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Figure 4. (a) Radial attenuation of the GW field induced by a circular piezoelectric wafer in the cross-ply laminate. (b)-(f)
Comparison of mean normalized radial attenuation between theory and experiment in the cross-ply laminate [0/90]s, for

azimuthal angles 0°, 30°, 45°, 60°, 90° respectively, 7 represents the distance from the source and A the mode wavelength.
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Table 2. Summary of power law parameters used to characterize effect of material damping relative to geometric attenuation.

Angle Experiment Theory

(deg) | a b R? a b R?
0 0.21 | -0.51 | 0.993 | 0.26 | -0.44 | 0.993
30 0.14 | -0.64 | 0.995 | 0.23 | -0.48 | 0.961
45 0.14 | -0.64 | 0.990 | 0.21 | -0.51 | 0.982
60 0.13 | -0.67 | 0.996 | 0.24 | -0.47 | 0.977
90 0.21 | -0.51 | 0.990 | 0.30 | -0.39 | 0.995

3.5 Theoretical Model Application: Transducer Sizing

This section illustrates a sample application of the elasticity-based model developed in this study. A critical aspect in
designing SHM systems is using a transducer that is sensitive to specific GW modes. This can be accomplished by
selecting a transducer dimension that minimizes one mode while maximizing a different one. The theoretical model
developed provides a fast tool to determine the transducer size needed for specific applications. In order to illustrate this,
several parametric simulations were run where the transducer radius was varied. The out-of-plane displacement
amplitude obtained under harmonic excitation was monitored at a fixed point and used as the metric to identify the effect
of varying transducer dimensions.

Sample results are shown in Fig. 5 where the transducer radius has been normalized by the mode wavelength along each
azimuthal direction. Note that by using this normalization most angles coalesce to a single curve implying that the ratio
of radius to wavelength is the dominant parameter. It should be emphasized that such a curve can be used to select the
desired sensitivity to any GW mode provided that the correct wavelength is selected. The reason for the behavior
observed along the 30° direction is still being investigated. However, it is clear that transduction maxima are obtained
with intervals of approximately 0.58 integer multiples of the wavelength while transduction minima are observed with
intervals of approximately 0.85 integer multiples of the wavelength. The location of these points is associated with the
roots of the Bessel and Hankel functions used in the analysis. In the case of an isotropic material, the result shown in Fig.
5 would be unchanged if plotted as a function of the transducer dimension alone. However, as discussed earlier, the GW
mode wavelength varies with the angular position in composite materials due to the material anisotropy. As a result, the
nominal dimension needed to obtain these maxima and minima will be different depending on the direction that is to be
interrogated. This result is illustrated in Fig. 6 which shows that to maximize the displacements along the fiber direction
of the top layer (0° direction), a transducer dimension that minimizes the sensitivity of that mode along its perpendicular
direction must be selected.

—0°

Figure 5. Effect of transducer radius on amplitude of induced GW field. Note that the radius normalization by the mode wavelength
yields similar results for all azimuthal directions in the cross-ply [0/90];5 laminate, and that the results are valid for any frequency
provided the correct physical wavelength is used.
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Figure 6. Effect of transducer radius on amplitude of induced GW field. Note that the nominal transducer dimension needed will be
different for each azimuthal direction due to the spatial variation of elastic properties.

4. SUMMARY AND CONCLUSIONS

This paper presented a theoretical model based on 3-D elasticity to characterize guided wave (GW) propagation in
composite laminated materials for structural health monitoring (SHM) applications. The analysis considered an
eigenbasis expansion for a bulk composite medium combined with the global matrix approach and residue calculus to
obtain the displacement field excited by a finite-dimensional piezoelectric transducer. The theoretical framework was
applied to the case of GW excitation by circular piezoelectric transducers and the results were favorably compared with
experimental measurements based on laser vibrometry in a cross-ply [0/90] laminate. In particular, it was shown that the
GW amplitude attenuation was adequately captured as a function of propagation direction and distance. It was also
indicated that the correlation can be improved by extending the geometric attenuation implicit in the theory to also
consider material damping through complex material constants. Finally, the theoretical model was applied to identify the
transducer dimensions needed to maximize and minimize the displacement the induced wave field. This analysis showed
that different nominal transducer radii are needed to maximize the displacement field along different azimuthal
directions in a composite laminate.
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