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Abstract 

Two new improved discrete KirchhoL four-node quadrilateral elements based on the third- 

order zigzag theory (ZIGT) and the smeared third order theory (TOT) are developed for the 

dynamic analysis of elastic composite and sandwich plates. The elements have seven degrees 

of freedom (DOF) per node, namely, the three displacements, two rotations and two transverse 

shear strain components at the mid-surface. The usual requirement of C' continuity of inter- 

polation functions of the deflection in the ZIGT and TOT is circumvented by employing the 

improved discrete KirchhoL constraint technique (IDKQ), which was originally proposed for 

the bending of isotropic thin KirchhoL plates and have been used herein for shear deforrnable 

composite plates for the ffirst time. The consistent mass matrix, the element stiLness matrix 

and the load vector are derived using the Hamilton' principle. It is revealed from the numerical 

studies that the IDKQ interpolation of deflection yields faster convergence for response entities 

than the discrete Kirchhoff quadrilateral (DKQ) interpolation. The elements do not suifer from 

the shear locking problem. They are very little sensitive to element distortion for the deflec- 

tion and fundamental frequency, and are moderately sensitive for the stresses and frequencies 

of higher modes. The ffinite element (FE) formulation and the computer program are validated 

by comparing the results for the static and free vibration response of simply-supported plates 

with the analytical Navier solutions of the ZIGT and the TOT. Comparison of the present re- 

sults for static response aud natural frequencies of composite and sandwich plates with those 

using other available elements based on zigzag theories and the TOT establishes the superiority 

of the present quadrilateral elements in respect of accuracy and computational efficiency. The 

accuracy of the ZIGT theory is assessed for plates with various laminate conflgurations, shapes, 

boundary conditions and aspect ratio with the exact three-dimensional (3D) elasticity solution 

for simply-supported plates and with the converged 3D FE solution obtained using ABAQUS 

for other boundary conditions. The comparison also establishes the superiority of the ZIGT 

theory over the smeared TOT having the same number of DOF. 
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An effficient quadrilateral element, DKIZIGT, is developed next based on an improved zigzag 

theory (IZIGT) for the dynamic analysis of hybrid plates with electroded piezoelectric sensors 

and actuators. The theory considers a third order zigz昭 approximation for inplane displace- 

ments, a layerwise quadratic approximation for the electric potential, and a layerwise variation 

of the deflection to account for the piezoelectric transverse normal strain. The conditions on 

transverse shear stresses at the interfaces and at the top and bottom are satisfled exactly in 

presence of electric loading to express the displacement fleld in terms of only ffive displacement 

variables. Like the elastic plate elements, this element too has four physical nodes with seven 

kinetic DOF per node, and the deflection is interpolated using the IDKQ technique which is 

found to be superior to the DKQ technique for the hybrid plates too. By introducing an electric 

node in the element for the electric potentials of the electroded piezoelectric surfaces, the equipo- 

tential condition of such surfaces is modelled very effciently. Iii a novel concept, the electric 

potential DOF corresponding to the quadratic component of the electric potential distribution 

are associated with the p取sical nodes to allow for the inpiane electric fleld induced due to 

direct piezoelectric eLect. The element mass matrix, electromechanical stiffness matrix and the 

electromechanical load vector are obtained using extended Hamilton's principle. The element 

based on the coupled improved third order theory (ITOT) is developed as a special case. Both 

the elements are shear locking free. It is illustrated that it is possible to apply a nonuniform po- 

tential distribution over a piezoelectric actuator surface by segmenting the surface in a number 

of small equipotential electrodes, which yields deflection and stresses that are very close to the 

continuous distribution case. The number of segments in the electroded surfaces in open circuit 

condition can have appreciable effect on the deflection and natural fflequencies of hybrid plates. 

The present results for the static and free vibration response for a variety of bimorph, hybrid 

composite and sandwich plates, under mechanical and electric potential loads are compared 

with 3D analytical and FE solutions, and those of other available elements based on efficient 

zigzag theories. It is concluded the present DKIZIGT element yields accurate results for ac- 

tive, sensory and combined active-sensory dynamic response of moderately thick to thin hybrid 

composite and sandwich plates for all kinds of lay-ups, shapes, mechanical boundary conditions 

and electro-mechanical loading. The element is superior to other av盛lable elements based on 

effcient layerwise theories in respect of accuracy, robustness and computational effciency. The 

present elements are suitable for general purpose FE programming. 
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