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the PZTs, the surface area covered by the PZTs, plate dimensions,
and the boundary conditions at the edges of the plate. This linear
relationship between the intensity of the uniformly distributed load
and the requisite voltage is to be expected since the deflection of a
point is directly proportional to the load intensity and magnitude of
surface forces is proportional to the voltage applied to the PZTs.

We now study the deformations of a cantilever plate with the ob-
jective of controlling the deflection of point P located at the center
of the free end of the plate; see Fig. 5. It is clear from the results
depicted in Fig. 5 that by applying proper voltage to the PZTs the
deflection of point P can be made zero. For the cantilever aluminum
plate, the voltage to be applied to the actuators to nullify the deflec-
tion of point P equaled 439.5 V/mm. We note that the deflection
of other points near the fixed end is increased but that of those near
the free end is decreased when the PZTs are activated. Keeping the
sizes and relative locations of the three PZTs fixed, they were moved
horizontally along the jci axis. The variation of the electric field in-
tensity with the location on jci axis of the PZTs required to make
the deflection of point P zero when a point load of 0.1 N is applied
at P is shown in Fig. 6. It is apparent that the voltage to be applied
to the PZTs increases sharply as the PZTs are moved towards the
fixed end of the plate.
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Introduction

F IBER reinforced composite materials have found wide applica-
tions in aerospace structures. Because these structures are often

subjected to thermal loadings, their thermal stress analysis is quite
important. The thermal stresses in bare composite plates have been
well studied.1 Recently, the thermally induced geometrically non-
linear response of symmetrically laminated composite plates was
investigated by Meyers and Hyer.2 The formulation of stiffness,
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thermal expansion, and thermal bending for stiffened composite
panels was presented by Collier.3

The objective of this Note is to present a method for predicting
thermally induced deformations and stresses in eccentrically stiff-
ened composite laminates. The constitutive relations of a laminated
composite stiffener are derived. Thermal effect and transverse shear
deformation are included in the formulation. Numerical results are
obtained for an eccentrically stiffened composite laminate subjected
to a temperature change that is uniform within the plane of the plate
but has a linear gradient through the thickness. The differences of
thermal behaviors between stiffened and bare composite laminates
are discussed.

Formulation
By using the first-order shear deformation theory, the laminate

constitutive relations can be written in the form
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where {N}'=[NX Ny Nxy], {M}f=[Mx My Mxy], and {QY=[Qy Qx}
are vectors of the in-plane forces, moments, and transverse shear
forces, respectively. Here, {NT} and {MT} are vectors of thermal
forces and moments, respectively. The relations between the lami-
nate stiffnesses [A], [B], [D], [A.v] and the ply engineering proper-
ties are given in Ref. 4.

When transverse shear deformation is considered, the constitutive
relations of a thin, flat, bladelike laminated composite stiffener can
be expressed as follows:
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, and <2>v are the axial force, bending moment,
twisting moment, and transverse shear force, respectively. The
stiffener stiffnesses are defined as
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where hs and b are the depth and width of the stiffener, respectively.
The thermal axial force and bending and twisting moments are given
by
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Here, AT is the temperature change from the reference temperature.
The expressions for the ply stiffnesses g// (*> j = 1, 2, 4, 5, 6) and
coefficients of thermal expansion ax, otxy in terms of the ply engi-
neering properties are given in Ref. 4.
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The strain displacement relations of the plate and the stiffener are
stated in Ref. 5. The eight-node isoparametric plate element and the
three-node isoparametric beam element are employed in this study.
Their finite element formulations can also be found in Ref. 5.

Results and Discussion
The formulation and accuracy of the present analysis have been

verified by numerical examples. Due to the limitation of length, only
thermally induced deformations and stresses in centrally eccentri-
cally stiffened square composite laminates are presented. The stiff-
ened plate is composed of one (0/=f45/90).y laminate and one (0/90
deg).v stiffener. The stiffened laminate is subjected to a linear ther-
mal gradient through the thickness. The temperature rises over the
top and the bottom surfaces of the laminate are 300 and 0°C, respec-
tively. The material properties for the plate and stiffener are4 E\ =
130 GPa, E2 = 9.5 GPa, Gn = G13 = 6.0 GPa, G23 - 0.5Gi2,
/zn = 0.3, ai = -0.3 x 10"6/°C, and a2 = 28.1 x IQ~6/°C. The
side length and thickness of the plate are 400 and 4 mm, respectively.
The depth and width of the stiffener are 8 and 5 mm, respectively.
Due to symmetry, only a quarter plate is analyzed with 4 x 4 mesh.

Figures 1 and 2 show the distributions of the deflection and mo-
ment Mx for simply supported (Si) stiffened and bare laminates
under the thermal loading considered, respectively. It can be seen
from Fig. 1 that the thermal deformation of the stiffened laminate is
different from that of the bare laminate. It is the same as expected
that the deflection of the stiffened plate is smaller than that of the
bare plate. Besides, it should be noted that the peak values of the
deflection occur at different positions in these two cases. The curves
in Fig. 2 show that the distribution of the moment Mx of the stiffened
laminate is unusual in the vicinity of the stiffened position. Because
the stiffener can restrain the rotations of the plate to some extent, the
maximum value of the moment Mx of the stiffened laminate occurs
at the simply supported boundary instead of the center of the plate.
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Fig. 1 Deflection of simply supported stiffened and bare square lami-
nates.
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Fig. 2 Moment Mx of simply supported stiffened and bare square
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Fig. 3 Deflection of clamped stiffened and bare square laminates.
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Fig. 4 Moment Mx of clamped stiffened and bare square laminates.

Nevertheless, the distribution of the moment Mx of the stiffened
laminate is similar to that of the bare laminate outside the stiffened
zone.

Figures 3 and 4 illustrate the distributions of the deflection and
moment Mx for clamped stiffened and bare laminates under the
thermal loading considered, respectively. Clearly, the distributions
of the deflection and moment Mx of the stiffened laminate are
similar to those of the bare laminate, but the maximum values
of the deflection and the moment Mx of the stiffened laminate
are much smaller than those of the bare laminate. This shows
that it is suitable to adopt clamped eccentrically stiffened lam-
inates in engineering structures subjected to the thermal loading
considered.
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