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High-Order Analysis of Unidirectional Sandwich Panels
with Piezolaminated Face Sheets and Soft Core
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The bending behavior of unidirectional sandwich panels (““‘wide” or “narrow” beams) with a compressible “soft”
core and piezoelectric active face sheets is investigated. The panels studied consist of composite face sheets with
embedded active piezoelectric layers and a compressible core. The mathematical formulation adopts the principles
of the high-order sandwich panel theory. The field equations and the boundary and continuity conditions are
derived through the variational principle of virtual work, and the electromechanical effect is introduced using the
linear piezoelectric constitutive equations. Higher-order effects due to flexibility of the core are incorporated in
the analysis as a result of the solution of the field equations and are not presumed a priori. Numerical results are
presented for typical cases of active sandwich panels and the effectiveness of various electrical actuation schemes is
investigated. The effects associated with using piecewise continuousactive layers are alsoinvestigated and discussed.
The results reveal the capabilities of the proposed model and highlight some of the problems involved with the

analysis and design of active sandwich panels.

Introduction

IEZOELECTRIC actuation has become an accepted approach

for shape control of many types of structural members. The
implementation of such piezoelectric actuators in modern sand-
wich structures, which consist of composite laminated face sheets
and a compressible “soft” core, combines the advantages of the
lightweight structure and the embedded actuator. This configura-
tion has additional advantages due to the protection that the soft
core provides to the brittle piezoelectric materials and especially to
piezoceramic materials such as lead—zirconia—titanate (PZT).

The static and dynamic behavior of active sandwich panels has
been widely investigated in recent years. Wang and Quek! studied
the flexural vibrations of sandwich beams with piezoelectric actu-
ators, assuming an Euler-type model. Such assumption was also
adopted by Abramovich and Pletner® for modeling the dynamic
shape control of aluminum-PZT-foam sandwich beams. Trindade
et al.> and Benjeddou et al.** assumed a piecewise linear defor-
mation pattern through the depth of each layer of the sandwich
structure, thus allowing shear deformation and shear actuation of
the core. Bisegna and Caruso® adopted the Mindlin plate theory for
the derivationof a finite element model for the active sandwich plate.
A similar model for the piezoelectric shear actuation of sandwich
panels and plates has been presented by Zhang and Sun.”-® This
model uses the classical plate theory for the representation of the
face sheets, whereas the core is assumed to be a first-order shear
deformable plate. Although the approach used in Refs. 3-8 is suit-
able for the analysis of sandwich panels with incompressible core
materials, it can not describe the localized effects that characterize
sandwich panels with soft cores.
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A different category of active sandwich panels has been investi-
gated by Wang et al.,’ Birman,!® and Birman and Simonyan.!! This
typeof applicationfocus on piezoelectricactuationof the face sheets
using surface-mounted or embedded active layers. The models de-
rived in Refs. 10 and 11 neglect the longitudinal stresses in the core;
thus, they imply the use of soft core materials. However, the vertical
normal stresses in the core and its compressibility in the vertical
direction are also neglected. These models also focus on midplane
symmetric panels with symmetric distribution of the active layers
and do not account for more general configurations.

In this paper, the bending behavior of a unidirectional sandwich
panel (“wide” or “narrow’” beam) with piezoelectricallyactive face
sheets and a flexible core is investigated. The mathematical model
presentedfollows the concepts of the high-ordersandwich panel the-
ory (HOSPT),'>~16 which is extended here to include the effect of
the active piezocompositelayers. The accuracy of the theory and its
ability to describethe stress concentrationassociated with the behav-
ior of such a panel quantitatively have been demonstrated through
comparison with photoelasticexperimental results by Thomsen and
Frostig.!” The sandwich panels studied here consist of composite
laminated face sheets with embedded or surface-mounted piezo-
ceramic (PZT) layers and a soft core. The core is considered as a
two-dimensional linear elastic medium that has shear and vertical
normal resistance, whereas its longitudinal stresses are neglected.
The face sheets are considered as membrane and bending members
made of composite laminated materials and follow the Bernoulli—
Euler assumption. The behavior of the active layers is governed by
the linear piezoelectricconstitutiveequations,and they are activated
with a prescribedelectric field thatis assumed uniform through their
thicknessand that coincides with the electrical poling direction. It is
also assumed that the displacements are uniform through the width
of the panel and that perfectbonding exists between the layers; thus,
the interfaces maintain compatibility of deformations and resist ver-
tical normal and shear stresses.

The mathematical formulation uses the principle of virtual work
for the derivation of the field equations, along with the boundary
and continuity conditions. It also included the generalized piezo-
electric constitutive relations, the closed-form stress and deforma-
tion fields of the core, the governing equations, and their analytical
solution. Numerical results in terms of deformations, stresses, and
stress resultants are presented for some typical cases of active sand-
wich panels. The effectiveness of various actuation schemes and
the effects associated with using piecewise piezoelectric actuators
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are also investigated. The paper closes with a summary and some
recommendations for the analysis and design of such active sand-
wich structures.

Mathematical Formulation

The mathematical formulationincludes the derivationof the field
equations and the boundary and continuity conditions, the consti-
tutive relations, the stress and deformations fields of the core, the
governing equations, and their analytical solution. The geometry,
notation, and sign conventions appear in Fig. 1. The field equations
and the boundary and continuity conditions are derived using the
principle of virtual work that requires

S[H(s, EY+ W] =0 D

where W is the potential of the external loads, H is the electrical
enthalpy,'® and § is the variational operator. The first variation of
the electrical enthalpy, stated in terms of the electric field, electric
displacements, stresses, and strains is

SH(¢, E) = / ol se'_dv, + / ol 8eb du,
vr Up

+ /(r;;éym—i—cr:_.ée:_.) dv, — /D’SE’ dv, — /D”SE” du,

vt Vb
@

where o/ and ¢’ are the longitudinal stresses and strains in the
upper, i =t, and lower, i = b, face sheets, respectively; z,. and y.,
are the shear stress and shear angles in the core; o.. and ¢.. are
the normal stresses and strains in the vertical direction of the core;
D' and E' are the electrical displacements and the electrical fields
of the upper, i =t, and lower, i = b, face sheets, respectively; v;,
i=t,b,c, are the volume of the upper and lower face sheets and
the core, respectively; and dv; is the infinitesimal volume element.
Note that in the case of piezoelectric actuation, the electric field E
is prescribed and the term § E vanishes.

The first variation of the potential energy of the surfaceloads and
charges is

x=L
W = _/ (n,8uo; + g 8w, + m,5f,) dx

x=0

x=L
—/ (nydugy + qpdwy, + mypdpP,) dx

x=L x=L
+/ (516§51)d1+/ (0v8¢;) dx

x=0

NC: x=L
- Z/ (N, 810, + Pysw, + M,;8P,)8p(x — x;) dx

j=1 x=0

NCp x=1L
- Z/ (N, 8u0, + Byysw, + My;88,)8p(x — x;) dx

j=1 x=0

3)

where uy;, w;, and g; are the longitudinal and vertical displace-
ments and the rotations of the reference level of the face sheets,
respectively; n;, g;, and m; are the distributed axial and transverse
external loads and the distributed bending moments; o; are the sur-
face charges multiplied by the width of the panel; ¢; are the elec-
tric potentials; N;;, P;;, and M;;, i =t, b, are the concentrated axial
and transverseexternalloads and the concentratedbendingmoments
exerted at x =x;, respectively; 8, is the Dirac function; and NC;
is the number of concentrated loads. Here again, the piezoelectric
actuation is associated with prescribed electric field and potential;
hence, the terms §¢; also vanish.

Adopting the Bernoulli-Euler assumption along with the as-
sumptions of negligibleshear deformations and uniform deflections
through the width of the panel, the displacement fields of the upper
and lower face sheets take the following forms:

w;(x,y,2) = w;(x) (4a)
ui(x,y,z) =uy(x) + z;6i(x) (4b)
Bi(x) = —w; ((x) i=1D) (4¢)

where z;, i =t, b, is measured from the midplane of each face sheet
downward, independently,and (), ; denotes the derivative with re-
spectto the coordinate j. Equations (4a—4c), along with the assump-
tion of small deformation, yield the following kinematic relations
for the face sheets:

Eix = Uoix — Zi  Wisxx (52)
el = Uoix (5b)
i=1D) (5¢)

i
Xex — ﬁ[ sx = T Wisxx

where &' , and x! are the midplane strains and curvatures of the
face sheets, respectively.

The kinematic relations of the core are based on linear two-
dimensional elasticity and read

Vez = uc‘.:('xa Zc) + We x ()C, Zc) (62[)
€ = wc.:(xa ZC) (6b)

where u, and w, are the longitudinal and vertical displacements of
the core, respectively, and z, is the vertical coordinate of the core,
measured from the upper core—face-sheetinterfacedownward. Note
that, as opposedto the displacements fields of the face sheets, which
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Fig. 1 Notations and sign conventions: a) geometry, coordinate systems, deflections and external loads; b) stresses and stress resultants; ¢) layup of
piezocomposite upper and lower face sheets; and d) applied voltage and electric poling field for piezocomposite face sheets.
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adoptthe Bernoulli-Euler assumption[Eqgs. (4)], no assumptionsare
made with regard to the displacement fields of the core.

The requirement for perfectbonding of the core to the face sheets
yields the following compatibility conditions at the upper and lower
core—face-sheetinterfaces:

we(x, 0) = w, (x) (7a)

We(x, €) = wy(x) (7b)

ue(x,0) = u,(x, hy/2) = uo, (x) — (h, /2w, (x)  (82)

Uue(x, €) = uy(x, —hy/2) = gy (x) + (hy/2)wp . (x)  (8b)

Note thatz, =0and z. = c denote the upperand lower face-sheet—

core interfaces, respectively,and h;, i =t, b, are the thicknesses of
the top and bottom face sheets, respectively.

The internal stressresultantsare defined by integration of stresses
through the thickness of each face sheet and read

hi/2

N, = f oy, dz; (9a)
—hi/2
hi/2

M, = / ol zdz (9b)
—hi /2

When the definitions of the internal stress resultants, along with
the kinematic relations and the compatibility conditions, are intro-
duced into the variational principle, and by the use of the funda-
mental lemma of the calculus of variations,” the following field
equations for the face sheets and the core are obtained:

+ bt (x,0)+n, =0 (10)

\'\'\'

—bt,.(x,¢)+n, =0 (11)

\'\'\'

F Oh /)T (x,0) + Doz (x,0) + g —m o =0 (12)

\,\, xx + (bhh/z)f\' \,()C C) bU’;;(}C, C) + qp — Mp x = 0 (13)
Oz F Tzn =0 (14
Tez: =0 (15)

The boundary conditionsat x = 0 or L, which are also derived by
the use of the variational principle, take the following form for the
various face sheets, i =1, b:

)»N/ix — N[ =0 or Wy = io; (16)
MM+ Gh/DT. —m] - P =0 or  w,=w, (17)
_)\'M,i',\' + A_l, =0 or Wiy = Wi (18)

T(x,z) =0 or  we(x,z) = we(z) (19)
where A=1atx=L and A=—1 at x=0; N;, P;, and M, are ex-
ternal concentrated loads and bending moments exerted at the ends
of the face sheets; and i;, w;, and w; ; are prescribed deformations
and rotations at the ends of the upper, i =¢, and the lower, i = b,
faces, respectively.

The continuity conditions for the various face sheets, i =t¢, b, at
any point x = x; within the panel requires continuity of the dis-
placements and slopes, as well as equilibrium of the internal stress
resultants and the imposed concentrated loads, as follows:

uy = ug (20)
w™ =w® 1)
w ) =w? (22)

NI — NIt = N;; (23)

—M7+ M =M (24)

M+ (b7 )0 = mi”

=M = (oh [2)r ) +m = Py (25)

The continuity conditions of the core are
10 z) =1 (x, 2) (26)
w(x,z) = wP(x, z,.) 27

where the superscripts (—) and (+) denote quantities left and right
to the point x = x, respectively.

The constltutlverelatlons for the face sheets use the classicallam-
ination theory and the linear piezoelectricconstitutiveequations(the
converse piezoelectriceffect). In the case of wide beam conditions,

ko k — ok — P :
&y, =¥y =y, = 0, the constitutiverelations are

ko ok ok k ok
Opy = €118y, — €3 B3 (28a)

Dy=éjel, + x5 Ey (28b)

where ¢}, is the transformed piezoelectric stress coefficient of the
kth layer within the upper or lower face sheet; k33 is the electrical
permittivity of that lamina; c’l‘1 is its stiffness; Eé‘ is the electric field;
and the 1 and 3 directions coincide with the face sheet’s coordinates
x,and z;, i =t, b, respectively. For the passive layers within the
laminated face sheets, all of the piezoelectric constants vanish, and
Eq. (28a) yields to the classical Hooke’s law.

From the definition of the electricfield being the negative gradient
of the potential, and by the use of the assumption of uniform field
through the thickness of the active layer and the sign conventions
of Fig. 1, the expression for he electric field as the kth layer is

= —[Vi/(zk = 2e-1)] (29)

where V; is the voltage applied through the thickness of the kth
layer.

Integration of the constitutive equations through the thickness of
each face sheet yields the constitutive relations for the upper and
lower active face sheets, as follows:

Ni Al Bi gl Ni
M., By, Dy Xx M,

where A}, B, and D', are the rigidities of the upper (i =) and
lower (i =b) face sheets multiplied by the width of the panel b

and N}, and M, are the induced piezoelectric forces and couples

defined by
Nply
[ } _bZ/ ek Ey [} dz; (31)

where Ny, is the number of layers within each face sheet.
The constitutive relations for the core follow Hooke’s law and
read

Txz = Gc * Virzs 0. = Ec c €z (32)

where G, is the shear modulus of the core and E. is the elastic
modulus of the core in the vertical direction.

The stress and displacement fields of the core are derived by solv-
ing the field equations, Egs. (14) and (15); along with the kinematic
and constitutive relations, Eqgs. (6) and (31); and the compatibility
conditions at the upper and the lower face core interfaces, Eqs. (7)
and (8). This solution procedure yields the following closed-form
expressions:

Te:(X,2) =T:(X) =7 (33)
U’::()C, Zc) = _T.,\'(zzc - (‘)/2 + Ec(wh - w,)/c (34)
U)C(X, Zc) = _T.,\'(zc - C)Zc/zEc + (wh - wI)ZC/C + w; (35)
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e (x,z) =12/ Ge — (1. )2E) (e )2 = 22 [3)

—wy 2 fe—w, (=22 [2c+ 2,4+ 1, [2) + uq (36)

Equations (33-36) reveal the high-order stress and displacement
fields of the core, which are a result of the solution of its field
equations and are not presumed a priori.

Because of the limited size of available piezoceramic layers,
piecewise piezoelectric actuators are used in many practical ap-
plications. In this case, the gap between every two adjacent active
layers yields rapid changes in the thickness of the core. Thus, the
integral term of the continuity conditions of the core at x = x; reads

ze=cD) ze=c?
/ ). 6IU£_)(xj, z)dz, = / PASRIN 6w£+) (xj, z0) dz,

ze=0 ze=0

(37

By the use of the shear stress distribution of Eq. (33), the integral
continuity condition becomes
—

[
O — Sw”(x;, z.) dz,

)
Ze =
Ze = o

1
— C(+)T(Xj)(+) Jp—

s Sw;P (x;, z0) dz, (38)

This continuity condition can be described by

DT SW erage (1)) = €T TD (X)) - SW e (X)) (39)
where §w, ayerage 15 the averaged through the thickness vertical dis-
placement. Hence, in the case of discontinuous core thickness, the
continuity conditions of the core, Eqs. (26) and (27), are replaced

by
C(_)T(_)(Xj) =cH (xj) (40)

W erage (%) = W erage (¥7) @0
The governing equations are stated in terms of the unknown dis-
placements of the upper and the lower face sheets and the unknown
shear stress of the core. The equationsare derived by introducingthe
generalized constitutive relations, Eq. (31), along with the closed-
form solution of the stress and displacement fields, Eqs. (33-36),
into the four field equations of the face sheets, Eqs. (10-13). The
fifth governingequationis a result of the requirementof compatible
longitudinaldisplacementfields at z, = ¢ [see Eq. (8b)]. After some
algebraicmanipulations, the governingequationsof the active panel
read

AI]]”U[.,\',\' - Bi] Wy, xxx + bt = NII)ZU\» - nl (42)
A}ljluUh.,\'x - B{’] Wp,xxx — bt = leZ_,\' - nh (43)

Di 1 Wexxxx — Bi 1 %01, xxx + (bEc/C)(wl - wh)
- bf.x(c + hl)/z = ql - m{x - MlI’Z.,vx (44)
D?lwh.xxxx - B{’luoh.xxx - (bEc/C)(wt - wh)
—btic+hy)/2=q"—m’ - My, (45)
uo, — gy — (¢ +h)w, /2 = (¢ +hp)w, . /2

— 1.6 [12E. +1¢/G, =0 (46)

Equations (42—46) form a 14th-order system of coupled ordinary
differentialequations. The linearity of the equationsand the constant
coefficients allows the use of the classical procedure of solving
differential equations?’ By the use of this procedure, the closed-
form solution of Eqs. (42—46) takes the following form:

8
w, = Zaw,_[C[ exp(s;x) + Co + Ciox + C11x* + Cppx® + wf
i—1

(47)

8
wy = Z(xwh_[C[ exp(s;x) + Cy + Ciox + Cj x> + Cppx® + wl
i=1

(48)

3
6cA! Ab h, h
Uor = a,0.,i Ci exp(s;x) + A[(c—}——-}——
or ; 0t p {bGC(A’H-i-A}fI) 2 2
LB Bh)}c +<+h,+hh>c e
b A 12 cT—= T )Cw 13
Al Ay 22
h hy, 3
+12lc+—+ — C11+C14 X+ —1 S
2 2 (A11+A11)
. h, hy b b ' 2 P
X c+3+7 Al — B}, — B}, |Cip (x* +uy, (49)
3
Uy = Zauoh.[c[ exp(s;x) + Cp3 + Cux

i=1

h h
+3{<c+?[+—h>14}171+B?1+Bil}C12x2+”5’7 (50)

2
8
6 h,
T= ZO{T_[C[ exp(s[x) — {m |:AIHA}1’1 <C+ ?I +7>
i=1 11 11
+B{71A111 _BilA}ljli|}C12+TP (5D

where s; are the roots of the characteristic polynomial, [ty ;» @yp.i»
Quoris Ouopis 0z;]7 is the normalized eigenvector for the s; root,
the superscript P denotes the particular solution, and Cy, ..., Cy,
are constants determined using the boundary conditions. Note that
Egs. (47-51) provide a closed-form solution of the governingequa-
tions, hence, the analysis is accurate within the bounds of the as-
sumptions made. The accuracy of the approach used here, and its
ability to provide quantitative description of the stress distributions
in panels subjected to mechanicalloads, has been demonstrated ex-
perimentally by Thomsen and Frostig.!” The deformations, stress
resultants, and stresses induced due to the piezoelectric actuation
are investigated next.

Numerical Study

The numerical study focuses on two practical cases of active
sandwich panels. The first case investigates and compares various
schemes for the electrical actuation of cantilevered sandwich panels
of various geometricallayouts. The second numerical case examines
the behavior of a sandwich panel actuated using piecewise piezo-
electriclayers and compares it with the response of a panel actuated
with continuouslayers. In both cases, resultsin terms of deflections,
stress resultants, and stresses are presented and discussed.

Case 1: Bending Actuation of Cantilevered Panels

The bending behavior of two cantilevered sandwich panels that
differ in their geometrical layouts is investigated. The geometry of
the panels appears in Fig. 2 and the mechanical properties of the
various materials appear in Tables 1 and 2. The first long panel
is characterized by a relatively large length-to-face-sheet-hickness

Table 1 Mechanical properties of the face sheet passive substrate
and piezoceramic (PZT) layers

Eq, E,, G, d1, d3, t,
Lamina MPa MPa MPa v, mm/V mm/V mm
Glass/ 47,600 13,300 4,750 0.30 _ _ 0.12

epoxy
PZT 63,000 63,000 24,800 0.28 —270x 1070 —270x 10~ 0.16
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ratio (L/ h, = 100), and the second short panel is characterized by
a smaller length-to-face-sheetthickness ratio (L/h, =25). In all
cases, a uniform aspect ratio of L/c =35 is adopted for the core;
the length to width ratio is L /b = 2; the stacking sequences for the
passive glass/epoxy upper and lower face sheets are [0, 90]s and [0,,
90]s, respectively; and a dc voltage V =500 V is used. The three
investigated actuation schemes are described next.

Global Bending

The piezoceramic (PZT) layers that are located at the upper and
lower faces of the upper face sheet are subjected to positive voltage,
whereas the layers that are located at the upper and lower faces of
the lower face sheet are subjected to negative voltage (see Fig. 2b).
This scheme mainly induces global bending of the panelin the form
of tensile/compressive forces at the face sheets.

Local Bending

In this case, the piezoceramic layers located at the upper faces
of both face sheets are actuated with positive voltage, whereas the
piezoceramic layers located at the lower faces of both face sheets
are actuated with negative voltage (Fig. 2c). This scheme yields
localized bending in the upper and the lower face sheets.

Table 2 Elastic moduli
of the foam core material

Elastic modulus Value
E.,MPa 50
G, MPa 20

L=80 mm

Nonsymmetric Actuation

In this scheme, the piezoelectric layers are located at the lower
face of the upper face sheet and at the upper face of the lower face
sheet (see Fig. 2d). The layer at the upper interface is actuated with
negative voltage, whereas the piezoelectric layer at the lower inter-
face is actuated with positive voltage. This configuration yields cou-
pled in-plane and bending actuation, as well as stretchingbending
rigidities in the face sheets. Note that the thickness of the piezo-
electriclayers and the applied voltage used in this scheme are twice
the quantities used in the global and local bending schemes; hence,
the total amount of the piezoelectric material and the electric field
are kept uniform in all cases. Also note that, in this layout, the ac-
tive layers are located at the inner faces of the face sheets; thus, the
brittle piezoceramic layers are protected by the core, and a smaller
number of surface electrodes are required.

The results for the various actuation schemes for the long panel
appear in Figs. 3-5. The longitudinal and transverse displacements
of the face sheets appear in Figs. 3a and 3b, respectively, and re-
veal that the global bending actuation (marked with superscript A)
yields significantly larger deflections than the local bending scheme
(marked with B) does. The curves alsoreveal that the nonsymmetric
actuation (marked with C) yields deflections that are in the same
order of magnitude as those induced in the global bending scheme.
In addition, both the local bending and the nonsymmetric schemes
are involved with localized deflections of the face sheets near the
free edge. This effectis attributed to the localized bending effects at
the edge of the panel and to the flexibility of the core. The longitu-
dinal displacementsat the free edge of the panel are plotted through
the thickness of the entire cross section of the panel in Fig. 3c. The
curves reveal the high-order effects that take the form of nonlinear
displacement patterns through the depth of the core.

he=0.8 mm
c=3 mm
h=1.04 mm

Detaitl

Detail
B

TR

Fig. 2 Case 1, piezoelectric actuation of cantilevered sandwich panels: a) dimensions and geometry, b) global bending scheme, c) local bending

scheme, and d) nonsymmetric scheme.
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Fig.3 Displacements in active long panel: a) longitudinal,b) vertical, and ¢) longitudinal displacement profiles at the free edge of the panel (4, global

bending; B, local bending; and C, nonsymmetric actuation).
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Fig.7 Stress resultants in active short panel: a) axial forces, b) bending moments, and c) shear forces (4, global bending; B, local bending; and C,

nonsymmetric actuation).
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Fig. 8 Stresses in active short panel: a) shear stresses in the core, b) vertical normal stresses at the core-face-sheet interfaces, and c) longitudinal
normal stresses at outer piezoelectric layers (4, global bending; B, local bending; and C, nonsymmetric actuation).
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Fig. 9 Piezoelectric actuation with piecewise and continuous piezoceramic (PZT) layers.

sheets that occurs near the free edge of the panel. In the long panel,
these phenomena decay within a distance of about one times the
depth of the panel. Yet, in the short panel, they are more dominant
and decay much slower.

The internal stressresultantsin the short panel appear Figs. 7a—7¢
and reveal that the local bending actuation, which yields larger de-
flections and can, thus, be considered more effective, is also asso-
ciated with increased internal stress resultants. The shear and ver-
tical normal stresses in the core and the longitudinal stresses in the
piezoelectric layers appear in Figs. 8a—8c, respectively, and indi-
cate that the local bending scheme is associated with the highest
stresses, whereas the global bending scheme is involved with the
lowest ones. However, here again the longitudinal normal stresses
are of the same order of magnitude for all cases. Hence, in the case of
the shortpanel, the local bending scheme provides an adequate solu-
tion that combines the largest deflections with longitudinal normal
stress that are not larger than those observed in the other config-

uration. Nevertheless, the design of such panels must account for
the enhanced shear and vertical normal stresses associated with this
scheme.

Case 2: Piezoelectric Actuation with Piecewise Active Layers

The second numerical case investigates the effect of using piece-
wise piezoelectric layers for the actuation of the sandwich panel.
Such piecewise actuation is enforced in many practical cases due
to the limited sizes and layouts of the piezoceramic active layers.
The response of the panel actuated with the piecewise layers is
investigated and compared with the behavior of a similar panel
that is actuated with continuous layers. The mechanical proper-
ties, stacking sequences, and electrical actuation scheme of the
panels are identical to those used in the global bending scheme
(see Tables 1 and 2). The geometrical layout of the piecewise ac-
tive panel appears in Fig. 9. The discontinuities in the piezoce-
ramic layers, and the corresponding changes in the depth of the
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Fig. 10 Piezoelectric actuation with piecewise and continuous layers: a) longitudinal displacements, b) vertical deflections, and c¢) longitudinal
displacement profiles at the free edge of the panel (——, continuous PZT and - - - -, piecewise PZT).
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Fig. 11 Piezoelectric actuation with piecewise and continuous layers: a) axial forces, b) bending moments, and c¢) shear forces (——, continuous PZT
and - - - -, piecewise PZT).
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Fig. 12 Piezoelectric actuation with piecewise and continuous layers: a) shear stresses in the core, b) vertical normal stresses at the core-face-sheet
interfaces, and c) longitudinal normal stresses at outer piezoelectric layers (——, continuous piezoelectric layers and -- - -, piecewise piezoelectric
layers).

core, are modeled by the introduction of an additional passive re-
gion between every two active regions (see detail A in Fig. 9) and
employment of the continuity conditions of Egs. (20-25), (40),
and (41).

The longitudinaland verticaldisplacementof the upper and lower
face sheets and the longitudinal displacement profiles through the
entire thickness of the panel at a section located at x =150 mm
appear in Figs. 10a—10c, respectively. The results indicate that the
use of the piecewise piezoelectriclayers reduces the achieved peak
deflections by about 15-20% as compared to the continuous layers.
Figure 10b also reveal the nonidentical deflections of the upper
and the lower face sheets, especially near the inner support. These
differences are attributed to the static indeterminacy of the panel,
the reactionin the inner support, and the compressibility of the core.

Additional results in terms of the internal in-plane, bending, and
shear stress resultants are presented in Figs. 11a—11c. These curves
reveal that the magnitudes of the internal forces in the piecewise ac-
tuated panel are reduced by about 30-55% as compared to those for
the continuousconfiguration. This effectis explainedby the reduced
overall stiffness of the panel due to the gaps between the piezo-
electric layers. The shear stresses in the core, the vertical normal
stresses in its interfaces, and the longitudinal stresses in the outer
piezoceramic layers appear in Fig. 12. These results indicate that

the piecewise actuation is associated with reduced shear stresses in
the core; however, the peak vertical normal stresses are almost the
same in both cases. The longitudinalnormal stresses in the piezoce-
ramic layers are also alike in both cases, excluding the close vicin-
ity of the inner support, which is associated with higher stresses
in the continuous configuration. Hence, locating the inner support
within the gap between two adjacentactive regions avoids exposing
the piezoceramic layers to the stress concentration induced by the
reaction.

Summary

A systematic high-order model for the local and overall analysis
of sandwich panels with piezoelectric composite face sheets and a
compressible core has been presented. The derived model follows
the concept of the HOSPT and uses the piezoelectric generalized
constitutive equations for the representationof the piezoelectricef-
fects. The model accounts for arbitrary symmetric or nonsymmetric
layup for the piezocomposite face sheets, as well as any combi-
nation of loads and boundary conditions. The core considered is
compressible; thus, its height changes, and its plane of section does
not remain in plane after deformations.

The field equations, as well as the corresponding boundary
and continuity conditions, have been derived using the variational
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principle of minimization of the electrical enthalpy and the potential
of the surface tractions. The field equations,along with the constitu-
tive relations, the closed-form stress and displacement fields of the
core, and the compatibility requirements, yield a 14th-order system
of ordinary differential equations that are solved analytically.

The capabilities of the proposed model have been demonstrated
through a numerical study of two typical cases of active sandwich
panels. In the first case, three schemes for the piezoelectricactuation
of various cantilevered panels, which differ in their geometrical
layout, have been examined. The results have revealed that for a
long panel, which is characterized by relatively large length to face
sheet thickness ratio, the most effective actuation scheme is based
on electrical extension and contraction of one of the face sheets
(global bending). It has also been shown that adequate results can
be achieved using a nonsymmetric actuation scheme, in which the
piezoceramiclayers are located at the core—face-sheetinterfacesand
protectedby the softcore. On the otherhand, for a shortpanel, which
is characterized by relatively thick face sheets, it has been shown
thatthelocalbendingactuationscheme yields the largestdeflections.
Yet, this configuration is associated with enhanced stresses in the
face sheets and in the core.

The second numerical case has focused on the effect of electrical
actuationusing piecewise piezoceramiclayers and compares the re-
sults to the response of a similar panel with continuous actuators.
The results have indicated that the piecewise actuationis associated
with smaller induced deformations; hence, it might be considered
less effective. On the other hand, smaller peak internal stress resul-
tants and smaller shear stresses in the core are also observed using
the piecewise active layers.

The analytical formulationand the numerical results presentedin
this paper have revealed the broad range of possibilities for active
shape control of sandwich panels with flexible cores. The analysis
has also revealed the high-orderresponse, the localized effects, and
the stress concentrationsassociated with such actuation. The ability
to predict these effects, as well as its generality and suitability to
any combination of loading and boundary conditions, are among
the major advantages of the proposed model.
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