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Abstract

This paper is focussed on the formulation of a
comprehensive geometrically nonlinear theory of
shallow sandwich shells that includes also the
effect of the initial geometric imperfections. It
is assumed that the face-sheets of the sandwich
structure are built-up from anisotropic material
layers. Both strong and weak core sandwich
structures are considered. As a result of its fea-
tures, the developed structural model can provide
important information related to the load carry-
ing capacity of sandwich structures in the pre-
and postbuckling ranges. Moreover, by using the
directionality properties of face-sheet materials,
ways to enhance the load carrying capacity of
sandwich shells/plates, without weight penalties,
and in both the linear and nonlinear regimes are
reached. Selected numerical illustrations empha-
sizing the implications of these non-classical fea-
tures are presented and pertinent conclusions are
outlined.

1 Introduction

A typical laminated composite structure that due
to its outstanding properties is likely to play a
great role in the construction of advanced su-
personic/hypersonic space vehicles and of fu-
ture reusable space transportation systems is the
sandwich-type construction.

The sandwich structures exhibit a number
of features of exceptional importance such as:
i) increased bending-stiffness with little resul-
tant weight penalty, ii) excellent thermal and
sound insulation as well as a smooth aerody-
namic surface in a higher-speed flow environ-
ment, and iii) extended operational life as com-
pared to stiffened-reinforced structures that are
weakened by the appearance of stress concentra-
tion.

It clearly appears that due to these features,
the sandwich structures can play also an impor-
tant role in the design of advanced marine struc-
tures, and in the construction of communication
satellite antennas and reflectors, as well.

One of the problems which, for a better un-
derstanding and exploitation of their load carry-
ing capacity is essential, is that associated with
the determination of the postbuckling behavior of
curved sandwich panels under complex loading
conditions.

In addition to general conclusions related to
the capacity of these structures to carry ther-
momechanical loadings, this study will supply,
among others, pertinent information about the
sensitivity of the load carrying capacity of these
structures to initial geometric imperfection, about
the conditions of the occurrence of the snap-
through buckling, of its severity, and conditions
in which it can be attenuated or even suppressed
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altogether, as well on a number of other issues
that are essential for a reliable design and ex-
ploitation of these structures.

Under the present study, the sandwich struc-
ture consists of a thick core-layer bonded by the
face-sheets that consist of composite anisotropic
materials, symmetrically laminated with respect
to the mid-surface of the core-layer. The initial
geometric imperfection consisting of a stress free
initial transversal deflection, will be also incor-
porated in the study. The loads under which the
postbuckling response will be analyzed consist
of uniaxial/biaxial compressive edge loads and a
non-uniform thermal field.

In spite of the evident importance of the prob-
lems considered in this study, relatively few re-
sults on these issues have been considered in the
specialized literature. The available survey pa-
pers (see e.g. Refs. 1 and 2) on this topic can
provide pertinent references to these problems.

It should also be a mentioned that the theory
presented in this paper has been developed in a
series of previous work (see Refs. 2 through 8).

2 Basic Assumptions and Conventions

The global middle surface of the structure σ, se-
lected to coincide with that of the core layer, is re-
ferred to a curvilinear and orthogonal coordinate
system xα (α = 1,2). The normal thicknesswise
coordinate x3 is considered positive when mea-
sured in the direction of the inward normal. The
uniform thickness of the core is 2h while those
of the bottom and top faces are h′′ and h′, respec-
tively. As a result, H

(
≡ 2h+h′+h′′

)
is the total

thickness of the structure (see Fig. 1).
For the sake of identification, the quantities

affiliated with the core layer will be marked by
a superposed bar, while those associated with
lower and upper faces by a single and double
primes, respectively, placed on the right or left of
the respective quantity. The geometrically non-
linear theory of doubly curved sandwich shells
developed in the framework of the Lagrangian
description is based on a number of assumptions,
such as: i) the face-sheets are built-up from or-
thotropic material layers, the axes of orthotropy

of the individual plies being not necessarily coin-
cident with the geometrical axes xα of the struc-
ture, ii) the material of the core layer features or-
thotropic properties, the axes of orthotropy being
parallel to the geometrical axes xα .

Fig. 1 Doubly-curved sandwich panel
The thickness of the core layer is assumed

to be much larger than those of the face sheets,
i.e. 2h � h′,h′′. The theory encompasses the
cases of weak and strong core sandwich struc-
tures, as well. In this respect it should be recalled
that in the former case the core is capable of car-
rying transverse shear stresses only, whereas in
the latter one, the core can carry both tangential
and transverse shear stresses, iii) a perfect bond-
ing between the face sheets and between the faces
and the core is postulated, iv) the incompress-
ibility in the transverse normal direction is pos-
tulated in both the core and face-sheets, v) the
principle of shallow shell theory is adopted.

3 Kinematics

Upon adopting a linear distribution of the tangen-
tial displacement components across the thick-
ness of the face-sheets and core, and fulfilling the
kinematic continuity conditions at the interface
between the core and face-sheets, in conjunction
with assumption iv), the 3-D displacement com-
ponents result in the following representations:

′V1(xα ,x3)=ξ1(xα)+η1(xα)+(x3−a′)′ψ1(xα)

′V2(xα ,x3)=ξ2(xα)+η2(xα)+(x3−a′)′ψ2(xα)

′V3(xα ,x3)=v3(xα)




valid for h≤ x3 ≤ h+h′ (1a-c)
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V 1(xα,x3)=ξ1(xα)− 1
4 [
′hψ′1(xα)−′′hψ′′1(xα)]

+(x3/h){η1(xα)− 1
4 [
′hψ′1(xα)+

′′hψ′′1(xα)]}

V 2(xα,x3)=ξ2(xα)− 1
4 [
′hψ′2(xα)+

′′hψ′′2(xα)]

+(x3/h){η2(x2)− 1
4 [
′hψ′2(xα)+

′′hψ′′2(xα)]}

V 3(xα,x3)=v3(xα)




valid for and −h≤ x3 ≤ h (2a-c)

′′V1(xα,x3)=ξ1(xα)−η1(xα)+(x3+a′′)′′ψ1(xα)

′′V2(xα,x3)=ξ2(xα)−η2(xα)+(x3+a′′)′′ψ2(xα)

′′V3(xα,x3)=v3(xα)




valid for −h−h′′≤x3≤h (3a-c)

In these equations the 2-D tangential dis-
placement measures ξα(x1,x2) and ηα(x1,x2) are
defined as:

ξ1 = (
′V ◦1 +

′′V ◦1 )/2,η1 = (
′V ◦1 −′′V ◦1 )/2,

ξ2 = (
′V ◦2 +

′′V ◦2 )/2,η2 = (
′V ◦2 −′′V ◦2 )/2. (4a-d)

where ′V ◦α , ψ′α ; ′′V ◦α , ψ′′α and V̄ ◦α , ψ̄α denote the
tangential displacements of the points of the mid-
surface and the shear angle rotations of the bot-
tom, upper face-sheets and of the core layer, re-
spectively, while a′(≡ h̄+ h′/2) and a′′(≡ h̄+
h′′/2) denote the distances between the global
mid- surface (coinciding with core mid-surface)
and the mid-surfaces of the bottom and top faces,
respectively. As a result, the 2-D displacement
measures reduce to nine functions, namely ξ1, ξ2,
η1, η2, v3, ′ψ1, ′ψ2, ′′ψ1 and ′′ψ2. Assuming that
the structure features also a stress-free initial geo-

metric imperfection
◦
V 3(≡

◦
v3(xα)), and adopting

the concept of small strains and moderately small
rotations (see Ref. 11), the following strain dis-
tribution is across the top and bottom face sheets
and of the core layer. These equations are not
displayed here.

4 Equations of Equilibrium/Motion and
Boundary Conditions

The equations of equilibrium/motion and the
boundary conditions are obtained via applica-
tion of Hamilton’s variational principle. As a
result of its application, upon retaining only the
transversal load and transverse inertia terms, the
equations of motion expressed in terms of global
stress resultants and stress couples are:

δξ1 : N11,1+N12,2 = 0,

δξ2 : N22,2+N12,1 = 0,

δη1 : L11,1+L12,2−N13 = 0,

δη2 : L22,2+L12,1−N23 = 0,

δψ′1 : Ĥ11,1+ Ĥ12,2+N′13− (h′/4h) N13 = 0,

δψ′2 : Ĥ22,2+ Ĥ12,1+N′23− (h′/4h) N23 = 0,
(5)

δψ′′1 : ˆ̂H11,1+
ˆ̂H12,2+N′′13+(h

′′/4h) N13 = 0,

δψ′′2 : ˆ̂H22,2+
ˆ̂H12,1+N′′23− (h′′/4h) N23 = 0,

δv3 : N11

(
v3,11+

◦
v3,11+1/R1

)
+2N12 (v3,12

+
◦
v3,12

)
+N22

(
v3,22+

◦
v3,22+1/R2

)
+N13,1+N23,2+q3−mov̈3 = 0.

For more details related with the derivation of
these equations, see Refs. 7 and 8. Herein 1/R1

and 1/R2 denote the principal curvatures of the
global middle surface, (·),α (≡ ∂(·)/∂xα) denotes
the partial differentiation with respect to the sur-
face coordinate xα , q3 is the distributed transver-
sal load, while mo denotes the reduced mass per
unit area of the shell mid-surface. As concerns
the global stress resultants and stress couples in
terms of which Eqs. (8) are expressed, these are
defined as:

N11 = N′11+N11+N′′11,
(

1
−→←−2
)

N12 = N′12+N12+N′′12,

N13 = N′13+N13+N′′13,
(

1
−→←−2
)

L11 = h
(
N′11−N′′11

)
+M11,

(
1
−→←−2
)

L12 = h
(
N′12−N′′12

)
+M12 (6)
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Ĥ11 = (h
′/4)
(
N11+M11/h

)
−M′11,

(
1
−→←−2
)

Ĥ12 = (h
′/4)
(
N12+M12/h

)
−M′12,

ˆ̂H11 = (h
′′/4)
(
N11−M11/h

)
+M′′11,

(
1
−→←−2
)

ˆ̂H12 = (h
′′/4)
(
N12−M12/h

)
+M′′12,

Herein the sign
(

1
−→←−2
)

indicates that the ex-

pressions of the stress resultants and stress cou-
ples not explicitly written can be obtained from
the ones displayed above, upon replacing sub-
script 1 by 2 and vice-versa.

Consistent with the concept of shallow shell
theory, the stress resultants and stress couples as-
sociated with the top face-sheets and the core that
intervene in Eqs. (5) and (6) are:

{
N′αβ, M′αβ

}

=
n′

∑
k=1

∫ (x3)k

(x3)k−1

′ (Sαβ
)

k

{
1,x3− ′a

}
dx3,

(7)

N′α3 =
n′

∑
k=1

∫ (x3)k

(x3)k−1

′ (Sα3)k dx3,

(α,β= 1,2)

and

{
Nαβ,Mαβ

}
=
∫ h

−h
Sαβ {1,x3}dx3,

(8)

Nα3 =
∫ h

−h
Sα3dx3,

respectively.
The stress resultants and stress couples asso-

ciated with the top facings can be obtained from
Eqs. (7) by replacing single primes by double
primes, a′ by −a′′ and n′ by n′′. Herein, n′ and
n′′ denote the number of layers constitutent to
the bottom and top facings, respectively, while
(x3)k and (x3)k−1 denote the distances from the
global reference surface (coinciding with that of
the core layer) to the upper and bottom interfaces
of the kth layer, respectively. These definitions of

stress resultants and stress couples are similar to
the ones in Refs. [5] and [6].

The associated boundary conditions at the
edge xn= constant, (n= 1,2), obtained also from
Hamilton’s variational principle are:

Nnn = N
˜ nn or ξn = ξ

˜n

Nnt = N
˜ nt or ξt = ξ

˜t

Lnn = L
˜ nn or ηn = η

˜ n

Lnt = L
˜ nt or ηt = η

˜ t

Ĥnn = Ĥ
˜ nn or ψ′n =ψ

˜
′
n

(9)

Ĥnt = Ĥ
˜ nt or ψ′t =ψ

˜
′
t

ˆ̂Hnn =
ˆ̂H
˜ nn or ψ′′n = ψ

˜
′′
n

ˆ̂Hnt =
ˆ̂H
˜ nt or ψ′′t =ψ

˜
′′
t

Nnt
(
v3,t +

◦
v3,t
)
+Nnn(v3,n or v3 = v

˜3

+
◦
v3,n)+Nn3 = N

˜ n3

Herein the subscripts n and t are used to des-
ignate the normal and tangential in-plane direc-
tions to an edge and hence, n = 1 when t = 2,
and vice-versa, n = 2 when t = 1. In addition,
the quantities underscored by a tilda denote pre-
scribed quantities. It should be remarked that the
above equations incorporate transverse shear de-
formability of face sheets and the strong core fea-
tures.

In the case of the soft core sandwich struc-
tures, Nαβ and Mαβ should be considered zero-
valued quantities in the expressions of the global
stress resultants and stress couples, Eqs. (9) and
(10).

5 Constitutive Equations

Toward the goal of deriving the 2-D constitutive
equations within the theory of sandwich shells,
it should be recalled that within the 3-D geomet-
rically non-linear elasticity theory, the constitu-
tive equations are described by linear relation-
ships between the second Piola-Kirchhoff stress
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and Lagrange strain tensor components (see Ref.
9).

As a result, for an anisotropic material fea-
turing monoclinic symmetry and including the
temperature and moisture effects, the generalized
Hooke’s law can be expressed as:




S11

S22

S12


=


 Q̂11 Q̂12 Q̂16

Q̂12 Q̂22 Q̂26

Q̂16 Q̂26 Q̂66






e11

e22

2e12




−




λ̂1

λ̂2

λ̂6


 T −




µ̂1

µ̂2

µ̂6


 M,

{
S23

S13

}

= K2
[

Q44 Q45
Q45 Q55

]{
2e23

2e13

}

(10)

In these equations Si j denotes
second Piola-Kirchhoff stress tensor,

Q̂i j

(
≡Qi j−

Qi3Qj3

Q33

)
are the reduced

elastic moduli, λ̂I

(
≡ λI−

QI3

Q33
λ33

)
and

µ̂I

(
≡ µI−

QI3

Q33
µ33

)
denote the reduced ther-

mal expansion and moisture swelling coef-
ficients, respectively, where T (≡ T (xα ,x3))
and M (≡M (xα,x3)) denote the excess of
temperature and moisture with respect to the
free stress temperature and moisture Tr and Mr,
respectively. Herein the index I takes the values
1, 2 or 6.

Since the anisotropic material featuring
a monoclinic symmetry can simulate an or-
thotropic material whose axes of orthotropy are
rotated with respect to the geometrical axes of the
structure, the elastic, thermal and moisture mod-
uli, Q̂i j, λ̂I and µ̂I , respectively, can be expressed
in terms of the associated elastic, thermal expan-
sion and moisture swelling moduli in the on-axis
configuration and the angles by which the prin-
ciple material axes are rotated with respect the
geometrical ones (i.e. the ply angles).

Employment in Eqs. (10) of (7), results in the
constitutive equations for the bottom face-sheets.

Expressed in compact form these are:

′N11 = A′11ε′11+A′12ε′22+A′16γ′12+E ′11κ′11

+E ′12κ′22+E ′16κ′12−′NT
11−′Nm

11, (1
→←2)

′N12 = A′16ε′11+A′26ε′22+A′66γ′12+E ′16κ′11

+E ′26κ′22+E ′66κ′12−′NT
12−′Nm

12,
′N23 =

′K2 [′A44γ′23+
′A45γ′13

]
, (11)

′N13 =
′K2 [′A45γ′23+

′A55γ′13

]
,

′M11 = E ′11ε′11+E ′12ε′22+E ′16γ′12+F ′11κ′11

+F ′12κ′22+F ′16κ′12−′MT
11−′Mm

11, (1
→←2)

′M12 = E ′16ε′11+E ′26ε′22+E ′66γ′12+F ′16κ′11

+F ′26κ′22+F ′66κ′12−′MT
12−′Mm

12.

The stiffness quantities appearing in Eqs. (11)
are defined as{

A′ωρ, B′ωρ,D
′
ωρ

}

=
n′

∑
k=1

∫ (x3)k

(x3)k−1

(
Q̂′ωρ

)
(k)

(
1,x3,x

2
3

)
dx3,

(ω,ρ= 1,2,6)

A′IJ =
′ K2

n′

∑
k=1

∫ (x3)k

(x3)k−1

(
Q′IJ

)
dx3, (I,J = 4,5)

′NT
αβ =

n′

∑
k=1

∫ (x3)k

(x3)k−1

(
′λ̂αβ

)
k
T dx3,

′Nm
αβ =

n′

∑
k=1

∫ (x3)k

(x3)k−1

(′µ̂αβ
)

k Mdx3 (12)

′MT
αβ =

n′

∑
k=1

∫ (x3)k

(x3)k−1

(
x3−a′

)(′λ̂αβ

)
k
T dx3,

′Mm
αβ =

n′

∑
k=1

∫ (x3)k

(x3)k−1

(
x3−a′

)(′µ̂αβ
)

k Mdx3,

(α,β= 1,2)

while

E ′ωρ = B′ωρ−a′A′ωρ,

F ′ωρ = D′ωρ−2a′B′ωρ+a′
2
A′ωρ (13a,b)

The expression of stress resultants and stress cou-
ples for the top facings can be obtained from
Eqs. (11) and (12) by replacing the single prime
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by double primes. In the case when bottom and
upper facings feature full symmetry about their
own mid-surfaces, E′ωρ≡ 0 and E ′′ωρ≡ 0.

For the core layer considered as an or-
thotropic body (the axes of orthotropy coinciding
with the geometrical axes), the constitutive equa-
tions are:

N11 = 2h
[
Q11ε11+Q12ε22

]
−N

T
11−N

m
11, (1

→←2)

N12 = 2h Q66γ12,

N13 = 2h K
2
Q55γ13, (1

→←2) (14a-e)

M11 =
2
3

h
3 [

Q11κ11+Q12κ22
]

−M
T
11−M

m
11, (1

→←2)

M12 =
2
3

h
3
Q66κ12,

where

(
N

T
αβ,M

T
αβ

)
=

∫ h

−h
(1,x3)λαβT dx3,

(α,β= 1,2)
(

N
m
αβ,M

m
αβ

)
=
∫ h

−h
(1,x3)µαβMdx3. (15a,b)

In Eqs. (11), (12) and (14), ′K2 and K
2

de-
note transverse shear correction factors associ-
ated with the facings and core, respectively. No-
tice that Eqs. (14) correspond to a strong core
sandwich structure. In the case of a soft core
sandwich structure, with the exception of N̄13 and
N̄23, all the remaining stess resultants and stress
couples assocated with the core layer become im-
material.

6 Governing Equations

One possible and most straightforward represen-
tation of the governing equations in the theory
of shells, in general, and of sandwich-type struc-
tures, in particular, is that in terms of displace-
ment quantities. However, as the recent results in

the area reveal, the mixed formulation of shear
deformable shallow shell theory (i.e. that in
terms of the Airy’s potential function, transver-
sal deflection and of a transverse shear potential
function), presents many advantages, especially
toward the study of their buckling and postbuck-
ling response (see e.g. Refs. 12 and 13). For
sandwich structures, however, this type of formu-
lation works well only in special cases.

As in the general case of shells, the governing
equations of sandwich structures can be repre-
sented in terms of displacement, or mixed quan-
tities. Whereas the formulation in terms of dis-
placement quantities was established in a rather
general framework and used in Ref. 10, that in
terms of mixed quantities, (i.e., in terms of an
Airy’s potential function, transversal deflection
and a transverse shear potential function, was es-
tablished in the framework of a simplified sand-
wich shell theory. The simplifications involve:
a) adoption of the weak core model, b) thin face-
sheets that enables one to discard transverse shear
effects, and c) local and global symmetrically
laminated face-sheets. In this case the stress re-
sultants Nαβ can be expressed as

Nαβ = cαρcβσφ,ρσ (16)

where cαβ stands for the 2-D antisymmetric ten-
sor while φ is the Airy’s function. Enforcing the
conditions of symmetry that yield

A′αβ = A′′αρ ≡ Aαβ, F ′αβ = F ′′αρ ≡ Fαβ,

E ′αβ = E ′′αβ = 0, a′ = a′′ ≡ a; h′ = h′′ ≡ h,

the governing equations result as

A11η1,11+A16η2,11+A66η1,22+(A12+A66)η2,12

+2A16η1,12+A26η2,22

− (2K̄2Ḡ13/h̄)(η1+av3,1) = 0,(1
→←2)

φ,22(v3,11+
◦
v3,11+1/R1)+φ,11(v3,22+

◦
v3,22

+1/R2)−2φ,12)v3,12+
◦
v3,12)

−F11v3,1111−F22v3.2222−4F16v3,1112

−4F26v3,12222−2(F12+2F66)v3,1122

+(2K̄2a/h̄){Ḡ13(η1,1

+av3.11)+ Ḡ23(η2,2+av3,22)}+q3

−mov̈3 = 0. (17a,b)
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Recalling that the equations of equilibrium
(5a,b) are identically fulfilled via the use of the
stress potential function φ given by Eq. (16), in
order to ensure single valued displacements, the
compatibility equation for the membrane strains
has to be satisfied as well.

For the problem at hand the compatibility
equation is:

ε11,22+ε22,11−γ12,12+(2/R1)v3,22+(2/R2)v3,11

−2v2
3,12+2v3,11v3,22+2

◦
v3,11v3,22

−4v3,12
◦
v3,12+2v3,11

◦
v3,22 = 0, (18)

where

ε11 =
′ε11+

′′ ε11, ε22 =
′ ε22+

′′ ε22,

γ12 =
′ γ12+

′′ γ12.

In order to express this equation in terms of the
basic unknown functions, a partial invertion of
constitutive equations (14a), has to be carried out.
With the use of these equations, Eq. (18) reduces
to

A∗22φ,1111+A∗11φ,2222−2A∗16φ,12222−2A∗26φ,2111

+(A∗66+2A∗12)φ,1122+(2/R1)v3,22

+(2/R2)v3,11−2v2
3,12+2v3,11v3,22 (19)

+2
◦
v3,11v3,22+2v3,11

◦
v3,22−4v3,12

◦
v3,12 = 0.

As a result, the equations for the problem at
hand reduces to four partial differential equations
expressed in terms of the functions η1, η2, v3 and
φ.

In Eq. (19), the stiffness quantities

′A∗ωρ=
′′ A∗ωρ≡ A∗ωρ (ω,ρ= 1,2,6) (20)

where ′A∗ωρ and ′′A∗ωρ represent the inverted coun-
terparts of ′Aωρ and ′′Aωρ, respectively. In these
equations, for the sake of simplifications, the
temperature and moisture effects have been dis-
carded.

7 Numerical Simulations

The selected numerical results that will be sup-
plied, have the goal of highlighting the influence

of a number of effects on the buckling strength
and the nonlinear response. The materials used to
generate the results that concern flat and curved
sandwich panels can be found in Ref. 9..

7.1 Effects of the ply-angle in the face-sheets
and of panel aspect ratio on the buckling
strength.

In Figs. 2 and 3 there are depictions of the vari-
ation of the buckling load in uniaxial compres-
sion vs. ply-angle of the face-sheet material,
for a sandwich flat panel of various aspect ratios
Ψ(≡ L2/L1)

Fig. 2 The influence of the fiber orientation in
the face-sheets on the uniaxial compressive buck-
ling strength of a sandwich flat panel. Each of the
faces consists of one ply. All four edges are mov-
able. L1 = 24 in., h f = 0.02 in., hc = 0.5 in.,
Materials F1:C1

In both cases the panel consists of an Alu-
minum Honeycomb core (labeled C1) and fac-
ings made up from HS Graphite Epoxy (labeled
F1). (See Ref. 9 for the elastic properties of
materials used). The selected material of face-
sheets, is characterized by a rather large or-
thotropicity ratio. Each face sheets of the sand-
wich panel considered in Fig. 2 is made up from
one layer, in contrast to the panel in Fig. 3, for
which each face-sheet consists of three plies. It
is also assumed that in both cases the thickness
of face-sheets remains unchanged. From these
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two plots, it becomes evident that for any consid-
ered panel aspect ratio, an increase of the number
of layers in each face-sheet, without the increase
of their thickness, is accompanied by a slight in-
crease of the buckling strength.

Fig. 3 The counterpart of Fig. 2. In this
case, each face-sheets is made up from three lay-
ers in the sequence [θ/− θ/θ]. The total thick-
ness of each of the faces is the same as in Fig. 2.
(L1= 23 in., h f = 0.02 in., hc= 0.5 in.,Materials
F1:C1).

The results shown in Figs. 2 and 3 also re-
veal that for aspect ratios ψ ≤ 1, the buckling
strength is more sensitive to the variation of ply-
angle than for the panels of aspect ratio ψ> 1. In
addition, from Figs. 2 and 3 it becomes apparent
that with the increase of the panel aspect ratio,
both a decay of the maximum buckling strength
and a shift of the corresponding ply-angle to-
wards smaller angles are experienced.

Notice that in these two plots, for any ψ ≤
1.2, the minimum buckling load prior to the first
discontinuities have been determined for m= n=
1, whereas the remaining parts of the curves have
been determined for m = 2, n = 1. However,
for ψ > 1.2, there are not changes in the mode
number for the minimum buckling load, i.e. in
this case this condition is obtained throughout for
m= n= 1.

In Figs. 4 and 5, the buckling strength of a
three-ply flat and of a circular cylindrical panel
counterpart is displayed. As it can be seen, for the
same ply-angle the cylindrical sandwich panel is
able to carry larger compressive edge loads than
its flat panel counterpart.

Fig. 4 The counterpart of Fig. 3, where each
of the face-sheets is three times thicker than in
Fig. 3.

Fig. 5 The influence of the fiber orientation
in the face-sheets on the uniaxial compressive
buckling strength of a circular cylindrical sand-
wich panel with three layered facings. All four
edges are freely movable and simply supported.
(L1 = 24 in., h f = 0.06 in., hc = 0.5 in.,R2 =
100 in.,Materials F1:C1)

8 Postbuckling Response of Sandwich Panels

The effect of the ply-angle of the material of the
face-sheets upon the edge load-center deflection
interaction of a uniaxially compressed sandwich
panel is depicted in Fig. 6. Herein the top and
bottom face-sheets are made up of a single layer,
each of the material F1.
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The results reveal that the buckling bifurca-
tion loads identified by the filled circles on the
ordinate increase to ply-angle of 45 deg., after
which, as the ply-angles increases, the buckling
load decreases.

Fig. 6 Load-deflection amplitude interaction
for a uniaxially compressed flat sandwich panel,
whose face-sheets are made up each from one
layer. (L1 = L2 = 24 in., h f = 0.02 in., hc =
0.5 in.,Materials F1:C1)

A similar trend can be seen in the deep post-
buckling range. In Fig. 7 it is displayed the ther-
moelastic response of a doubly-curved sandwich
panel each face-sheet being constructed of three
layers in the sequence [θ/0/θ]. It is supposed
that the structure is imersed in an increased an-
tisymmetric through thickness temperature field,
and that a fixed uniaxial compressive load is also
present. Due to the compressive load, when
Tb= 0, the panel exhibits an initial upward (nega-
tive) deflection. However with the increase of Tb,
the upward deflection tends to decrease, and at
a certain temperature, a limit temperature is ex-
perienced. Its further increase is followed by a
snapping jump. The results displayed in this fig-
ure reveal that for selected values of the ply-angle
the intensity of the snap-through jump can be at-
tenuated and even its occurence removed.

It can be stressed here that in contrast to the
standard homogeneous or laminated curved pan-
els, in the case of their sandwich counterparts, the
snapping phenomenon occurs in extreme loading
only conditions.

Fig. 7 The nonlinear response of a dou-
bly curved sandwich panel with three layered
face-sheets subjected to a fixed compressive
edge preload and a temperature rise Tb. All
four edges are movable and simply supported.
(L1 = L2 = 24 in., h f = 0.45 in., hc = 0.25 in.,
Materials F1:C2)

This dramatic departure from the usual be-
havior of homogeneous/laminated curved panels
whose load carrying capacity is imperfection sen-
sitve, is due to the large overall bending stiffness
provided by the core layer.

For more extended results that can offer a
wider picture of the implications of a number of
important effects on the buckling and non-linear
response of flat and curved sandwich panels, the
reader is referred to Refs. 7 through 10.

9 Conclusions

A number of results addressing both the mod-
eling and the behavior of curved and flat sand-
wich panels with anisotropic face-sheets sub-
jected to uni/biaxial edge loads, and an antisym-
metric temperature gradient through panel wall-
thickness have been presented. The material of
each constituent laminae of the face-sheets was
considered to feature monoclinic properties in-
duced by the rotation of the fibers in each con-
stituent ply with respect to the axes of the struc-
ture. The obtained results indicate that the direc-
tionality property of facings can play a tremen-
dous role toward enhancing the buckling strength
and the load carrying capacity in the postbuck-
ling range. The implications of elastic character-
istics of materials of face-sheets and of the core
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on the buckling and postbuckling strength have
been highlighted and their important role of en-
hancing the buckling strength and the postbuck-
ling response behavior has been emphasized.

Moreover, it was shown that in some complex
loading conditions, when the snap-through buck-
ling can emerge, a judicious use of the directional
properties of the material of face-sheets can result
in the attenuation of its intensity, and even of its
elimination altogether.
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