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Abstract 

This paper presents a study on the scattering of the fundamental flexural Lamb wave mode (A0) 
by an edge delamination around the circumference of a circular through hole in a plate. 
Although edge delaminations are recognized as an important form of structural damage in 
fiber-composite laminates, there is little previous work on Lamb wave scattering by this form 
of damage This study uses a 3D laser vibrometer to obtain a detailed experimental 
characterization of the angular dependence of the scattered field from an edge delamination, 
for an incident probing wave at various angles of incidence. These experimental observations 
are correlated with computational results obtained by using the commercial Finite Element 
package ABAQUS, showing excellent correlation. To assist with a detailed quantitative 
analysis of this complicated scattering process, Aluminium is used instead of a composite 
laminate, as this removes further complications that arise due to the anisotropic and multilayer 
nature of the material in composites. A simulated semi-circular delamination is introduced at 
the boundary of a circular hole of 20mm diameter, in the mid plane location of the plate using 
cutting tool. The probing signal is a narrowband 5.5-cycle tone burst with a center frequency 
of 200 kHz, for which the corresponding A0 wavelength is λ = 10 mm. The relatively small 
damage size studied corresponds to early damage detection which is the main area of interest 
for SHM applications The Scattered Amplitude Pattern is used to study the relationship 
between the scattered field and damage orientation relative to the incident wave. Results 
obtained indicate a strong dependence between the scattering amplitude pattern and angle of 
incidence. The results show that the scatter field amplitude and directivity information can be 
used to detect and quantify the damage in any orientation around the through hole, which 
confirms and extends the correlations obtained in our previous work for delaminations at a 
straight edge.  This forward scattering problem provides a necessary pre-requisite for 
addressing the more challenging inverse problem of characterizing the damage from 
observations of the scattered field, particularly for complex geometries involving detection on 
the blind side of through holes. 
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1 INTRODUCTION 

There is a steady increase in the use of composite material for engineering applications due 
to their high specific strength and stiffness, and their immunity to corrosion [1]. However, they 
are susceptible to numerous damage modes such as delamination, matrix cracking, fiber 
breakage etc., which present a challenge for structural health monitoring (SHM). Giurgiutiu 
and Su and Ye [2-4] have demonstrated the capability of Lamb waves to diagnose a variety of 
damages. Delamination damages are of particular interest as they can cause separation of 
subsurface lamina with little to no visible sign of the damage on the surface. Thorough 
understanding of the Lamb wave mode interaction with damage of interest is crucial in 
effectively utilizing Lamb waves for Structural Health Monitoring (SHM). 

Several factors influence the selection of a diagnostic Lamb wave mode for a particular 
application such as the sensitivity of the Lamb wave mode to the damage, dispersive nature, 
ease of generation, decay of propagating mode and its resolution limit [5]. In this study the 
input frequency is chosen to be well below the cut off frequency of A1 mode, to facilitate the 
interpretation of scattered signals. Of the two fundamental Lamb wave modes, S0 has been 
proved to be incapable of detecting delamination type damages at certain through thickness 
locations [6]. This is due to the zero shear stress of the symmetric mode at some through 
thickness locations. A0 mode on the other hand shows greater sensitivity to changes in flexural 
stiffness which is characteristic of a delamination damage. Thus this study focuses on 
characterizing A0 mode scattering from delamination around circular holes.  

Prior work on the subject of delamination detection using Lamb waves [6-9] have 
highlighted the complex nature of the scatter from the delamination. However work has often 
been limited to idealized locations of damages. In practice however delaminations often initiate 
around structural features that cause stress concentration. This paper presents both 
computational and experimental characterization of an edge delamination in the midplane 
location around a through hole in a plate. The plate is modelled as isotropic to reduce further 
complexities introduced by the anisotropic effects in composites, while retaining the essential 
features of the scattered field, as shown in [7,8]. Aluminium plates are used for the experiments 
and its elastic properties are identical to those assigned in Finite Element Analysis (FEA). 
Piezoelectric elements are used in experiments to generate an A0 Lamb wave mode with a 
frequency-thickness product of 600 kHz-mm, which is well below the A1 cutoff of 1.53 MHz-
mm in aluminum [10].  

The objective is to characterize the scattering pattern due to an edge delamination for various 
angles of incidence, and to determine whether this provides guidance for optimizing 
detectability. . The focus is on the Rayleigh limit, where the wavelength of the incident wave 
is much larger than the damage size. The scattering patterns are determined both 
computationally and experimentally, and compared with theoretical expectations for a point 
source consisting of equivalent force doublets.  
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2 FE MODEL  

 

 

 

 

 

Figure 1: Schematic of (a) the FE model with (b) a detailed view of the simulated delamination, and (c) the time 
dependence of the applied input signal. 

  
A 3D FE model of a 450x450x3 mm isotropic plate, with a central circular hole of radius 

10 mm was developed and meshed in ABAQUS, as illustrated in Fig. 1 (a). Elastic properties 
of aluminium shown in Table 1 are assigned as material properties for the simulation.  A 
vertical loading of 2N is applied on the top and bottom surface of the plate at point P. This anti-
symmetric loading condition ensures that only the A0 mode is generated by the input force. The 
input signal for the applied loading is a 5.5 cycle wave train with a centre frequency of 200 
kHz, modulated by a Hann window, as shown in Figure 1 (c). The use of the 5.5 cycle input 
produces a narrow band symmetrical time signal [11]. Point P (RI, θI) indicates the loading 
position for the generation of an incident A0 wave. RI was chosen to be 10×λ (λ = 10 mm = 
wavelength of incident wave [10]) from the origin of the through hole and θI depends on the 
specific angle of incidence studied. Choice of a relatively large RI ensures that the incident 
wave closely approximates a plane wave. Under the given loading conditions and material 
choice the wavelength of the incident A0 mode is 10mm [10].  

 
Density 2700 kg/m3 

Young’s Modulus 69 GPa 
Poisson’s Ratio 0.33 

Table 1: Material porperties of aluminium used in simulation. 

8-node linear brick elements with reduced integration and hour glass control was employed 
to mesh the model. Each element was approximately 0.5×0.5 mm2 with a maximum aspect 
ratio of 2. Given the A0 wavelength of 10mm, the mesh refinement exceeded the minimum 
requirement of 10 elements per wavelength [12]. The plate is modelled as two identical halves 
tied together at the midplane for the baseline (i.e. damage free) model. The delamination was 
modelled as a volume split by relaxing the tie constraint in the region and applying a small 
separation between the nodes at the delamination face as shown in Fig. 1 (b) [7]. The 
delamination itself was modelled to be of a simple semi-circular shape with its origin at position 
O on the hole boundary. Separation between the nodes ensured no contact is made between the 
two surfaces as the wave propagates through the region.  

2a 
3mm 

Diameter (a) (b) 

(c) O 



4 
 

The velocity field is recorded at the top surface of the baseline and damage models between 
30-100µs. Coordinate system for the velocity field measurement is a cylindrical coordinate 
system with its origin at point O around the circumference. This time gating process effectively 
removes the boundary reflection from the plate edges. The scattered field from the 
delamination damage is obtained by a simple baseline subtraction method [13] as shown in 
Equation 1. It should be noted that the velocity field magnitude is normalized by the velocity 
wave amplitude, at the center frequency of the input signal, at a distance of 10λ from the source 
in a plate with no through hole. This normalization process removed the dependence on source 
location. 

 

Ui
Scatter (x,t) = Ui

Total(x,t) - Ui
Baseline(x,t) (1) 

In order to characterize the scattered from the delamination, the modal content was analyzed 
using the 2D Fast Fourier Transform (FFT) method [14] and scattered wave amplitude pattern 
was obtained for each delamination case considered. The 2D FFT method was applied along a 
radial line 110 mm (2× length of input wave train) in length starting from point q (rs, θs). Far 
field requirements were fulfilled by the choice of 4λ for rs [15].  Meshing and time marching 
constraints of the simulation ensured even temporal and spatial data with sufficient data points.  

Scatter amplitude patterns were obtained by recording the out of plane displacements at 72 
nodal positions along the circular path defined by q in Fig. 1 (a) with the 5˚ increment between 
the θs  of adjacent measured points. The scattered field amplitude at these points was taken as 
the spectral amplitude of the scattered field velocity time series at the center frequency of the 
input signal.  

 

3 EXPERIMENTAL SETUP 

Aluminium with properties close to those reported in Table 1 was used in the experiment. 
The plate geometry is identical to those shown in Fig. 1. Piezoelectric (PZT) disc elements of 
5mm diameter and 2mm thickness were used to excite the required Lamb wave mode in the 
experiment. PZT discs were attached to the plate using a two-part epoxy and left to cure till the 
bond reached maximum strength. 5 PZT discs were attached to the plate to generate waves 
from 5 different incidence angles. The experimental setup is shown in Fig. 3. Lamb wave tuning 
curve for a 3mm aluminum identified 200 kHz as the most effective frequency in generating a 
A0 dominant incident field from a PZT of 5mm diameter [16]. The input signal for these PZT 
elements was identical to that used in FE. This input signal was amplified using Krohn-Hite 
Model 7602 wide band power amplifier to obtain a Peak to Peak amplitude of 250 V. The 
resulting velocity field in the plate was measured over equidistant points on the scan area of 
the specimen using an automated Laser vibrometer. The scan path programmed allowed for a 
spatial resolution of 1mm between 2 adjacent points of measurement.  

 
 

 
 
 
 
 
 
 
 
 Figure 2: Experimental specimen and setup 

PZT element 

Laser 
vibrometer 

Laser 
Detector 

Automated platform 
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Ability of the Laser vibrometer to study damage scatter fields has been demonstrated by 
several authors [16-18]. At each scanning point the Laser vibrometer is programmed to obtain 
the velocity time series for 200µs. The data logger used had an acquisition rate of 10 MHz 
which exceeds the Nyquist frequency requirements wave signals in this study.  64 averages are 
obtained at each point of measurement with a time delay between each measurement to allow 
for the decay of the pervious wave field. This averaging process gives an improved signal to 
noise ratio. The quality of the signal is further improved by applying a band pass filter with 
upper and lower bounds of 100 kHz and 300 kHz respectively. Fig. 4 shows the modal content 
of the incident wave field in the experiment obtained using the 2D FFT method described 
earlier. The 2D FFT result show an A0 dominant incident field with little to no presence of S0. 
The time history of the velocity field obtained is normalized as per the procedure described in 
the earlier section of the paper.  

 

 

Figure 3: Modal content of the incident wave field 

In the first step of the experiment, the baseline velocity field for the plate with a 20 mm 
through hole is recorded using the Laser Vibrometer for all incident angles. A delamination 
damage is then introduced using the wood ruff cutting tool shown in Fig. 4.  

 

 

Figure 4: Cutting tool used to machine a delamination and a detailed view of the delamination 
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4 RESULTS 

4.1 FE Results 

The modal content of the scattered field was investigated using the 2 D FFT process along 
the direction of maximum scattered wave amplitude. It was found that only A0 Lamb wave 
mode was present in the damage scattered field. 

The FE and experimental models outlined in Section 2 and 3 looked at the effect of angle of 
incidence on the scattering amplitude pattern for a delamination of 2mm radius (a = 2mm). The 
scattered amplitude patterns shown in the results have all be normalized as described in Section 
2. Fig. 5 (b-d) show the baseline subtraction process used to determining the scattered field 
from the delamination for 0˚ incidence. The fact that the scattered field in Fig. 5 (b) and (c) are 
identical indicates that the scattered field from 2mm delamination for 0˚ incidence is relatively 
weak. 

 

 
   

(a) (b) (c) (d) 

    
(e) (f) (g) (h) 

Figure 5: Illustrating the baseline subtraction process and the scattering patterns for various angles of 
incidence. (a) geometrical configuration of damage; (b) (c) show scattering patterns for a hole plus delamination 

and a hole without delamination; (d) scattering pattern due to a delamination for 0˚ incidence obtained by 
subtracting (c) from (b);  (e) 45˚ Incidence; (f) 90˚ Incidence; (g) 135˚ Incidence; (h) 180˚ Incidence. 

 
The scattered diffraction patterns for the 0˚ incidence and the 180˚ incidence shown in Fig. 

5 (d) and (f) are similar to the radiated wave field from force doublets located at the origin of 
the delamination, with the maximum amplitude of the scattered field along the 0˚. Normalized 
radiation patterns for force doublets applied radially and tangentially at the origin of the 
delamination can be seen to be very similar to the scattering patterns for 0˚ and 180˚ incidence, 
respectively. The scattered wave amplitude pattern for other incidence angles of 45˚, 90˚ and 
135˚ are similar to a wave field from a force doublet tangential to the circumference of the 
through hole at the origin of the delamination. For oblique incidence the forward scattered 
wave field (0˚-180˚) is slightly more dominant than the back scattered (180˚- 360˚) field. This 
was seen in the experimental results as well, especially when the size of delamination is 
increased. 
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(a) (b) 

Figure 6: Normalized radiation patterns for (a) radial and (b) tangential force doublets. 

Further the difference in diagnostic ability of waves from different incidence angles is 
measured by studying the change in scattered field amplitude as a function of incidence angle. 
The results showed that the scattered field strength is a maximum when the angle of incidence 
is 70˚. 

4.2 Experimental Results 

The scattered field from the experimental results also showed that A0 was the only 
propagating mode in the field. The scattered field pattern and relative strength was identical to 
those observed in FE. Fig. 7 below compares the normalized scattered amplitude pattern from 
a 2mm delamination for an angle of incidence of 45˚. Further the diagram in Fig. 8 shows the 
change in experimental scattered field strength with angle of incidence. Similar to the FE result 
the maximum scattered field strength is for when the angle of incidence is close to 70˚. 

 

 

Figure 8: Variation in scattered amplitude as a function of angle of incidence. 

Figure 7: Comparison of the experimental and FE scattered amplitude pattern from a 2mm delamination for 45̊ 
incident field 
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5 DISCUSSION 

The modal purity i.e. the presence of only A0 in the scattered field can be attributed to 
midplane symmetry of the plate. This mid plane symmetry ensures no coupling of modes 
occurs when the A0 Lamb wave mode is scattered.  

Comparing the results in Fig. 5 with the scatter from edge delamination in a plate, shown in 
Fig. 9 gives very useful insights in the scattering phenomena. Scatter field from an edge 
delamination for 45˚ incidence is similar to the scattering pattern shown in Fig. 5 (e-g). Also 
the scattered field from an edge delamination for 0˚ incidence is similar to the pattern shown 
in Fig. 5 (d) and (h). 

   
(a) (b) (c) 

Figure 9: (a) Damage configuration and scatter amplitude pattern from edge delamination for (b) 45˚ 
incidence and (c) 0˚ incidence 

 
As the wave propagation can be approximated using linear equations, the resulting scattered 

field can be assumed to be generated by an applied stress field in the region of the delamination. 
This stress field can be worked out as the difference in stress field between the damaged 
structure and the baseline structure. The presence of the damage introduces 2 traction free 
surfaces as the face of the delamination, thus the scattering by the delamination can be predicted 
by working out the stress field in the baseline structure. Authors [20] in their earlier work have 
proved the use of simplified force doublet models that can be used to approximate the scattered 
wave field from small damages such as those considered in this study. The force doublet will 
have two components determined by the ���  and the ���  distribution in the region of the 
delamination of the baseline structure. When the incidence angle is 0˚ and 180˚ the ��� 
component is zero due to the symmetry of the loading. This results in a wave field similar to 
that generated by a force doublet in the radial direction at the origin of the delamination (Fig. 
6).  

The near field stress around the through hole in the baseline structure is shown in Fig. 10. 
Results from the plate theory indicate that relative magnitude of the ��� is significantly greater 
than the ��� in the near field of the through hole at angles other than 0˚ and 180˚. This is 
recognized on studying the change in scattered field strength as a function of incidence angle. 
The damage scattered wave amplitude is of higher magnitude for oblique incidence for this 
reason. The ��� component is a maximum at 70˚ which is consistent with results shown in Fig. 
8. These results show that to characterize a relatively small laminar damage in the mid plane 
position around a through hole using A0, an incident wave at 70˚ is ideal as it gives the strongest 
scattered field. Result also highlight that direct line of sight to the damage may not be ideal to 
characterize the damage using the wave scattered field. It should be noted that these results are 
only applicable in the small damage limit as an increase in damage size will increase the ��� 
contribution to the scattered field which may change the scattered amplitude pattern. 
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Figure 10:  Angular variation of the shear stress components ��� and ��� around the circumference of a circular 
hole due to an incident wave at 0˚. 

 

9 CONCLUSIONS 

Detailed results have been presented for scattering patterns obtained computationally and 
experimentally for edge delaminations at the boundary of a circular hole, with good agreement 
observed between experimental measurements and computational results. These scattering 
patterns can be used to characterize delamination around through holes when there is no direct 
line of sight. For early damage detection a study of the scattered field shows that the resulting 
wave field is well approximated by those for force doublets at the origin of the delamination. 
An oblique angle of incidence produces a scattered field of higher magnitude than in the case 
of normal incidence. This is attributed to the ���  magnitude around through holes in the 
baseline structure being greater than the ��� magnitude. The distinctive scattered field patterns 
can be used to determine the orientation of the damage relative the incident field.  

Future work will investigate the dependence of scattering amplitude on delamination size in 
the Rayleigh limit. These forward scattering results provide an essential prerequisite for 
effectively addressing the more important inverse problem of determining damage location and 
size from scattered field data. 
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