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Abstract 

Quantitative non-destructive evaluation for small fatigue cracks still remains a 
significant challenge for structural integrity management, especially for cracks in hidden or 
hard-to-inspect locations. Recently, Lamb waves have attracted considerable research 
interest in structural health monitoring (SHM) due to their desirable properties, which 
includes slow geometrical decay of amplitude with propagation and hence a potential for 
rapid wide-area inspection. 
This paper presents a 3D laser vibrometry experimental study of the interaction between 
edge-guided waves and a small through-thickness edge crack in a 3mm thick aluminium 
(isotropic) plate. A piezoelectric transducer is bonded on the edge of the plate to generate the 
incident wave. The excitation signal consisted of a 5.5 cycle Hann-windowed toneburst of 
centre frequency 200 kHz, which is well below the cut-off for the first order Lamb wave 
modes (A1 and SH1). A 2D FFT procedure is applied to the incident and scattered field 
along radial lines emanating from the crack mouth so as to obtain both the amplitude of the 
incident field and the amplitude of the scattered field as a function of scattering angle. In 
principle, edge waves are one dimensional and therefore their amplitude should not decay 
with propagation distance, which makes them well suited for SHM. In practice, a small decay 
with propagation distance was observed, especially for the antisymmetric edge wave, which 
may be attributed to difficulties in distinguishing between the edge wave and the bulk A0 
mode in the 2D FFT plots. Nevertheless, it is shown that the scattered wave field due to a 
small crack length, a, (compared to the wavelength of incident wave, λ) can be considered to 
be equivalent to a point source consisting of particular combinations of body-force doublets. 
It is found that the amplitude of the scattered field increases as a power function of a/λ, 
whereas the scattered wave pattern is independent of crack length for small cracks a << λ.  
This forward problem of determining the scattered wave field from a known crack size is an 
essential study to guide a judicious approach to the inverse problem of crack detection and 
sizing. 
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1 INTRODUCTION 

This study experimentally and computationally investigates the scattered wave pattern and 
amplitude generated by a small edge crack when impinged by antisymmetric edge-guided 
waves for quantitative inspection in structural health monitoring (SHM). SHM is an essential 
tool which involves monitoring of structural components for defect, such as fatigue cracks. 
Continued improvement of aircraft performance and fuel efficiency has resulted in increasing 
development of sophisticated and unitised components [1]. Reliable detection in these 
complex components is a significant challenge for SHM as the conventional non-destructive 
techniques (NDI) are not suitable to detect hidden crack in hard-to-inspect region due to 
limited surface accessibility for detection, whereas disassembly for conventional inspection is 
time consuming and reduces aircraft availability [1]. Therefore, there is a requirement for 
novel inspection methodology to accompany these improvements in structural components 
design and manufacturing technologies. 

There is a significant interest in using Lamb wave propagation for SHM in such cases due 
to their rapid wide-area coverage with low attenuation [2]. Unlike bulk waves [3-7], it is very 
challenging to analytically solve propagating and scattered Lamb wave problem hence it 
requires both experimental and computational research to effectively determine the possible 
utilisation of Lamb waves for crack detection. Recent studies [8-13] have investigated the 
exploitation of low frequency Lamb wave propagation to detect different type of defects in 
simple and complex structures. 

The aim of this study is to investigate the interaction of incident antisymmetric edge 
guided wave in a plate with a small edge crack relative to the incident wavelength. It is 
highly advantageous to exploit edge-guided waves for SHM as they exhibit no geometrical 
decay with propagation distance. Scattered wave pattern and amplitude for various crack 
sizes will be reported on. This forward scattering study is an essential study before tackling 
the practical inverse problem of characterising the crack size based on scattered wave field 
measurements. For bulk waves, it is known that scattering by an infinitesimal crack is 
equivalent to the radiated field from a particular combination of force body-doublets [14]. 
The Lamb-wave scattering by a small  edge crack can similarly be expected to have force 
doublets equivalents [13]. 

2 BACKGROUND 

The excitation frequency is selected to be well below the cut-off of 1.53MHz-mm for the 
first order symmetrical Lamb wave mode SH1 for aluminium [15]. Hence, the only 
propagating Lamb waves are the fundamental modes: the fundamental symmetric mode (S0); 
the fundamental shear horizontal mode (SHO); and the antisymmetricl mode (A0).  

The symmetric and antisymmetric modes are uncoupled and are generated by applied 
force distributions that are symmetrical or antisymmetrical with respect to the plate’s mid-
plane. Additionally, the antisymmetric edge-guided waves can be excited by out-of-plane 
forces applied on the straight edge. The antisymmetric edge-guided wave has been found to 
propagate at a similar speed as the fundamental A0 Lamb wave. In this study, only the 
antisymmetric wave modes were investigated. 
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Figure 1: Illustration of baseline subtraction to obtain the scattered wave field due to the presence of a crack. 
 
A baseline subtraction is employed to analyse the scattered wave displacement field 

associated with the small edge crack as shown in Figure 1 and indicated below. 
         岫   岻        岫   岻           岫   岻    (1) 
 

where        denotes the response wave field of the cracked structure, whereas           
denotes the baseline displacement field for a plate without a defect. 

 
The scattered wave field is equivalent to applying equal and opposite tractions to the crack 

faces that cancel the stresses associated with the incident wave based on principle of 
superposition [4]. The crack length is in the range       , where    is the wavelength of 
the incident wave. It can be expected that the incident field consist primarily of the edge-
guided wave since the contribution of the propagation antisymmetric modes along the edge is 
negligible. 

For small crack size, the scattered wave field can be expected to be equivalent to a point 
source located the crack mouth. This equivalence suggests that the scattering wave pattern 
should be relatively independent of crack size, whereas the scattering amplitude should 
depend on crack length squared. 

3 COMPUTATIONAL SETUP 

ANSYS 15.0 is used as the Finite Element (FE) computational analysis tool to simulate 
wave propagation in an aluminium test plate. A plate of dimensions 440mm x 220mm of 
3mm is modelled, as indicated in Figure 2 (a) with density of 2700kg/m3, Poisson’s ratio of 
0.33 and Young modulus of 69GPa.  

 
Figure 2 (a)(LEFT) 440x220x3mm aluminium plate indicating location of crack and (b) (RIGHT) Detail 

diagram of crack showing the 2D FFT line, excitation point and scattered wave measurements. 
 

The edge crack is located at the origin of the plate as shown in Figure 2. The plate is 
discretised into 0.5mm 8-node linear hexagonal elements which satisfy the requirement of 10 
elements per wavelength for accurate modelling [16], and a time step of 0.05µs, which 
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satisfies the Explicit Time Integration stability limit of 0.8L/C, where L denotes smallest 
element length and C the fastest wave speed [17]. The defect is modelled as a V-tip crack 
with maximum spacing of 0.2 mm between the crack faces. The dependence of scattered 
amplitude with crack length is investigated by varying crack size from 1mm to 5mm. The 
computational investigation relies on applying an out-of-plane force along the edge, at a 
distance of d0≈7λ from the crack, as indicated in Figure 2 (b). This loading configuration 
ensures that the dominant part of the incident wave at the crack location is an antisymmetric 
edge-guided wave mode [18]. To minimise dispersion, the excitation signal is chosen to be a 
5.5-cycle Hann-windowed tone burst with centre frequency 200kHz. At this centre 
frequency, the A0 wavelength is 9.9mm [15]. 

2D Fast Fourier Transformation is performed on the nodes along the edge and along a line 
at 45˚ degrees from the crack base, as indicated in Figure 2 (b). This is used to create the 
dispersion curve in order to identify the dominant Lamb wave mode from DISPERSE [15]. 
The 2D FFT spatial distance is taken at least 3.5λ away from the crack base to avoid 
detection of higher non-propagating Lamb waves and over approximately 10λ distance with 
zero padding [16]. 

4 EXPERIMENTAL SETUP 

A 5005H34 aluminium alloy plate with the same dimensions as for the computational 
model is considered. Polytec CLV 3D automated laser vibrometry is used to record the in-
plane and out-of-plane velocity components of the propagating Lamb waves. A Polytec retro-
reflective sheet is attached to the plate to significantly improve the data quality. PZ26 
transducer of diameter 10mm and thickness 2mm was bonded on the edge to excite edge-
guided waves. It was found that although the transducer is nominally placed symmetrically 
with respect to the plate’s midplane, in an attempt to generate only the symmetric modes, it 
seems difficult in practice to avoid some asymmetry, which results in the generation of 
antisymmetric modes as well. However, because the crack geometry is symmetrical with 
respect to the plate’s midplane, there is no mode coupling due to the scattering process, i.e. 
an incident antisymmetric wave generates only antisymmetric scattered modes and similarly 
an incident symmetric wave generates only symmetric scattered modes.  

In the experimental investigation, the defect is a notch which is artificially created to 
prevent the surfaces of crack from contact; hence no waves can transmit through the crack 
surfaces. The notch has a width of 0.3 mm and lengths 1.11, 1.76, 2.21, 2.66, 3.15, 3.48 and 
4.59mm to determine the crack length dependence. Similarly to the computational 
investigation, the post-processing of data are the same. 

The scattered wave displacement are analysed in two regions: Backward-scattered 
measured in         and Forward-scattered as measured in            with the 
angle define in Figure 2 (b). Hilbert transformation was performed over the time domain 
signals measured at points at distance 4λ away from the edge crack, and for various angles.  
The scattered wave amplitudes were measured where antisymmetric modes are the greatest; 
near and along the plate’s edge. Thus, the backward-scattered amplitudes were measured at 
0˚, 10˚, 20˚ and 30˚ and the forward-scattered were measured at 150˚, 160̊ , 170̊  and 180˚. 
The amplitude at 0̊ and 180̊ are reflected and transmitted edge waves, respectively. 

The scattered antisymmetric wave pattern results are normalised to account for the 
cylindrical wave decay and relative to the incident edge wave displacement. For the purpose 
of analysing the wave pattern dependence with crack size, the amplitude is normalised 
relative to the scattered wave field maximum amplitude. 
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5 RESULTS 

A 2D FFT processing in conjunction with Lamb-wave dispersion curves was used to 
identify the modes, as illustrated in Figure 3. The scan along the 45˚ line indicated a 
dominant A0 in the out-of-plane component, whereas the scan along the edge indicated a 
propagating antisymmetric edge-guided wave whose wave speed is very close to the A0 
Lamb wave. Figure 3 shows the experimental dispersion curve. The computational dispersion 
curve showed the same dispersion curve with the absence of symmetrical Lamb wave modes. 
For this study, we will be analysing the scattered wave field in the z components where the 
antisymmetric modes are dominant.  

 

 
Figure 3: Experimental dispersion curves. (LEFT) Asymmetric edge guided wave along the edge of the plate 

in z component and (RIGHT) Dominant A0 Lamb wave in z component scanned along 45̊  line. 
 
 
 

 
Figure 4: The normalised FE scattered wave polar plots for various crack lengths: (a)(LEFT) 0.1≤a/λ≤0.25 

and (b)(RIGHT) 0.3≤a/λ≤0.5 with a/λ=0.1 for comparison. 
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Figure 5: The normalised experimental and computational scattered antisymmetric wave patterns 

comparison for various crack lengths. 
 

It can be seen from Figure 4 (a) that the scattered wave patterns are unchanged for crack 
length less than 2mm, i.e. for a/λ<0.2, whereas for larger crack, there is a minor difference in 
the symmetrical lobes relative amplitude compared to the smaller crack length, as shown in 
Figure 4 (b). The antisymmetric scattered wave patterns in both experimental and 
computational investigations are symmetrical along the 90˚ line as shown in Figure 5. Both 
have same features of two symmetrical lobes in the forward and backward-scattered regions 
and their maximum amplitude is along the edge of the plate. Overall, the experimental results 
have shown good agreement with the computational results. 

Figure 6 show that the amplitude of the scattered A0 and the antisymmetric edge waves 
initially increases quadratically with crack length until a/λ<0.2, but thereafter, the amplitude 
increases at a reduced rate, which appears to plateau for the backward scattered (reflected) 
wave, whereas the forward scattered (transmitted) edge wave continues to increase and 
becomes more dominant. 
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Figure 6: Experimental and computational comparison of normalised scattered wave displacement dependences 

with crack length for various angles. (a)(LEFT) Forward-scattered amplitude and (b)(RIGHT) Backward-
scattered amplitudes. 

 

6 DISCUSSION 

Both experimental and computational results showed that for small edge crack a/λ<0.2, the 
scattered wave pattern is independent of crack length and the scattering amplitude increases 
as a function of a2.  This trend is consistent with the observation that the shear stress 
distributions along the crack length are approximately constant for y/λ<0.2 as shown in 
Figure 7. For a/λ<0.2, a small edge crack is equivalent to point source whose strength is 
proportional to the integral of the crack opening displacement [19], and thus proportional to 
a2. This point source consists of a particular combination of body-force doublets where the 
σxy gives rise to mode II crack opening and σxz gives rise to mode III crack opening as 
portrayed in Figure 8. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 7: Shear stresses depth variation of the incident antisymmetric edge wave relative to the maximum 
shear stress. 
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Figure 8: Scattered wave field equivalent to force doublets due to mode III and mode II crack openings. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9:  Relative displacements with respect to incident wave amplitude of analytical scattered Rayleigh 
wave displacements obtain from Mendelsohn [6] and computational antisymmetric edge-guided wave. 

 
However, as the crack size increases, the stress distribution in Figure 7 show marked 

variation, and a quasistatic approximation becomes less accurate, so that the strength of the 
equivalent source does not continue to increase as a2. 

Nevertheless, the scattering pattern remained similar, with only a slight change in relative 
amplitude as crack length increases beyond a/λ≈0.2, as shown in Figure 4 (b). It is 
noteworthy that a very similar behaviour has been reported both theoretically and 
experimentally for the scattering of Rayleigh waves by small surface-breaking cracks [6, 20], 
as indicated in Figure 9. 

In previous study [13], it was reported that the scattering amplitude for an incident 
symmetric edge-guided wave appears to increase linearly with crack length for small crack 
size, whereas theoretically one might have expected a quadratic variation. However, the same 

Mode III Mode II Scattered wave field 
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apparent linear trend can also be observed for the Rayleigh wave scattering in Figure 9, with 
closer inspection revealing an initial quadratic variation. This quadratic trend is more obvious 
in the present study of scattering of an antisymmetric edge-guided wave, as can been seen in 
Figure 9. 

7 CONCLUSIONS 

The scattered wave field of a low frequency antisymmetric edge-guided wave with a small 
edge crack in an isotropic plate has been reported. It has been shown that experimental and 
computational results are in close agreement, for both the scattering pattern and for variation 
of scattering amplitude with crack size. For small crack length a/λ<0.2, the scattering pattern 
is independent of the crack length and the amplitude of the scattered A0 Lamb wave and 
antisymmetric edge waves is proportional to a2, which is consistent with modelling the 
scattered wave field as being due to a point source at the location of the crack mouth 
equivalent to a combination of force doublets. These experimental and computational results 
for the forward scattering problem constitute a valuable pre-requisite for addressing the more 
important inverse problem of crack detection and sizing based on scattered field 
measurements for an incident edge-guided wave. 

Further work is in progress to extend the analysis to radial cracks at circular holes, which 
is more representative of typical occurrences of cracking in practice. 
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