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Abstract 
When a Lamb mode propagates in a defect free medium, amplitude of the mode reduces with the distance of 
propagation. The reduction in amplitude is attributed to attenuation of the mode on account of material and 
geometry assuming negligible dispersion and leakage. Experiments were performed, employing air-coupled 
transducers, on quantifying attenuation coefficient of fundamental anti-symmetric Lamb mode (Ao) in isotropic 
plates. Variation in attenuation coefficient with respect to excitation frequency has also been studied. Moreover, 
some numerical modelling aspects of attenuation of the Lamb mode are also discussed.  
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1. Introduction 

Lamb waves are ultrasonic guided waves which propagate in thin plate-like structures [1]. 
These waves have the potential to interact with defects in materials and the interaction is 
manifested through mode conversion, amplitude [2], arrival time [3], energy [4], group 
velocity [5] and occasionally frequency etc.  Change in amplitude is one of the key features 
used for damage detection while employing Lamb waves [6]. When a Lamb wave propagates 
in a waveguide, reduction in amplitude with increase in distance of propagation depends on 
various factors [7] – material attenuation (damping), geometry, dispersion and dissipation (or 
leakage) into the surrounding medium. Among these four factors, attenuation of Lamb wave 
due to material is very important. This has to be evaluated experimentally. However, because 
of non-availability of data on attenuation of Lamb waves due to material, the effect of 
material attenuation on Lamb wave propagation is not considered in numerical modelling, 
especially when there is a defect and amplitude/energy is the criterion for damage detection. 
In this paper, systematic experimental measurements on effective attenuation of Ao mode in 
aluminium plates using air-coupled transducers [8] are presented.  
 
2. Measurement of Effective Attenuation 
 
Effective attenuation of Ao mode was measured in 1 mm and 2 mm thick aluminium plates at 
three different frequencies – 100 kHz, 200 kHz and 500 kHz.  Table 1 shows mechanical 
properties of the material. Size of each plate was 500 mm in length and 300 mm in width. Air-
coupled transducers were employed in order to transmit and receive single Lamb mode, Ao, in 
the plates.  
 
Table 1: Mechanical properties of aluminium 

Young’s modulus Poisson’s ratio Density 

70 GPa 0.30 2750 
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Angle () of the air-coupled transmitter and receiver probes to be oriented with respect to 
normal to the plate is computed using Snell’s law, as given below. 

 
                                              Sin  = Vair/Vph                                                            (1) 

    

                                       

Here, Vair is velocity of acoustic wave in air, which is 330 m/s, and Vph is phase velocity of 
Lamb mode to be transmitted in the plate. Once, plate thickness and excitation frequency are 
given, phase velocity of the mode can be found from dispersion relation [1] or DISPERSE [9] 
can be used to compute the phase velocity. Now, using the phase velocity, orientation of the 
probe is calculated using equation (1). Table 2 shows the orientations of the probe, from 
DISPERSE and those set in experiments, to capture Ao mode at different frequencies in 1 mm 
and 2 mm thick aluminium plates.  
 

Table 2: Probe angles from DISPERSE and experiments. 

Frequency in kHz Thickness in mm Angle in degree 
DISPERSE Experimental 

100 
 

1 22.0 21 
2 14.8 14 

200 1 14.8 15 
2 11.1 12 

500 1 10.2 11 
2 8.2 9 

 

2.1 Experimental setup 

Figure 1 shows experimental setup for transmitting and receiving Lamb waves. The setup 
consists of pulse-receiver, digitizer and a desktop computer. Gas Matrix Piezoelectric (GMP) 
based circular ( 25 mm) air-coupled probes, from Ultran Group, with central frequencies 100 
kHz, 200 kHz and 500 kHz were used in experiments for generation and reception of the Ao 
mode.  Sampling frequency was set at 10 MHz.  
 

                            

  Figure 1: Experimental setup for transmission and reception of Lamb waves. 

 



2.2 Lamb wave signals 

The following describes the procedure followed to capture the Ao mode at 100 kHz in 1 mm 
thick aluminium plate. Both transmitter and receiver were oriented at 21o (refer Table 2) and 
initial distance of separation between the transmitter and receiver was 130 mm. Figure 2(a) 
shows Ao mode captured in this configuration. Keeping the position of the transmitter fixed, 
the receiver was moved by 10 mm. Now the separation between the probes became 140 mm. 
One more A-scan (Ao mode) was captured in this configuration. This process was continued 
till the distance of separation was 300 mm. Figure 2(b) shows Ao mode captured at 200 mm 
distance of separation.  
 

 

Figure 2: Ao mode captured at (a) 130 mm and (b) 200 mm from transmitter  
   at 100 kHz in 1 mm thick aluminium plate. 

 

Similar measurements were carried out at 200 kHz and 500 kHz frequencies as well. This 
completes one set of experiments on 1 mm thick plate. One more set of experiments were 
performed on 2 mm thick plate at 100 kHz, 200 kHz and 500 kHz frequencies. Each set of 
experiments was repeated thrice. As a whole eighteen experiments were conducted.  
 
3. Analysis of Experimental data  

3.1 Group velocity 

Initially, average group velocity of Lamb mode was calculated and compared to that obtained 
from DISPERSE. This ensures that the captured mode is the required Lamb mode. Since Ao 
mode was captured for every 10 mm movement of receiving probe over a distance of 170 
mm, group velocity of Ao mode was calculated taking arrival times at various distances.  
Table 3 shows experimentally obtained average group velocities of Ao mode at 100 kHz, 200 
kHz & 500 kHz in 1mm and 2mm thick aluminium plates. Since the experimentally measured 
group velocities and probe angles set in experiments are in compliance with those obtained 
from DISPERSE as listed in Tables 2 and 3, it was concluded that the mode captured was Ao.  
 

Table 3: Group velocities of Ao mode 

Frequency in kHz Thickness in mm DISPERSE, m/s Experimental, m/s 
100  1 1771.1 1863 

 2 2279 2194.5 
200 1 2290.3 2391 

 2 2773 2876.4 
500 1 2904.3 2909.1 

 2 3143 3125 



3.2 Wave amplitude 

As discussed earlier, when a Lamb wave propagates in a defect free plate, amplitude reduces 
with distance of propagation. It is required to determine representative value of amplitude of 
the wave group at excitation frequency. Therefore, Fast Fourier Transform (FFT) has been 
performed on all the signals, thus converting time signal domain to frequency domain. In the 
frequency domain, it was found that peak amplitude occurs nearly at the excitation frequency. 
Figure 3 shows FFT of the signal at 130 mm in 1 mm thick aluminium plate at 100 kHz 
excitation frequency.  
 

 

     Figure 3: FFT of Ao mode recorded at 130 mm in 1 mm plate at 100 kHz 

Variation in amplitude with distance of propagation in 1 mm and 2 mm thick plates at three 
different frequencies – 100 kHz, 200 kHz and 500 kHz is shown in Figure 4. Exponential 
decay curve, with the following characteristic equation, has been fitted to the data.  

 
                                                  A(x) = Ap exp(-ki x)                                                 (2) 

 

Where, A is amplitude at distance x from source or transmitter, Ap is amplitude at the source 
or transmitter (x = 0) and ki is effective attenuation coefficient, expressed in Np/m. Here, ki 
characterizes effective attenuation of the Ao mode in a given plate at a given frequency. Since 
ki carries both effects of material and geometry, it is termed as ‘effective attenuation 
coefficient’. Table 4 lists effective attenuation coefficient of the Ao mode for various cases.  
 

Table 4: Attenuation coefficients of Ao mode 
 

Frequency in 
kHz 

Thickness in mm 
Effective attenuation 

coefficient, Np/m 

100 
1 2.553 

2 3.794 

200 
1 2.869 

2 3.973 

500 
1 3.142 

2 4.015 



 

 

Figure 4: Variation in amplitude of Ao mode at 100 kHz in (a) 1 mm and (b) 2 mm thick plate;  
At 200 kHz in (c) 1 mm and (d) 2 mm thick plate; At 500 kHz in (d) 1 mm and (e) 2 mm thick plate. 

 

4. Discussion and Conclusions 

Experiments were conducted to evaluate effective attenuation coefficient of Ao Lamb mode at 
100 kHz, 200 kHz and 500 kHz frequencies in 1 mm and 2 mm thick aluminium plates. The 
frequencies of excitation and thicknesses of the plate were chosen in such a way that the Ao 
mode falls in non-dispersive region. Air-coupled probes, which enable transmission and 
reception of selective Lamb mode, were employed for transmission and reception of the Ao 
mode. Orientations of the probes were computed using phase velocity obtained from 



DISPERSE. Group velocity of the Ao mode was calculated from experimental measurements 
to ensure that the desired mode is transmitted and received. To avoid any edge reflections, all 
the measurements were carried out at the center of the plate. Leakage of Ao mode into the 
surrounding medium, i.e. air was ignored, because, impedance mismatch between the 
waveguide (aluminium plate) and air is very high. Therefore, in this work, reduction in 
amplitude of the wave as it propagates through the medium was purely due to material and 
geometry only. Variation in effective attenuation coefficient of Ao mode with frequency in 1 
mm and 2 mm thick aluminium plates is shown in Figure 5.  
 

 

Figure 5: Effective attenuation of Ao mode at various frequencies. 

It is inferred from the Figure that effective attenuation of Ao mode increases with increase in 
excitation frequency and it is more in a thicker plate when compared to a thinner one.  
When effective attenuation characteristics of Ao mode in metals is compared with that in 
composites [10], it is found that composites, both GFRP (Glass Fiber Reinforced Plastic) and 
CFRP (Carbon Fiber Reinforced Plastic) of nearly same thickness as metal, cause more 
attenuation. For example, at 500 kHz, effective attenuation coefficient of Ao mode in GFRP 
and CFRP plates is 22.5 Np/m and 17.5 Np/m, respectively, whereas in the aluminium plate it 
is 4.015 Np/m. This is because of the fact that, a composite laminate is a layered medium with 
anisotropy. This results in higher attenuation of the mode. However, at low frequency, the 
difference in effective attenuation coefficient between metal and composite is less. For 
instance at 100 kHz, effective attenuation coefficient of Ao mode in GFRP and CFRP plates is 
5 Np/m and 4.8 Np/m, respectively, whereas in the aluminium plate it is 3.79 Np/m. 
Effective attenuation coefficient obtained from the curve fitting considers two aspects – 
material and geometric attenuation. In order to capture attenuation of the wave in numerical 
simulations, Rayleigh (proportional) damping is used [11-13]. Lamb wave attenuation 
constants (LACs), which are nothing but mass and stiffness proportional constants in 
Rayleigh damping frame work, are expressed in terms of group velocity (Cg), attenuation 
coefficient (ki) and circular frequency (). Since Rayleigh damping model is a global model, 
which means it assigns the same damping characteristics for entire model, it works well when 
the damping is same (uniform) everywhere. When this model is adapted to capture attenuation 
of Lamb waves, the model assumes that every waveguide has same attenuation coefficient. 
Furthermore, it also assumes that all Lamb waves have the same attenuation characteristics. 
For instance, consider propagation of Ao mode at 100 kHz from a 2 mm thick to a 1 mm thick 
plate. Albeit attenuation coefficient of the mode is different in the 2 mm and 1 mm thick 
plates (refer Table 4), it is not feasible to assign two different values of LACs in numerical 
model. This is because of the fact that the LACs are defined globally for the entire model. 



However, the model works well for simulating attenuation of Lamb wave in waveguides, 
which result in uniform attenuation of the wave.   
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