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Abstract 
Within the framework of a combined impact-echo and surface wave measurement used under one-sided access 
test condition, different techniques for evaluation of the Lamb wave plate parameters are explored. Traditionally, 
Poisson’s ratio is estimated from the ratio between the longitudinal- and Rayleigh wave velocity. However, this 
technique may suffer from uncertainties related to the measurement of the longitudinal wave velocity along the 
surface. For this reason, two alternative approaches based on a frequency ratio of two zero-group velocity Lamb 
modes, and, the polarization of a zero-group velocity Lamb mode are explored. Moreover, the possibility and 
potential of the measurement of the surface in-plane component of the structural response is demonstrated. 
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1. Introduction 
Nowadays, concrete is a commonly used construction material. Consequently, non-destructive 
evaluation of concrete structures is an important topic. It can provide important data useful in 
for example assessment of condition and damage, quality assurance, material characterization, 
etc. The impact-echo (IE) method is one technique which has been proposed for non-destructive 
testing of concrete structures [1]–[3]. In practical IE measurements the tested structure is 
subjected to a transient impact, for example by a hammer. Thereafter, the subsequent transient 
dynamic response is recorded, and the resonance frequency of the structure is determined. A 
shift in resonance frequency can indicate a possible flaw and/or variation of thickness or 
material properties. This type of study of relative variation of resonance frequency represents 
the most basic use of impact-echo testing. 

For plate-like concrete structures, which is in the focus of this study, the resonance used in 
impact-echo testing is linked to the first symmetric (S1) Lamb mode where the group velocity 
is zero (ZGV) [4]. In this paper, this specific Lamb mode is referred to as the S1-ZGV Lamb 
mode, and represents the first through thickness resonance of linear elastic isotropic plates. In 
Lamb wave theory, a plate is defined by three independent parameters (e.g. shear wave speed, 
Poisson’s ratio and thickness) [5]. Thus, if the S1-ZGV Lamb mode frequency obtained from 
an impact-echo measurement is complemented with for example a measurement of velocity 
(e.g. Rayleigh wave velocity) and Poisson’s ratio, then the Lamb wave plate parameters can be 
determined.  

In a real case testing situation, the Lamb wave plate parameters obtained from the evaluation 
of the measurement can for example be used for material characterization or quality assurance. 
Moreover, the parameters can act as calibration values for the elastic properties and thickness, 
which is useful for example in conventional ultrasonic testing, especially if the thickness of 
structures is not known beforehand. A convenient approach for estimation of the Lamb wave 
plate parameters is to adopt a combined impact-echo and surface wave measurement [6]. This 
type of measurement is particular suitable for plate-like structures under one-sided access 
conditions, since the measurement only requires one free surface.  
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In this study we present and discuss different evaluation techniques for estimation of the Lamb 
wave plate parameters within the framework of a combined impact-echo and surface wave 
measurement applied on plates with only one surface accessible. At first, a brief introduction 
to the studied combined impact-echo and surface wave measurement is presented. Thereafter, 
different evaluation techniques are explored. For instance, the potential of using a 
multicomponent accelerometer, thus recording both the surface normal and the surface in-plane 
response, is demonstrated. 

2. Combined impact-echo and surface wave measurements 
A sketch of a practical measurement is shown in Figure 1. A hammer with a triggering device 
is used as an impactor and an accelerometer at a fixed position is used to record the structural 
response. The first impact is made close to the accelerometer. This first impact corresponds to 
a conventional impact-echo measurement. After the first impact, the hammer is moved while 
keeping the accelerometer in a fix position, and a new impact is performed. Thereafter, the 
hammer is moved again and a new impact is performed, and so forth, see Figure 1. An example 
of measurement equipment capable of performing this type of measurement is shown in Figure 
2.  

 

 
Figure 1. Sketch of measurement technique for 
the combined impact-echo and surface wave 

measurement. 
 

Figure 2. Example of measurement equipment capable of 
carrying out a combined impact-echo and surface wave 

measurement. 

 

By using the reciprocity theorem for linear elastic system a multichannel dataset is obtained. 
This type of dataset is typical for the combined impact-echo and surface wave technique. An 
example of how such multichannel dataset can be presented is shown in Figure 3, where the 
time history of the structural response is plotted for each impact. Positive time axis is defined 
as downwards, and the offset distance from the accelerometer is increasing in the horizontal 
right direction. The scale of the time and offset axis is omitted to emphasize the general concept 
of the plot. Moreover, the gain of the signals is amplified to enhance the visual representation 
of the wave field.  
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Figure 3. Example of dataset from a combined impact-echo and surface wave measurement. 

3. Estimation of Lamb wave plate parameters: traditional technique using 
longitudinal- and Rayleigh wave velocity 
As mentioned previously, three parameters (e.g. shear wave speed, Poisson’s ratio and 
thickness) define a plate in Lamb wave theory. As a result, the frequency of the S1-ZGV Lamb 
mode obtained from the impact-echo measurement must be complemented with at least two 
other quantities in order to estimate the Lamb wave plate parameters. One possibility is to 
estimate the longitudinal- and Rayleigh wave velocity from the surface wave measurement. 
Accordingly, Poisson’s ratio can be determined from the ratio of the velocities of the 
longitudinal wave and Rayleigh wave [7]. This technique where the Lamb wave plate 
parameters are obtained from the S1-ZGV Lamb mode frequency, longitudinal wave velocity 
and Rayleigh wave velocity can be considered as a traditional technique for the combined 
impact-echo and surface wave testing. 

A graphical illustration of this evaluation technique is shown Figure 4. Figure 4(a) shows an 
example of a recorded dataset, in the same typical presentation as in Figure 3. The Rayleigh 
wave, S1-ZGV Lamb mode and longitudinal wave is marked to emphasize the utilized wave 
modes. The task of estimating the Lamb wave plate parameters is equivalent to estimating the 
dispersive properties of the plate. Figure 4(b) shows the dispersion curves for the A0, S0, and 
S1 Lamb modes for a plate with a varying Poisson’s ratio. It can be observed that Poisson’s 
ratio determines the shape of the dispersion curves. In other words, when Poisson’s ratio has 
been determined from the longitudinal- and Rayleigh wave velocity, then the shape of the 
corresponding dispersion curves for the plate has also been determined. Then, the scaling and 
the position of the curves are determined from the frequency of the S1-ZGV Lamb mode and 
Rayleigh wave velocity, see Figure 4(c). Consequently, both shape and scaling of the curves 
have been determined, i.e. the dispersive properties of the investigated plate is known. This 
means that the Lamb wave plate parameters also are known. 
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Figure 4. Illustration of evaluation technique. 

In more detail, the common practice for estimation of the longitudinal wave velocity is to 
identify the first time point for each signal where the amplitude exceeds a certain threshold. 
The time points for all signals represent the time of arrivals for the first wave propagating along 
the surface. Typically, it is assumed that the velocity of this first arriving wave corresponds to 
a pure longitudinal wave. However, a major source of uncertainty in this estimation of the first 
arrival velocity is related to the task of identifying the correct time for the first arrival. This 
uncertainty is partly due to the small displacement magnitude of the surface normal component 
of the first arriving wave. The interpretation of the first arriving wave as a pure longitudinal 
wave may also lead to additional uncertainties, since the Rayleigh wave can interfere with the 
longitudinal wave close to the impact point [8]. This interference, which can be considered as 
a near-field effect, is typically pronounced close to the impact source. In other words, the 
disturbance from the interference is dependent on the distance to the impact source, with an 
increasing disturbance close to the impact source. For this reason, the accuracy of the estimated 
longitudinal wave velocity increases when the length of the measurement array lengthens [8].  

Moreover, the estimation of the longitudinal wave velocity is sensitive to material variation 
through the thickness of the plate. For example, an underestimated longitudinal wave velocity 
which is not representative for the entire thickness of the plate may be obtained if a material 
gradient with an increasing longitudinal wave velocity with depth exist. Such material gradients 
have been observed by [9]–[12]. It is explained that this type of gradient is may be created from 
an unintentional settlement of large aggregates near the bottom of the plate during casting [9].  

Consequently, a drawback associated with this traditional technique for estimation of the Lamb 
wave plate parameters is the dependency of the longitudinal wave velocity estimated along the 
surface [8]. An uncertain estimation of the longitudinal wave velocity leads to an uncertain 
estimation of Poisson’s ratio, which subsequently will induce uncertainty in the other estimated 
Lamb wave plate parameters. Therefore, it is evident that alternative techniques which are not 
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dependent on an estimation of the longitudinal wave velocity along the surface is important. 
Examples of such techniques are explored in the following sections. 

4. Combined impact-echo and surface wave measurements: extended 
technique with multi-component accelerometer 
Typically, only the surface normal component of the dynamic structural response is recorded 
in impact-echo and combined impact-echo and surface wave measurements. Fortunately, there 
is no restriction to record the surface in-plane response as well. In fact, if a multicomponent 
accelerometer is used, then there is no additional effort required to record the surface in-plane 
component. An example of a multicomponent accelerometer capable of measuring both surface 
normal and surface in-plane movements is shown in Figure 5.  

 

Figure 5. Example of a multicomponent accelerometer (PCB model 339A30).  
The surface normal direction is denoted W,  

and the surface in-plane component is denoted U.  

5. Estimation of Lamb wave plate parameters: alternative techniques 
5.1 ZGV frequency ratio 
An alternative technique for estimation of Poisson’s ratio is to utilize the second thickness 
resonance mode of the plate  [13], [14]. This next thickness resonance is linked to the A2-ZGV 
Lamb mode. When using this technique, Poisson’s ratio is estimated from the ratio of the 
frequencies for the A2-ZGV and the S1-ZGV Lamb modes, since this frequency ratio is only 
dependent on Poisson’s ratio. The frequency ratio as function of Poisson’s ratio is shown in 
Figure 6. Accordingly, this technique is not dependent on an estimation of the longitudinal wave 
velocity along the surface. However, to the authors’ knowledge, there is only a limited numbers 
of measurement cases reported which apply this technique on concrete plates [14], [15]. 

An example of a spectrum from a practical measurement where this technique can be applied 
is shown in Figure 7 [15]. The frequencies for the S1-ZGV Lamb mode as well as the A2-ZGV 
mode can be identified, and thus, the frequency ratio yields an estimation of Poisson’s ratio 
through Figure 6. In this example, the estimated value for Poisson’s ratio is 0.22. Note that the 
measurement of the in-plane component is required in this case to obtain the A2-ZGV 
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frequency. Results from this measurement demonstrate the usability of the surface in-plane 
component of the structural response.  

 

 
Figure 6. Frequency ratio of A2-ZGV and S1-ZGV 

Lamb mode as function of Poisson’s ratio. 

 

 
Figure 7. Example of measurement where the A2-
ZGV Lamb mode is identified in the spectrum for the 
surface in-plane response. Estimated Poisson’s ratio: 
0.22. 

5.2 Polarization of S1-ZGV Lamb mode 
An alternative technique for estimation of Poisson’s ratio, which is not dependent on an 
estimation of the longitudinal wave velocity along the surface is the S1-ZGV Lamb mode 
polarization technique. In this technique [16], Poisson’s ratio is determined from the amplitude 
ratio between the surface normal and surface in-plane amplitude components for the S1-ZGV 
Lamb mode. This amplitude ratio is interpreted as the polarization of the S1-ZGV Lamb mode. 
The general concept of this technique is graphically illustrated in Figure 8. Figure 8 shows the 
axial-symmetric S1-ZGV Lamb mode shape (i.e. the mode shape due to a point source) of the 
same plate, but for two different values of Poisson’s ratio. The case with high Poisson’s ratio 
and low Poisson’s ratio is displayed at the top and bottom of the figure, respectively. The arrow 
markers on the left side of each mode shape is displayed to illustrate the relative magnitude of 
movement of the mode. 

The top part of Figure 8 shows that for the case of high Poisson’s ratio the movement is 
dominated by the surface in-plane component, whereas for the case of low Poisson’s ratio 
(bottom part of Figure 8) the movement is dominated by the surface normal component. This 
variation of movement can also be deduced by noticing the shift of location of the region with 
red color (i.e. high amplitudes); the S1-ZGV Lamb mode is a stationary non-propagating mode, 
thus, the surface in-plane component has a node point at the axial symmetry axis, whereas the 
surface normal component has an antinode at the axial symmetry axis. In other words, the 
displacement components are perpendicular in-terms of phase angle. Additionally, by studying 
Figure 8 it is evident that a benefit of this technique is that a through-thickness representative 
estimation of Poisson’s ratio is obtained, since the S1-ZGV Lamb mode exists through the 
entire thickness of the plate.  

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



 

Figure 8. S1-ZGV Lamb mode shapes under axial symmetric (point load) condition.  
Top: high Poisson's ratio, bottom: low Poisson's ratio.  
Color scale represents total displacement magnitude. 

An example of a practical measurement where this technique is utilized is displayed in Figure 
9 [16]. The data and studied plate in this example is the same as for the previous example for 
the ZGV frequency ratio technique presented in Figure 7. The markers in Figure 9 represents 
the amplitude of the measured S1-ZGV Lamb mode as function of radial offset location from 
the symmetry axis. An optimum match for the corresponding analytical mode shape in terms 
of amplitude, wave number, and attenuation is determined. The matched mode shape is plotted 
with solid lines.  

 

Figure 9. Example of evaluation of amplitude for the S1-ZGV Lamb mode. 
Markers: measurement data. Lines: estimated mode shape. Estimated Poisson’s ratio: 0.24. 

The estimated amplitudes for the surface in-plane and surface normal components from Figure 
9 are used to estimate the polarization (amplitude ratio between the surface normal and surface 
in-plane component) for the measured S1-ZGV Lamb mode. The estimated polarization yield 
an estimation of Poisson’s ratio from the analytical relation of the polarization as function of 
Poisson’s ratio. For the example in Figure 9, the S1-ZGV Lamb mode polarization yield an 
estimation of Poisson’s ratio of 0.24. The analytical relations which link the polarization to 
Poisson’s ratio is shown in Figure 10. Figure 10(a) shows the normalized analytical amplitudes 
for the surface normal and surface in-plane components of the S1-ZGV Lamb mode. The 
polarization, i.e. the quantity |W/U| is shown Figure 10(b). This quantity is only dependent on 
Poisson’s ratio, and is consequently the main key in this technique.  

International Symposium 
Non-Destructive Testing in Civil Engineering (NDT-CE) 

 
September  15 - 17, 2015, Berlin, Germany



 

Figure 10. (a) Analytical amplitude components for the surface in-plane component U, 
and surface normal component W, as functions of Poisson's ratio.  

(b) Analytical polarization (amplitude ratio) as function of Poisson's ratio. 

6. Conclusion 
The combined Impact-Echo and surface wave measurement can be used to estimate the Lamb 
wave plate parameters under one-sided access test conditions. However, the traditional 
technique for estimation of Poisson’s ratio is impaired from the dependency on the longitudinal 
wave velocity. By measuring both the surface in-plane and the surface normal components of 
the structural response, it is demonstrated that this dependency on the longitudinal wave 
velocity can be avoided, for example by utilizing the ZGV ratio and/or the S1-ZGV polarization 
techniques. If a multicomponent accelerometer is used, the measurements of the surface normal 
and the surface in-plane component can be performed simultaneously without any additional 
effort. These findings are important from two perspectives: first, they emphasize the usefulness 
of measurements incorporating both the surface normal and the surface in-plane components of 
the structural response, and second, they highlight the possibilities and potential of the Lamb 
wave interpretation of the combined Impact-Echo and surface wave measurement.  
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