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ABSTRACT  

 Understanding ultrasonic Lamb wave propagation and its interaction with defects in composite laminates is 
difficult due to their multimode nature and mode conversion. Propagation of Lamb waves in a composite laminate can 
be studied numerically or by experimental wave field imaging methods such as Schlieren imaging and Laser 
interferometry which gives visual representations of sound fields. In this study we present the feasibility of the use of 
air-coupled transducers as an alternative sensing method to visualise the Lamb wave propagation in a composite 
laminate. Experimental visualisations of out-of-plane displacements of S0 and A0 Lamb wave fields in a 4-layered 
cross-ply [0/90/90/0] glass fibre reinforced plastics (GFRP) laminate with and without delaminations are presented. The 
propagation of Lamb waves in the laminates and their interaction with delaminations at various locations across the 
depth of the laminate are studied using 3D finite element (FE) analysis. The wavefield visualization is validated using 
experiments. The visualisation approach is extended to inspect an 8-layered quasi-isotropic [0/+45/-45/90]s composite 
laminate. 

 
INTRODUCTION 

 Composite materials are increasingly used in many fields like aerospace industries, marine industries 
etc. Due to their high strength to weight ratio they are particularly desirable in aircraft applications. 
Composite laminates are usually prone to the defects like delaminations, impact damage, broken fibres etc. 
Delamination is one of the most common types of damage in composite materials [1]. These defects reduce 
the strength considerably and could lead to a catastrophic failure. To avoid this, Nondestructive Evaluation 
(NDE) and frequent health monitoring is needed to confirm usability. Numerous NDE methods such as 
visual inspection, liquid penetrant testing, acoustic emission, ultrasonic, magnetic-particle and radiographic 
testing are available; the ultrasonic method is widely used [2] for the inspection of composites. This work 
presents ultrasonic Guided-wave based testing of Glass fibre reinforced composite laminates. The guided 
waves are more prominent in plate like structures, where one dimension is comparably less than other two 
[2]. Guided waves in plate like structures are also called guided Lamb waves or simply Lamb waves. 
Ultrasonic testing using Lamb wave techniques are increasingly used for NDE applications because of their 
possibility for rapid scanning of structures. Lamb waves can travel long distances and can interrogate the 
entire thickness of laminates [2]. In this study we present results on an air-coupled guided ultrasonic wave 
based method for damage identification and visualization in quasi-isotropic GFRP composite laminates [3-
6]. The Lamb wave propagation in the laminates are studied with numerical simulations and validated by 
experimental results to understand the mechanism of Lamb wave interaction with defects. The understanding 
of the wave interaction with delamination type defects at various interfaces between different layers is 
studied by numerically and experimentally. 
 This paper is organised as follows. Firstly a background to the guided wave damage visualization 
method used is given, followed by details of FE simulations and experiments. Results on wave visualization 
showing the presence of delamination at different depths of the laminate are presented and discussed in the 
context of the physics of wave-defect interaction, followed by conclusions and directions for future work.  
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BACKGROUND 

 Guided wave propagation can be visualised by studying the surface particle motion. Experimental 
methods such as Schlieren imaging and Laser interferometry have been used for wave field imaging in the 
past [3–5]. Even though laser methods are very fast and accurate, they are costly. Air-coupled methods offer 
advantages in terms cost and couplants. A composite laminate is exited using a circular PZT crystal of 12mm 
diameter and 100kHz frequency, made by Sparkler Ceramics Pvt. Ltd. India 
(http://www.sparklerceramics.com/), which generates guided waves in the plate. Due to the out-of-plane 
displacement of surface particles, waves leak into surrounding air. Measuring these leaked wave signals at 
different points above the plate surface and analyzing them could give a good estimation of the actual guided 
wave propagation on the plate surface [7]. Different wave modes leak at different angles [8-9] which can be 
calculated using Snell’s law, as shown in Fig. 1. In this study S0 and A0 modes are considered. The speeds of 
the respective modes are calculated using DISPERSE software [10]. Signal from the leaked wave is recorded 
at different points on the surface by air-coupled transducer. 

 
Fig. 1. Schematic showing mechanism of guided wave leakage into air and pickup using air-coupled pickup 

c

cair1sin  

                              where airc  is the speed of acoustic wave in air (340 m/s) 

    and c is the speed of concerned mode in the specimen (
0Sc or 

0Ac  ) 

 
EXPERIMENTS 

 The experiments were carried out in a custom-built C-scan like set up in pitch-catch mode. A PZT 
crystal of center frequency 200 kHz was used as a transmitter that bonded to the surface of the composite 
plate. The specimen was excited with pressure or shear excitation depending on the type of crystal. The 
leaky guided wave signals were received by proper positioning of an air-coupled transducer (Ultran Group, 
USA, http://www.ultrangroup.com/) of center frequency of 200 kHz according to the type of modes. A-scans 
were collected from data points as shown in the Fig. 2(a) and Fig. 2(b). At a given time instant displacement 
value at each point can be obtained from these data and plotted as a 2D color image. These images can be 
built at different time instants and wave propagation can be visualized from the images. 

 

  
(a) (b) 

Fig. 2. Schematic showing: (a) data collection points, (b) method of constructing images at different times 
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 The detailed properties of the GFRP composite samples and lamina used in the experiments are 
given in Table 1 and Table 2. The details of the experiment i.e. the type of PZT, frequency, angles at which 
signals were monitored based on DISPERSE [10] are shown in Table 3. 

   
Table 1. Laminate details 

Parameter Value 

Material used GFRP 

Number of layers 4 

Fiber orientations [0/90/90/0] 

Thickness of each lamina 0.33 mm 

Total thickness 2.64 mm 

  
 
 
   
 
 
 
 
 
 
 The angles θS0 and θA0 represent pickup angles for the S0 and A0 modes respectively, which were 
calculated using Snell’s law. The experiments were conducted on GFRP composite plates with delaminations 
of different sizes at different depths between the layers.  
 
FINITE ELEMENT MODELLING 

 The 3D FE simulations were carried out to visualize the wave propagation and their interaction with 
the defect at various depths of an 8-layered GFRP composite laminate using the commercial finite element 
software package Abaqus/Explicit 6.11 [11]. The layup of the laminate is shown in the Fig. 3. The model 
parameters used for simulating the wave propagation in the laminates are given in Table 4. 

        

 
Fig. 3. Composite plate layup 

 
 
RESULTS AND DISCUSSION 

 The results obtained from the experiment are presented in Fig. 4, which shows the S0 and A0 mode 
Lamb wave propagation and their interaction with delaminations in the laminate at different time instances. 
The delamination region can be clearly seen in both cases. 

Table 2. Properties of lamina 
Parameter Value 

             Exx  (GPa) 44.68 

             Eyy  (GPa) 6.90 

             νxz 0.28 

             νyz 0.355 

             Gxz  (GPa) 2.54 

             ρ  (kg/m3) 1990 

Table 3. Experimental details 
Parameter Value 

Type of PZT Longitudinal/Shear 

Frequency (kHz) 200 

CS0  (m/s) 3270 

θS0  (deg) 5 

CA0  (m/s) 1100 

θA0  (deg) 18 

Table 4. Model Parameters 
Parameter Value 

Dimension (150 x 200 x 2.64)mm3 

Fiber orientation [0/+45/-45/90]S 

Centre frequency 100 kHz 

Element size along x-y plane 0.5 mm 

Element size along z-direction 0.33 mm 

Element type C3D8R 

Total time 100 μs 
Step time 0.01 μs 



 

 

(a) (b) 
Fig. 4. Experimental results showing the: (a) S0, and (b) A0  mode propagation at different time instants 

 Apart from the signal reduction in delamination region, some other characteristics features like mode 
conversions; change of mode wavelengths and speeds; multiple internal reflections; deflection of wave fronts 
are also observed. Some of the features are shown in Fig. 5. 
  

 
(a) 

  
(b) (c) 

Fig. 5. Experimental results showing the: (a) mode conversion, (b) wavelength change, and (c)  internal reflections 
during the wave propagation at the delamination region 

 The amplitude reduction is due to the impedance mismatch between the healthy and defective 
regions. The wavelength change is due to the velocity change, this is because of the laminate is getting 
divided into two sub-laminates by the defect. The multiple internal reflection is due to modal energy trapping 
in the defective region. 



 

 The results obtained from FE simulations when A0 mode wave interacts with defects at various 
depths i.e. between different layers of the composite laminate are shown in Fig. 6. In FE simulations, 
delamination defects were created between pairs of laminas. 
 

   
(a) (b) (c) 

Fig. 6. Numerical results showing the contours of displacement magnitude for A0 mode wave interaction with 
delaminations between different layers: (a) first and second, (b) second and third, and (c)  fifth and sixth 

 
 It was observed from simulations and experiment that the wave deviates from its original direction of 
propagation when it interacts with the defect. The angle of deviation of the wavefronts at the defective region 
is different for different position of the defect across the thickness of the laminate. Also it is different for 
different wave modes. It depends on the velocity differences between the healthy and defective regions. The 
velocity of each mode is different for different direction, angle of propagation. To ascertain this we have 
plotted the dispersion curves for various layered combinations (as in Table 5) for angles ranging from 00 to 
1800. 

Table 5. Layered combinations 

Layers Lay-up Thickness (mm) 
1 [0] 0.33 

1-2 [0/+45] 0.66 
1-3 [0/+45/-45] 0.99 
1-4 [0/+45/-45/90] 1.32 
1-5 [0/+45/-45/90/90] 1.65 
1-6 [0/+45/-45/90/90/-45] 1.98 
1-7 [0/+45/-45/90/90/-45/+45] 2.31 
1-8 [0/+45/-45/90/90/-45/+45/0] 2.64 

 
 When there is a delamination between first and second layers of an 8-layered laminate, it means an 
8-layered laminate got separated in to a single lamina and a 7-layered sub-laminate. If observations are made 
on the side of single lamina, modes corresponding to single lamina are seen. This can be understood as 
defective region having only one layer. Behavior of waves in this defective region can be understood by 
understanding dispersion properties of concerned modes in the defective region. Defect could be present 
between any pair of laminae from first to seventh. So dispersion properties of all layered combinations are 
needed. 
 In composites dispersion properties change as propagating angle changes. Dispersion curves are 
plotted for single lamina, 2-layered, 3-layered, upto 8-layered laminates at different propagation angles. 
Using these plots velocity curves are generated for the laminate and sub-laminates at a frequency of 100 kHz 
for S0 and A0 modes as shown in the Fig. 7. The S0 and A0 mode normalized velocities are plotted for 



 

different directions, with maximum velocity (Vn) taken to normalize them. A reference semi-circle is drawn 
to compare the velocities at any angle. 

Fig. 7. Plot depicting the velocity curves for different layered combinations (as per Table 5) 
 

 From Fig. 7 it is clear that different modes have different velocities in defects of different depths. 
Because of this velocity difference, wave fronts bend to different extents for defects in different depths. 
Therefore, this suggests that studying the wave path deviations can provide information on the location of 
defective regions. The angle of deviation θd that the wave deflects in the defective region for a particular 
propagating angle θp is calculated for various delamination positions along the layer thickness. A schematic 
for the calculation of the wave deflection angle in the delamination is shown in the Fig. 8. 
 

 

Fig. 8. Schematic showing the wave deflection when entering in to the defective region 
 
 The defect contour is considered as a vector such that the defect is always to the left of it. The angle 
measurements are made with anticlockwise as positive and clockwise as negative. Using Snell’s law, the 
relation between incidence and refraction angle can be written as in Equation 1. 
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where θp is the incident wave direction; θd is the refracted wave direction; Vi is the speed of incident wave; Vr 
is the speed of refracted wave 
The deflection is given by 絞肯 = θd - θp 
 It is noticed from the simulation that when the wave interacts with the defect, it deviates from its 
original direction of propagation. The deviation (refracted angle) is calculated for A0 mode for the defect 



 

between a pair of laminae from first to eighth. The angle of deflections obtained are compared with the 
values obtained from disperse and are in good agreement with them. The schematics for the deflection angle 
calculation for α = -900 from simulation are shown in the Fig. 6 (FE results). The values obtained from 
disperse is shown in Fig. 9.  

 
Fig. 9. Plot showing the deflection of A0 mode in defective region at various depths from Disperse (for α = -900) 

 
  The comparison of the deflected angle values obtained from simulaton and disperse are given in Table 6. 

 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION AND FUTURE WORK 

 This paper presented results related to an approach for visualization of guided wave propagation and 
interaction with defects in composite plates. The experimental, numerical and analytical results obtained are 
closely matching. It is observed that the S0 mode has considerably less amplitude than A0 mode. The S0 
mode is highly direction specific where as A0 mode has uniform directivity. Several characteristic 
observations like mode conversion, wavelength change, multiple internal reflections, deflection of 
wavefronts can be made in the delamination region. The visualization method described in this paper using 
air-coupled ultrasound is an useful tool for understanding the Lamb wave propagation and their interaction 
with defects in composites. The location, depth and size of the delaminations can be determined by 
observing the wavelength change and wavefront deflections in the defective region. Future work includes the 
experimental validation of the results obtained from numerical simulations in 8-layered composite laminates 
and to extend this visualization approach to inspect complex composite geometrical features.  
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Table 6. Comparison of deflection values 

Defect between 
layers 

Angle of Incidence θP 
[deg] 

Angle of Deflection δθ [deg] 
Simulation Disperse 

1st - 2nd -74 47 45 
2nd - 3rd -76 37 36 
3rd - 4th -78 32 33 
4th - 5th -76 22 25 
5th - 6th -78 13 18 
6th - 7th -77 11 15 
7th - 8th -78 1 3 
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