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Abstract 

The present paper deals with the numerical study of scattering behavior of incident SH0 guided wave mode 
towards a point impacted damaged zone in a thin plate. A 3D finite element frequency domain model is used to 
simulate the scattering of an incident guided wave mode at a frequency below A1 cut-off and wavelength 
comparable to the size of the damaged zone. The later is modeled as a conical shaped geometry with decayed 
material stiffness properties. The directivity of the scattered fields for the SH0 Lamb wave mode predicted 
numerically for different depths and base diameters of damaged zone are shown graphically. The scattering 
results may provide some information related to the extent and depth of the conical damage zone caused due to a 
point impact inside the composite plate using guided wave sensors. 
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1. Introduction 

There is a rapid increase in the use of carbon fiber reinforced composite materials in the 
aerospace industry such as aircraft structures, helicopters, light aircraft, commuter planes and 
sail planes in recent time. The main advantage includes low weight, high static and fatigue 
strength and the possibility to manufacture large integral shell structures. However, the main 
drawback of carbon fibre/epoxy is that these are inherently brittle and usually exhibit a linear 
elastic response up to failure with little or no plasticity. Therefore, the impact damage is 
considered as a serious damage mechanism in composite structures, which limits their 
performance and reliability for further use. The problem with impact damage is that it may 
not be visible from the surface of the material, and even so, small scratches at the surface 
may hide severe damages underneath, inside the medium. The damage due to an impact is 
usually the shock wave, which is produced during the impact and propagates mechanical 
energy deep inside the material, thus causing breaking along its path. Generally impact 
damage can occur during in-service applications or as a result of handling during 
manufacturing. It is well known that stiffness properties of composite materials can be 
severely degraded by the initiation and propagation of structural damages (fiber breakage, 
delamination, matrix cracking...), which may appear during the components life cycles [1]. 
Since impacts can locally cause crack-like defects, they also may lead to local decays in 
material properties, i.e., in the vicinity of the impacted zone [1], [2], [3].  

The ultrasonic guided waves are very advantageous because they can finely 
interrogate the through-thickness of the material and be used for imaging internal hidden 
defects, if appropriate post-processing is applied. The present paper investigates the 
directivity pattern of the scattered field of incident SH0 guided wave by the impact damage. A 
3D frequency domain finite element model [4] is used to simulate the scattering phenomenon 
of fundamental incident SH0 guided wave sent towards the damaged zone. The latter has been 
modeled as a right circular conical shaped geometry with decayed material stiffness 
properties. The frequency of the incident Lamb mode is chosen below A1 cut-off. It is found 
that in composite plates, the directivity of scattered SH0 mode do not depend significantly on 
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the defect diameter to wavelength ratio, and on the through thickness of the conical damage. 
The sensitivity of SH0 guided mode is discussed with a view towards sizing of impacted 
damaged zone in composite plates. 

2. Composite plate and 3D FE modeling 
The homogenized elastic stiffness constants of 6.2 mm CFRC plate used in this study are 
given in Table 1. 

ρ 
(g/cm3) 

C11 
(GPa) 

C22 
(GPa) 

C33 
(GPa) 

C12 
(GPa) 

C13 
(GPa) 

C23 
(GPa) 

C44 
(GPa) 

C55 
(GPa) 

C66 
(GPa) 

1.55 52.4 12.6 52.4 3.1 17.8 3.1 3.7 17.3 3.7 

Table 1: Homogenized material properties of Carbon fiber reinforced composite plate.  

Dispersion curves for phase velocity versus frequency are computed using semi analytic 
finite element (SAFE) method are shown in Fig. 1 

 
Figure 1: Dispersion curves for 6.2 mm CFRC plate. 

To simulate the dynamic response of the viscoelastic anisotropic plate in 3D, a commercially 
available numerical analysis package [5] based on the Finite Element method [4] is used. 
Besides, one external routine is developed for getting the in plane displacement field at mid 
plane around the damage at the 360 different angular positions. In the FE model, the equation 
of dynamic equilibrium for orthotropic viscoelastic material (with nine complex moduli) is 
written and solved in the Fourier domain as: 

 



 

where ui is the Fourier transform of the 

components of the displacement vector u, with i =1, 2, 3 representing the direction of the 
coordinate axis as shown in Fig. 2. Cikjl is the component of the complex stiffness tensor, ρ is 
the material density and ω is the angular frequency. The above partial differential equation 

(PDE) has been written in the following form: 

 

 

where c is a 3×3 matrix. For an orthotropic material whose axis of symmetry coincides with 
the coordinate axis, this matrix is composed by the following sub-matrices ckl, k, l =1, 2, 3: 
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and the expression of ‘a’ can be written as  

, 

where Cij are the material elastic or viscoelastic moduli, using the contracted notation and a is 
the 3×3 matrix defined above. 

Since this FE model consists in modeling the propagation in the frequency domain, 
absorbing regions (AR) must be used all around the plate to avoid undesired reflections. The 
definition of these AR is based on a gradual increase of damping properties as explained in 
Ref. [6]. The formula for absorbing region is as following: 

 

 ,  



where ‘Ra’ and ‘La’ are the interval and length of absorbing region respectively. The size 
of the AR used in this FE model is 1.5λMAX, where λMAX is the maximum wavelength for all 
modes existing in the plate at the frequency of investigation. The full schematic of the 3D-FE 
model is shown in Fig. 2 and Fig 3. Since, the frequency of incident Lamb wave mode is 
below A1 cut-off, λMAX will be the wavelength of S0 mode at the frequency of interest.  

It is observed in the phase velocity dispersion curves presented in Fig. 1 that higher wave 
mode A1 starts to appear right after 120 kHz. Accordingly, the excitation frequency equal to 
100 kHz is chosen for the study to avoid the appearance of higher order Lamb modes. At a 
frequency of 100 kHz, the wavelength of S0 mode is 57.7 mm respectively. Therefore, the 
size of the AR is about 87 mm (≈1.5 X 57.7) all around the four sides of the 3D-FE model.  

 

 
Figure 2: Schematics of 3D FE model 

 

For the sake of this study an amount equal to 12% is included as imaginary part of 
respective elastic constants to include effective attenuation and beam spreading inside the 
3D-FE model.  



 
Figure 3: Schematics of 3D FE model. 

3. Impact damage shape and modeling in 3D-FE model 
In this study, it is assumed that the material is strongly micro-cracked inside the impact 
damaged zone. In three dimensions, we assume that a uniform point impact would produce a 
damage zone, the shape of which would be a right circular cone due to impact conditions and 
transversely isotropic nature of the plate as well. Therefore, the cracked zone inside the 
composite plate is modeled as a right circular cone with height (h) and diameter (2r) of the 
base of the damage zone.  In the FE model the cracked zone represents 80% decrease in the 
material stiffness properties. The choice of 80% decay in the material stiffness rather than 
other smaller values is motivated by the fact that the damaged zone in FE model is considered 
as a homogeneous medium with mass density equal to that of undamaged material, although 
it would likely be a heterogeneous region made of cracks, voids and delaminations, which are 
known to be efficient scatterers of elastic waves. In literature [1], [2], [7], it is seen that the 
80% value is quite representative of a severely cracked and delaminated zone, in terms of 
wave scattering. The depth of the conical damage is considered ~1 mm away from the bottom 
surface of the composite plate is assumed in this study. 

4. Propagation of SH0 mode in composite plate 

To compute the scattered displacement field of incident SH0 mode sent towards the impacted 
zone, two different 3D-FE models are developed. At first, a 3D-FE model, taken as a 
reference, is considered containing no defect inside and solved to compute the incident wave 
field of SH0 mode in the plate. Second 3D FE model containing a conical defect inside is 
solved to calculate the total wave fields of the incident SH0 mode. The incident field 
computed from the first model is then subtracted from the total wave field calculated from the 
second model to obtain the complex scattered wave field of incident SH0 mode. In both cases, 
reference and damaged, the dimensions of these models are equal to 300 mm x 6.2 mm x 300 
mm. The excitation of pure SH0 mode is achieved by giving unit shear stress along Z-axis at a 
single frequency (in the same phase manner) of 100 kHz using two circular regions, with 
diameter equal to 13 mm, placed on the opposite sides of the plate and centered at points 
(110, 0, 150) and (110, 6.2, 150) as shown in Fig. 3. This will generate S0 mode in the 
direction of Z-axis while generating a SH0 guided mode propagating along X-axis. The 



reference model contains 724,365 tetrahedral mesh elements with 3,132,252 degrees of 
freedom that makes four elements at least per wavelength along thickness of the plate and 
four elements at least along XZ-plane insuring a good convergence and accuracy of the FE 
solution. The reference model is solved using a linear solver with Lagrange quadratic 
elements and applying Neumann boundary conditions on all the six boundaries of the plate. 
The amplitude of incident SH0 mode, i.e., the in-plane displacement component (along Z-
axis) of the displacement vector ‘winc’, is monitored at mid plane (at y=3.1 mm), where 360 
positions around a circle centered at (150, 3.1, 150) having radius equal to 30 mm are 
considered. The center position corresponding to excitation and center of monitoring circle 
makes an incident angle of 180° in such arrangement of the sensors as shown earlier in Fig. 3. 
The propagation of SH0 mode is shown in Fig. 4 and the wavelength corresponds to SH0 
wave mode. 

 
Figure 4: Propagation of SH0 guided mode among X-axis. 

The amplitude of scattered SH0 wave ‘wscat’ around impacted zone is calculated as absolute 
difference between the complex magnitudes ( wscat = |wtot–winc| ) at each point between 
reference and damaged state for all the 360 monitored points around the circle.  

5. Influence of the damage size on the scattering directivity pattern 

This section deals with the effect of geometrical size of conical damage on the scattered 
wave fields of incident SH0 guided mode. For this purpose, two different studies have been 
performed.  In first case, the effect of through thickness (depth of the cone) while fixing the 
diameter equal to 30 mm is studied on the scattered fields of incident SH0 mode. Four 
different models with different depths of damaged zone equal to ¼, ½, ¾ and 1 of total 
thickness, i.e., 1.55, 3.1, 4.65 and 6.2 mm are considered in the 3D-FE model. The schematic 
for different considered depths is shown in Fig. 5. The four different models are solved for 
the same incident SH0 mode (100 kHz). The impact damage is introduced as right circular 
cone having a diameter of 30 mm, with 80% decayed material stiffness. The top tip of the 
conical geometry is situated at (150, 6.2, 150). The 3D-FE models containing impact damage 
contains approximate 794,937 tetrahedral mesh elements and approximately 3,419,892 
degrees of freedom. The maximum mesh element size inside and around the impact zone is 1 
mm while remaining area is at least 4 mm per wavelength. The model is solved for the same 
incident frequency of 100 kHz using the same linear solver with Lagrange quadratic elements 
and applying Neumann boundary conditions. The total field (i.e., the in-plane displacement 



component of the displacement vector ‘wtot’) from the 3D-FE model is monitored at mid 
plane around the same circular 360 positions at a distance of 30 mm from the center of the 
damaged zone. The numerically computed normalized scattered field of SH0 mode is shown 
in Fig. 5 for 1.55mm, 3.2mm, 4.65mm and 6.2mm as black, red, blue and green respectively.  

 
Figure 5: Effect of the conical depths: (a) schematics of four different through thickness depths ( (b) normalized 

scattered amplitudes SH0 mode for different depths.  
 

In the cases of through thickness depth equal to ½ and ¾ , it is observed that there is no 
significant difference between them while for the case of depth equal to ¼, the maximum 
scattered displacement filed is towards 45° and 315° and for the case of all through thickness 
depth, the scattered field is smaller than all the remaining cases.  

In the second case, the effect of an aspect ratio ( 2r/ λ ) which is defined by ratio between 
diameter of cone and wavelength of the incident SH0 mode is studied on the scattered wave 
fields by fixing the through thickness depth equal to 5.2 mm. Three different 3D-FE models 
with aspect ratios equal to ½, 1 and 3/2 respectively have been solved. The schematic for 
different aspect ratios is shown in Fig. 6. The numerically computed normalized scattered 
field for different aspect ratios is shown in Fig. 6 with ½ , 1 and 1.5 as black red and blue 
colors respectively. In all three cases, the maximum scattered amplitude of SH0 mode is 
towards 45° direction. It is observed that as the aspect ratio increases, the extent of scattered 



wave fields gets narrow in size between 30° and 90° and between 270° and 330°. 

 
Figure 6: Effect of the conical depths: (a) schematics of four different through thickness depths (b) normalized 

scattered amplitudes SH0 mode for different depths.  
6. Conclusions 

In this paper, we have studied numerically the scattering behavior of incident SH0 mode at a 
point impacted damage zone in the CFRC plate using a 3-dimensional finite element method. 
The point impacted damage inside the plate is modeled as a right circular conical geometry 
with decayed material stiffness. The excitation of SH0 mode is below the A1 cut-off 
frequency. The effect of different geometrical sizes (through thickness depths and diameters 
of the base) of the conical damaged zone on the scattering diagrams is also studied 
numerically. It is observed that the scattering directivity of displacement fields of SH0 wave 
does not significantly depend upon the size of the conical damage present inside the 
composite plate. Therefore it is concluded that the use of fundamental SH0 mode for sizing 
conical impact damage is not as effective as compared to A0 guided wave mode analysis done 
by authors in the previous study [8]. 
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