with the corresponding FK image. The Lamb wave modes selected on the 

image are shown in Fig. 9. The shear wave velocity was evaluated to approximately 2430 m/s 

in the same manner as that used for the homogeneous slab. The theoretical Lamb wave 

solution was computed using the known thickness of the slab, the evaluated shear wave 

velocity and an assumed Poisson’s ratio. This last parameter was adjusted until the calculated 

theoretical curves matched the experimental results; the final assumed value was 0.22. A 

Young’s modulus equal to 34.0 GPa (4,931,000 psi) was evaluated for this slab using equation 

(3); the mass density used for the calculation was taken equal to 2364 kg/m3 (147.6 lb/ft3) 

which is the mass density of all layers averaged proportionally to their thicknesses. The 

comparison between the estimated Young’s modulus (34.0 GPa, [4,931,000 psi]) and the 

average measured Young’s moduli of all layers proportionally to their thickness 

( 2.33=
8.0

56.0
×4.35+

8.0

08.0
×6.29+

8.0

16.0
×3.27 GPa [4,815,000 psi]) shows reliable estimation 

with a relative difference less than 3%. Note that the evaluated shear wave velocity, Poisson’s 

ratio and Young’s modulus are global characteristics of the layered slab and they are not 

related to a specific layer.  

 

The superposition of Lamb wave fundamental-modes (Af) and (Sf), which illustrates the 

fundamental-mode of Rayleigh waves (Rf), was observed at frequencies higher than 5 kHz. 

The identified Rayleigh waves were extracted and their phase velocity was plotted versus the 

wavelength, as illustrated in Fig. 10(a). Presenting Rayleigh wave phase velocity in terms of 

wavelength instead of frequency aims to a better reading of the result; in general, a change in 

phase velocity that occurs at a given wavelength indicates a change in material properties 

(variation in shear wave velocity) at a depth approximately equal to half of the wavelength. 
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The obtained dispersion curve corresponds to the fundamental-mode of Rayleigh waves; its 

phase velocity varies between 2100 m/s (6,890 ft/s) and 2200 m/s (7,218 ft/s) from short 

wavelengths to long wavelengths. This variation symbolizes the dispersion of Rayleigh waves 

and thus denotes layering into the concrete slab. Rayleigh wave phase velocity depends on the 

concrete Young’s modulus more than its compressive strength; this explains the small increase 

in Rayleigh wave phase velocity (100 m/s, [328 ft/s]) and attributes it to the fact that Young’s 

moduli of the concrete layers are relatively close. The evaluated dispersion curve demonstrates 

that Rayleigh waves were formed up to a maximum wavelength of 0.46 m   (18.1 in.). This 

indicates a maximum investigation depth of approximately 0.23 m (9 in.), which generally 

corresponds to half of the greatest wavelength involved in the FK test11; therefore, only the 

first layer of the concrete slab can be detected. The inversion of the Rayleigh wave dispersion 

curve was thus performed by modeling the concrete as a system of five (5) layers having a 

total thickness of 0.23 m (9 in.). Equal thicknesses of 0.04 m (1.6 in.) were assumed for the 

first four (4) layers, while the thickness of the last layer was taken to be 0.07 m (2.8 in.). A 

shear wave velocity of 2300 m/s (7,546 ft/s) was affected for the five layers of the system in 

the initial model. The Poisson’s ratio and the mass density were taken equal to those measured 

on the cylinders. In general, the Poisson’s ratio and the mass density of concrete are unknown 

and reasonable values of these parameters (for example: Poisson’s ratio = 0.21 and mass 

density = 2400 kg/m3 [150 lb/ft3]) can be assumed for all layers in the initial model without 

significantly changing the final result of the inversion. The effect of mass density on the 

evaluation of the theoretical dispersion curve (which is compared to the experimental data) is 

always negligible3, while that of Poisson’s ratio was found to be insignificant (variation in the 

calculated phase velocity less than 2.5 % for a Poisson’s ratio varying between 0.15 and 0.25 

in the model). The shear wave velocity always has the greatest effect, and thus it is the only 

parameter that was adjusted in the model during the inversion process. The final computed 
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(theoretical) dispersion curve matching the experimental data is presented in Fig. 10(a); a 

good agreement indicating exactness of the inversion is observed between the experimental 

and the theoretical dispersion curves. The corresponding model (final assumed shear wave 

velocity profile) obtained at the end of the inversion is presented in Fig. 10(b); it clearly 

shows the top layer of the concrete slab with a thickness of 0.16 m and a mean shear wave 

velocity equal to 2332 m/s (7,651 ft/s). It also shows the middle layer of the concrete slab 

where a stronger shear wave velocity of 2520 m/s (8,268 ft/s) is observed. The evaluated shear 

wave velocities indicate good concrete quality in the top and the middle layers of the slab. The 

Young’s modulus profile was determined using equation (3) and presented in Fig. 10(c). A 

relative difference of 15% was observed between the estimated Young’s modulus profile and 

the values measured on the concrete cylinders. Similar results were obtained on the other 

measurement lines; the top layer of the concrete slab was detected and its thickness was 

accurately investigated.  

 

CONCLUSIONS 

This paper investigated the applicability of using Lamb guided waves and Rayleigh surface 

waves to nondestructively characterize concrete slabs. Multi-sensor tests were performed at 

the surfaces of two concrete slabs to evaluate concrete quality and layering. Based on the 

experimental results, the following conclusions can be drawn: 

1. The proposed methodology of analysis of Lamb and Rayleigh waves offers a tool with 

great potential to resolve the modal propagation problem of these waves in concrete 

and thus investigate its elastic properties; Young’s modulus and Poisson’s ratio of 

concrete slabs can be accurately evaluated by using the multi-sensor approach 

presented in this paper; the test setup is simple and requires access to only one surface 

of the concrete slab.  
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2. The influence of reinforcement bars on the results of Lamb and Rayleigh wave testing 

is negligible for the bar size, cover and spacing used in this study; greater cover and 

spacing should not affect the final results of investigation. 

3. Layering can be detected in concrete; the material quality and thickness of each layer 

can be estimated from the obtained shear wave velocity profile up to a maximum depth 

approximately equal to one quarter of the slab thickness.  

4. The experimental results reported in this study were in good agreement with the 

theoretical values and matched the concrete properties very well. However, statistical 

calculations of uncertainty related to data collection, FK analysis and inversion are 

suggested for further research.  

5. The non-intrusive multi-sensor method presented in this paper can be fully automated 

and easily used on full-scale concrete structures. It is mainly proposed for the 

inspection of concrete slabs when investigation is needed to verify concrete quality and 

integrity between the existing layers. The method is also suggested for the detection of 

near surface damage in concrete structures (dams, tunnels) and the determination of the 

depth of deterioration prior to repair operations.  
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NOTATION 

Na   = number of accelerometers 

dx    = spacing between each couple of accelerometers 

d      = distance between the source and the nearest accelerometer 

Np   = number of positions of the source at the concrete surface 

Vph  = phase velocity   

f      = frequency 

k     = wavenumber 

VP   = pressure wave velocity 

VS   = shear wave velocity 

VR   = Rayleigh wave phase velocity 

ν     = Poisson’s ratio  

ρ     = mass density 

E    = Young’s modulus 

Af    = antisymmetrical fundamental-mode of Lamb waves 

Ai    = antisymmetrical higher order modes of Lamb waves, i = 1, 2, 3, etc. is the mode order 

Sf     = symmetrical fundamental-mode of Lamb waves 

Si     = symmetrical higher order modes of Lamb waves, i = 1, 2, 3, etc. is the mode order 

Rf    = fundamental-mode of Rayleigh waves 
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Fig. 5–(a) Seismogram acquired at the surface of the homogeneous concrete slab on the L1 

measurement line; (b) corresponding FK image (contour plot of energy, darkest zones 

represent highest energy); theoretical Lamb wave modes matching the distribution of energy 

are overlaid (antisymmetrical modes: solid lines and symmetrical modes: dashed lines). 

Fig. 6–Experimental Dispersion curves (circles) determined by selecting the peaks of energy 

on the FK images of the homogeneous concrete slab; theoretical Lamb wave modes matching 

the experimental data are overlaid (antisymmetrical modes: solid lines and symmetrical 

modes: dashed lines), (a): measurement line L1; (b): measurement line L2; (c): measurement 

line L3; (d): measurement line L4. 

Fig. 7–Seismograms acquired in (a) the reinforced region of the homogeneous concrete slab 

on the L3 measurement line; (b) the non reinforced region of the homogeneous concrete slab 

on the L2 measurement line; (c) effect of reinforcement bars obtained from the difference 

between the two seismograms. 

Fig. 8–(a) Seismogram acquired at the surface of the layered concrete slab on the L1 

measurement line; (b) corresponding FK image (contour plot of energy, darkest zones 
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represent highest energy); theoretical Lamb wave modes matching the distribution of energy 

are overlaid (antisymmetrical modes: solid lines and symmetrical modes: dashed lines). 

Fig. 9–Experimental Dispersion curves (circles) determined by selecting the peaks of energy 

on the FK image of the layered concrete slab (measurement line L1); theoretical Lamb wave 

modes matching the experimental data are overlaid (antisymmetrical modes: solid lines and 

symmetrical modes: dashed lines); Rayleigh waves are identified. 

Fig. 10–(a) Experimental dispersion curve of Rayleigh waves obtained on the measurement 

line L1 of the layered concrete slab; theoretical Rayleigh wave fundamental-mode matching 

the experimental data is overlaid; (b) corresponding shear wave velocity profile obtained by 

inversion (final model); (c) calculated Young’s modulus profile compared to the result of 

mechanical testing.  

 

Table 1–Material characteristics of the concrete mixtures 

Slab 
 

Cylinder Mass  
density, 

kg/m3 (lb/ft3) 

Compressive 
strength, 

MPa (psi) 

Young’s 
modulus, 
GPa (psi) 

Poisson’s 
ratio 

 

1 NM 39.8 (5,772) NM NM 
2 2360 (147) 40.9 (5,932) 35.7 (5,177,847) 0.22 

3 2348 (146) 40.3 (5,845) 34.4 (4,989,298) 0.21 
Homogeneous 

 

Mean 2354 (147) 40.3 (5,845) 35.1 (5,090,824) 0.22 

1 NM 17.6 (2,553) NM NM 
2 2378 (148) 17.1 (2,480) 27.5 (3,988,537) 0.22 

3 2383 (149) 17.3 (2,509) 27.1 (3,930,523) 0.20 
Top 
layer 

Mean 2380 (149) 17.3 (2,509) 27.3 (3,959,530) 0.21 

1 NM 30.2 (4,380) NM NM 
2 2311 (144) 27.6 (4,003) 29.6 (4,293,117) 0.14 

3 2343 (146) 27.7 (4,017) 29.6 (4,293,117) 0.16 
Middle 
layer 

Mean 2327 (145) 28.5 (4,133) 29.6 (4,293,117) 0.15 

1 NM 39.5 (5,729) NM NM 
2 2354 (147) 37.9 (5,497) 34.3 (4,974,794) 0.19 

3 2375 (148) 34.6 (5,018) 36.4 (5,279,374) NM 

L
ay

er
ed

 

Bottom 
layer 

Mean 2365 (148) 37.3 (5,410) 35.4 (5,134,336) 0.19 

*NM : Not Measured 
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Fig. 1–FK test setup. 
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Fig. 2–Longitudinal section of the homogeneous concrete slab. 

 

 

Fig. 3–Longitudinal section of the Layered concrete slab. 
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Fig. 4– Measurement lines on the concrete slabs. 
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Fig. 5–(a) Seismogram acquired at the surface of the homogeneous concrete slab on the 

L1 measurement line; (b) corresponding FK image (contour plot of energy, darkest zones 

represent highest energy); theoretical Lamb wave modes matching the distribution of 

energy are overlaid (antisymmetrical modes: solid lines and  

symmetrical modes: dashed lines). 
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Fig. 6–Experimental Dispersion curves (circles) determined by selecting the peaks of 

energy on the FK images of the homogeneous concrete slab; theoretical Lamb wave 

modes matching the experimental data are overlaid (antisymmetrical modes: solid lines 

and symmetrical modes: dashed lines), (a): measurement line L1; (b): measurement line 

L2; (c): measurement line L3; (d): measurement line L4. 
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Fig. 7–Seismogram acquired in (a) the reinforced region of the homogeneous concrete 

slab on the L3 measurement line; (b) the non reinforced region of the homogeneous 

concrete slab on the L2 measurement line; (c) effect of reinforcement bars obtained from 

the difference between the two seismograms. 
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Fig. 8–(a) Seismogram acquired at the surface of the layered concrete slab on the L1 

measurement line; (b) corresponding FK image (contour plot of energy, darkest zones 

represent highest energy); theoretical Lamb wave modes matching the distribution of 

energy are overlaid (antisymmetrical modes: solid lines and  

symmetrical modes: dashed lines). 
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Fig. 9–Experimental Dispersion curves (circles) determined by selecting the peaks of 

energy on the FK image of the layered concrete slab (measurement line L1); theoretical 

Lamb wave modes matching the experimental data are overlaid (antisymmetrical 

modes: solid lines and symmetrical modes: dashed lines); Rayleigh waves are identified. 
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Fig. 10–(a) Experimental dispersion curve of Rayleigh waves obtained on the 

measurement line L1 of the layered concrete slab; theoretical Rayleigh wave 

fundamental-mode matching the experimental data is overlaid; (b) corresponding shear 

wave velocity profile obtained by inversion (final model); (c) calculated Young’s modulus 

profile compared to the result of mechanical testing.  

* 1 m = 3.2808 ft, 1 GPa = 145,037.7 psi 
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