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Thermal buckling response of laminated and sandwich plates using

refined 2-D models

R. Vescovini, M. D’Ottavio, L. Dozio, O. Polit

1. Introduction

Thermal loads play an important role in several fields of engi-
neering. Aeronautical and space applications are a well-known
example, where the structures commonly experience severe aero-
dynamic heating and drastic changes of thermal environments. For
instance, the launch and the re-entry of space vehicles is typically
associated with severe temperature variations. Similarly, thermal
loads are developed in supersonic and hypersonic aircrafts as the
result of restrained thermal expansion [1].

These aspects, in conjunction with the typical thin-walled
architecture of light-weight structures, have made thermal
buckling the subject of several investigations in the past. Early
works are based on classical lamination theory (CLT) and first order
shear deformation theory (FSDT). Reviews of analytical solutions
using classical CLT and FSDT are available on several textbooks
[2,3]. A comprehensive overview of the topic is proposed by Jones
[4] with regard to fiber-reinforced composite plates, where CLT is
applied and the equivalent mechanical loading concept is
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discussed. Within the context of CLT, Nemeth [5] investigated the
thermal buckling response of infinitely long plates, introducing
stiffness-weighted thermal-expansion parameters as a useful
mean to obtain design charts, whose validity extends to a wide
range of laminates. Recently, the effects of non-uniform tempera-
ture distribution on thermal buckling have been assessed by Li
et al. [6] using CLT in the context of an energy-based formulation.
The work was successively extended to account for random system
properties [7]. Still in the context of CLT, variable stiffness plates
have been optimized with regard to thermal buckling require-
ments using finite elements in Ref. [8].

While CLT can be successfully applied to analyze a wide class of
thin-plate problems, different strategies are needed to analyze
more general plate configurations, where transverse shear defor-
mation effects cannot be neglected. In this sense, a relatively vast
amount of research efforts has regarded the development of more
refined approaches, FSDT being the simplest one. An early work by
Tauchert [9] discusses the derivation of closed-form solutions for
anti-symmetric angle-ply plates based on FSDT, while mixed FSDT
finite-elements are adopted by Noor and Peters [10] to address the
sensitivity of thermal buckling loads to lamination and material
properties. Recently, FSDT has been applied also to analyze the
thermal buckling of FGM shells [11].
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High-order shear deformation theories were employed in Refs.
[12,13] and closed-form solutions obtained for simply-supported
plates subjected to a uniform temperature rise. Erroneous assump-
tions on the plate constitutive law of Ref. [12] were successively
pointed out by Rohwer [14], and results corrected accordingly.

Other refined techniques for the analysis of laminated plates
included the high-order mixed formulation and the global/local
higher order theory proposed in Refs. [15,16], respectively, while
layerwise approaches have been carried out with finite elements
in Refs. [17,18].

Despite the vast amount of research papers dealing with com-
posite plates, less studies are available on the thermal buckling
response of sandwich plates. A simplified analytical study is pro-
posed in Ref. [19], based on the Ritz method and Libove-Batdorf
sandwich theory [20]. A higher-order plate finite element is used
in Refs. [21,22] to address the thermal buckling response of sand-
wich panels, including skew configurations. An analytical approach
is developed by Frostig [23] for the thermal buckling and post-
buckling based on a high-order approach incorporating the effects
of the core flexibility. Equivalent single layer models are discussed
by Pradeep et al. [24], and Matsunaga with regard to plates with
cross-ply and angle-ply face-sheets [25-27]. These latter studies
include a simplified treatment of the pre-buckling deformations
on the thermal buckling load, demonstrating their role on the crit-
ical temperature prediction.

Three dimensional solutions were developed by Noor and co-
workers [28-30] for both laminated and sandwich panels. In these
pioneering works, the relevance of pre-buckling deformations was
illustrated by providing results for temperature-independent [28]
and temperature-dependent [29] properties. Despite their useful-
ness for deriving benchmark results, three dimensional solution
procedures are usually too costly to be used for common design
purposes, and more efficient approaches are needed.

In this sense, a powerful strategy for including several theories
into one single formulation is given by the unified formulation pro-
posed by Carrera, often denoted with the acronym CUF [31,32].
This kind of variable-kinematic approach has been adopted to ana-
lyze the mechanical response of sandwich panels in several works
[33-37], while the prediction of the critical temperatures is dis-
cussed in Refs. [38,39]. Within the same framework, the thermal
stability of functionally graded sandwich has been recently
assessed [40].

The importance of retaining the transverse normal deformation
in the presence of thermal loading and the influence of the actual
temperature distribution across the plate thickness was pointed
out by Carrera in Refs. [41,42].

In recent works by the authors, the Generalized Unified Formu-
lation proposed by Demasi [43-45] was extended to include a sub-
laminate approach [36,37] for the bending analysis of sandwich
plates with the aim of optimizing the accuracy-to-cost ratio. The
resulting approach was indicated as Sublaminate Generalized Uni-
fied Formulation (S-GUF).

In the present paper, the S-GUF is developed in the context of a
Ritz-based approach [46-48] and its formulation is extended to
address the thermal buckling response of laminated plates and
sandwich panels.

As opposed to the vast majority of previous studies, the initial
stress produced by a uniform thermal loading is considered and
the effect of the pre-buckling transverse normal deformation is
assessed. This technique, suggested by Noor and Burton [28], intro-
duces the deformed pre-buckling state into the classical eigenvalue
problem for determining the critical temperature, which is then
solved iteratively.

A more accurate identification of the initial stress state, that
accounts for a refined representation of the thermal loading profile,
the actual boundary conditions of the plate and, where necessary,

temperature-dependent material properties, would require the
solution of a more complex non-linear problem and remains out
of the scope of this paper.

The results illustrate the excellent accuracy of the predictions in
relation with the relatively low number of degrees of freedom.
Novel results are finally proposed as a benchmark for future
studies.

2. Formulation

The formulation is developed for the thermal buckling analysis
of composite plates in the framework of the Sublaminate-
Generalized Unified Formulation (S-GUF). Linear and nonlinear
pre-buckling deformations are taken into account. The panels are
flat and can be either monolithic or sandwich. A sketch of the panel
is provided in Fig. 1, where the reference system together with the
typical dimensions of the panel are reported. In particular, a and b
denote the length and the width of the panel, respectively, while h
is the total thickness. For generality purposes, the sketch refers to a
sandwich configuration, where the quantity h¢ denotes the thick-
ness of the single face-sheet. In the case of monolithic composite
plates, the panel thickness is simply denoted with h, while h¢
becomes meaningless.

The panel is subjected to a uniform temperature increase,
although the formulation could be, in principle, extended to con-
sider nonuniform distributions. The initial heating of the panels -
which constitutes the pre-buckling condition — happens by assum-
ing fully restrained boundary conditions, where immovable edges
are considered. The buckling boundary conditions, as discussed
next, can be any sort of combination involving the vanishing or
non-vanishing of the three-inplane displacement components.

The formulation is thus characterized by two distinct steps,
consisting in the solution of the pre-buckling and buckling condi-
tion. When the nonlinear pre-buckling effects are accounted for,
the equations are in the form of a nonlinear eigenvalue problem,
which is solved iteratively. On the contrary, the classical approach
based on a linear pre-buckling analysis leads to the solution of a
standard eigenvalue problem.

The Sublaminate-Generalized Unified Formulation is an axio-
matic approach for the analysis of composite structures based on
the idealization of the structure as an assembly of N, sublaminates.
The fundamental ideas of the approach are here reviewed, while a
deeper discussion is available in [36,37]. Each sublaminate is a

cluster of N;j plies, arbitrarily chosen by the user, where an arbi-
trary kinematic theory is chosen for describing the displacement
field. A fully displacement-based approach is adopted. By collect-
ing the three displacement components of the generic ply p
belonging to the sublaminate k, the 3 x 1 vector u?* is defined as:

Fig. 1. Plate dimensions and reference system.



wk = {ug"‘ ubk upk }T (1)
where u?* denotes the displacement component along the generic
coordinate direction r = x,y, z. The Generalized Unified Formulation
(GUF) proposed by Demasi [43-45] is adopted as underlying kine-
matic description for approximating the displacement components
of Eq. (1). In particular, following the notation of GUF, the compo-
nents of Eq. (1) are expressed as:

ug.k(xuy? ZP) = F{Xux (Zp)ugiilx (X7y) OCUX = 0’ 1’ e ’N’ljx
ug"‘(X,y., z,) = F, (Zp)ugfyl_i,y *y) o, =0,1,...  NE (2)

uy
U (x,y,2p) = Fu, (2p)h, (X,y) 0, =0,1,..., Ny,

where separation of variables is assumed between the thickness-
wise and in-plane directions. In particular, F,,_~ denotes the

thickness function, while uf;;ku, are the generalized displacement

& =Dour*  g¥ = Dk 4 Dur* (6)

where the subscripts Q and n are introduced to denote the in-plane
and the normal components, respectively. The two vectors of Eq. (6)
read:

T T
pk p.k D,k D,k Dk D,k D,k p.k
‘L:Q - {gxx 8yy yxy } En - {yyz yxz 822 } (7)

and the differential matrices of Eq. (6) are defined as:

% 00 00 2 2.0 0
Do=|0 5 0 D,=[0 0 2 D=0 2 0
220 000 00 2

8)
In a similar fashion, the nonlinear terms of the strain tensor #;
expressed by Eq. (5) are organized as:

T
1 2 2 2 1 2 2 2
pk _ D.k D.k Dk D.k p.k D.k D.kyp.k D.kyp.k D.kqp.k
U 7{5 <ux,x + uy,x + Uy ) z (ux.y + uy.y + uzy ) ux,x ux.y + uy,xuyy + Uz uzy
T
p.k ) p.kypk p.kyp.k p.kyp.k p.kyp.k p.kyp.k p.kyp.k p.kyp.k D.kqp.k D.kq,0.k
UM *{ux,yux,z + uy.yuy,z + uz.y uz,z ux,x ux,z + uy.xuy.z + Uz uz,z ux,z W, + uy.z uy.z +U Uz, } (9)

components associated with the kinematic assumptions. Note that
N’; denotes the order of the expansions, thus a different number
of terms can be used for representing the displacement field along
the three directions. This means that, for instance, the in-plane
displacement components of a generic sublaminate could be
described with an equivalent single layer theory of order 4, and
the out-of-plane displacement with a similar theory of order 2. In
this case, the sublaminate theory would be labeled as ED44;. At lam-
inate level, the kinematic theory is specified as a string reporting
the approaches adopted for the various sublaminates. For instance,
ED33,/EDs54/ED33;, denotes a three-sublaminate subdivision, where
the first and the third sublaminates are modeled using EDs3;, while
EDss4 is adopted for the second one. It is also remarked that each
sublaminate can be modeled by assuming, independently, an equiv-
alent single layer or a layerwise description for each displacement
component.

2.1. Strain—displacement relations

As far as the formulation is developed within a displacement-
based approach, it is necessary to introduce the relation between
the strain and the displacement components. With the aim of
treating the thermal buckling problem, the Green-Lagrange strain
tensor is introduced as:

€ij = &j + 1 3)

where distinction is made between the linear and the nonlinear
parts & and 1, whose components are:

1
& = 5 (Ui + 1) (4)
and

1
Myj = Urillr (5)

Following the standard CUF formalism, the components of Egs.
(4) and (5) are organized in vectors where the in-plane and the
normal components are conveniently separated. Considering, for
now, the linear part of the strain tensor, it is possible to write:

where, consistently with Eq. (6), distinction is made between the
in-plane and the normal components.

2.2. Hooke’s law

The same partitioning into in-plane and normal components of
Eq. (6) is adopted, and linear hyperelastic orthotropic behaviour is
assumed. After rotating the components into a common laminate
reference system, the 3D constitutive law of the generic ply p of
the sublaminate k can be written as:

o' = Chach’ + Chneh*  ob = Clgel + Ched” (10)
where:
chi Chy Che 00 Ch
Gi=|o o G| Gi=loo
ar o o 00 o )
oy o
Gi= o o
0o o (B

Thermal deformations, which are of concern for the pre-
buckling analysis, are introduced as [2,49]:

b = —alfAT bk = —al*AT (12)

where AT denotes the temperature increase with respect to a refer-
ence value, while the vectors collecting the coefficients of thermal
expansion are defined as:

T
pk _ k k K k _ T
« 7{0@( o) 2a§y} @wk={0 0 o (13)

2.3. Pre-buckling state

Following Noor and Burton [28], the pre-buckling analysis is per-
formed by assuming uniform heating and boundary conditions of
immovable edges. More specifically, the panel is constrained such
that the normal in-plane displacement components are prevented
along the four edges. On the other hand, the out-of-plane



displacement is constrained in correspondence of the midsurface, so
that the panel is free to expand or contract along the thickness-wise
direction. It follows that the deformed pre-buckling deformed pat-
tern is given by:

{ ol(X,¥,2) = olly(x,y,2) =0
Ouz(x7y7z) = Ouz(z)

where the subscript 0 is introduced to specify the pre-buckling con-

dition. The internal stress distribution arising from the displace-

ment field given by Eq. (14) is:

{oO'yz(&y, Z) = onz(X~,y72) =0
00u5(X,Y,2) = 000p(2)  With o, f=X,y

meaning that the only not-null pre-buckling stress components are
those relative to the panel membrane behaviour. It is worth high-
lighting that the terms (0, are functions of z and are, in general,
different from ply to ply.

For the pre-buckling condition specified by Eqs. (14) and (15),
the evaluation of the normal displacement o, and the in-plane
stress components can be performed in a closed-form manner.
After noticing that the only not null pre-buckling strain component

is o€2¥, the internal stresses are available from the thermoelastic
constitutive relation:

(14)

(15)

000k = —CLaBKAT + COF (oeﬁ"‘ - aﬁ-"AT)

N . (16)
000k = —CPhaPFAT + CBY (oegﬁk - ag-kAT)
where:
0ebt ={0 0 e}’ (17)

The value of ¢€%* can be determined after imposing the vanish-
ing of the normal stress ¢, viz. considering plane stress condi-

tions. More specifically, the condition 6% = 0 can be substituted
in Eq. (16), and the pre-buckling strain is obtained as function of
the temperature variation as:

CPk CPk Pk
pk _ Pk _ 13 pk 23 pk 36 Dk .k
06z = o633 = CPk P + CPk Oy + 2 CPk Oy + 0z AT (18)
33 33 33

and the corresponding in-plane stress components are retrieved by

making use of Eq. (16), so:
oag’; = —CPkal AT (19)
00h =0

where
ar o o
o len oo @)

cpk  Fpk  Fpk
s C% Cos

and

.. CPhkcek

G=C'-—5r- =126 1)
(a3

If the effect of pre-buckling deformations is neglected - as it is
done in standard linear buckling eigenvalue analysis - no addi-
tional results are needed, and the solution given by Eq. (19) suffices
for performing the subsequent buckling analysis.

On the other hand, an additional step is needed if the analysis is
aimed at accounting for the effect of pre-buckling deformations. In
particular, the additional quantity to be evaluated is the first
derivative of the pre-buckling displacement o, ,, which is easily
obtained after recalling the nonlinear expression of the Green-
Lagrange strain tensor of Eq. (3) and the solution of the pre-
buckling problem of Eq. (14) as:

OBk = —1 4 1/1 42082 (22)

Note that the solution of Eq. (22), despite its simplicity,
accounts for the nonlinearity contained in the Green-Lagrange
strain tensor. It is also worth observing the presence of the term
0€2%¥ in Eq. (22), which makes it necessary the adoption of a theory
of order higher than zero with respect to the u, component.

2.4. Buckling condition

The buckling equations are derived in the context of a varia-
tional framework, starting from the expression of the total poten-
tial energy of the panel, which is:

H:l/e:adv (23)
2 )y

where the potential of the external loads is, in the present investi-
gation, identically null as no mechanical loads are prescribed. The
strain tensor € is intended as the contribution restricted to the
mechanical deformations, as no strain energy is associated with
the thermal deformations.

The first variation of the potential energy allows to derive the
nonlinear pre-buckling equilibrium equations, whose closed-form
solution is available from Egs. (16) and (22). The buckling condi-
tion can be found referring to the Trefftz criterion [3]:

S(0*IT) =0 (24)

According to the stability criterion of Eq. (24), the buckling con-
dition is readily found by recalling Egs. (3) and (23), and is
expressed as:

5(8TT) = / (€16 + 0 06)dV = 0 (25)
JV

where oo is the pre-buckling stress tensor, / is the buckling multi-
plier, while e is:

e=g+é (26)

The components of the tensors ¢ and # are available from Eqgs.
(4) and (5), while the term & is the linear part of the incremental
Green-Lagrange strain tensor and its components read:

. 1
&j=5 (oUrilrk =+ ollrUr) (27)

It is highlighted that the components &; are identically null
whenever pre-buckling deformations are null or negligible. In this
case the variational statement of Eq. (25) reduces to the well-
known form:

5(82TT) = / (68 6 + ion:00)dV = 0 (28)
14

The more general case of non negligible pre-buckling deforma-
tions is now considered. Introducing the S-GUF approximation, and
recalling the pre-buckling condition expressed by Eq. (19), the
buckling condition of Eq. (25) can be re-written as:

Nk NK top
ZZ/ / [(622 + 022" Yot + somp¥ o0t dzdo =0 (29)
Q Jzt

k=1 p=1

where, according to the pre-buckling solution given by Eq. (16), the
components of & are:

&= 0 0}

T
gk _ Japk  spk o epk
sn - {ﬂyz Xz 6zz (30)
T
_ Dk 0.k D.kq 0.k D.kq,p.k
= {Ouz,zuz,y Ouz,zuz.x oll;; Uz,



Substituting now Eq. (30) into the variational principle of Eq.
(29) leads to:

Nk Ng op
ZZ/ / ’ [(58’5kTo'fik + ((58?{’(+5éﬁ-k)To.g.k+;'5,’1$I<Too_€ik] dzdO =0
k=1 p=1-/2 /7"

31)

which is the variational statement expressing the buckling condi-
tion in the presence of nonlinear pre-buckling deformations. In
the context of a displacement-based formulation, the various terms
of Eq. (31) need to be expressed as function of the displacement
components. This is done by recalling Eq. (6) and assuming that
the constitutive relation can be written in the form:

pk _ Fpk opk P-k apk
o5 = Coaey + Cgre

k _ cpkabk | cpkapk
an®n ot =Coeq +Chel (32)

nn n

In addition, the relation between the strains &* and the dis-
placement components can be organized by separating the deriva-
tives with respect to the in-plane and the normal components as:

&% — ourk (DouP* o+ D) (33)

where the differential matrices D, and D, are defined as:

00 (), 00 0
D,= |0 0 (), D,=(0 0 0 (34)
00 0 00 (),

Substituting now Eqgs. (32) and (33) in Eq. (31), it is possible to
express the buckling condition as function of the displacement
unknowns uP*, In particular, the three contributions reported in
Eq. (31) are written as:

T ~ ~
ogh ah = 5(DQU””‘)T{C§’Z’§DQUP=" +C2¥ [D,uP* 4 D,uPk

+ oul¥ (f)nup=" + lA)Zu""ﬂ } (35)

(982 + 6%”"‘)To"’-" = E[D uPk 4+ DuPk + quPk (]3 uPp u””‘)]T
n n n n z olzz n z
x {CﬁnguP"‘ + C2X[D,uPk 4 D,uPk

+ oulk (ﬁnup"‘ + ﬁm""‘)] } (36)

on o6k = (Duowrk) o XP Dy uPk (37)

It is noted that all the terms of Eqs. (35) and (36) multiplied
with ouf¥ are those associated with the nonlinear pre-buckling
contributions, while the remaining ones are the standard terms
contributing to the stiffness matrix of the undeformed
configuration.

The contribution of Eq. (37) is written after introducing the pre-
stress matrix oXP* as:

ogPk 0 0
oZPE=1 0 ok 0 (38)
0 0 ng.k
with
ok ook
og™* = {0 e pyk} (39)
Oale any

The pre-buckling stress components collected in Eq. (39) are
available from Eq. (19) and, in general, are different from ply to
ply depending on their thermoelastic properties.

The differential operator Dy, relative to the nonlinear part of the
strain tensor is:

()x 0 07
(), 0 0
D, — 0 0. 0 (40)
n 0 (), O
0 0 ()4
L0 0 (),]

Integration along the thickness of Eq. (31) can be performed by
recalling the GUF expansion of the displacement unknowns of Eq.
(2), which depends upon the theory adopted. In general, the thick-

ness integrals can be written in the form:
Z;OP -Z;OP
Doy Pug Doy Pug
Zurus = /bl Fau,.FﬁuSdZ Zau,uS = ot szu,.zF/ius dz
J Z00 Jz)°
iwp ’ (41)
DOy Pug ’
Zyon” = / Fy, Fp,, 2dz
le)ol
In the present Ritz-based approach, the in-plane integration of
Eq. (31) is performed after approximating the in-plane behaviour

by means of properly chosen shape functions.

urdug

.70P
POy Bug _ P
Zois = | FuyoFp, 202
Jz
P

3. Ritz approximate solution

The exact solution of the buckling equations expressed by Eq.
(31) can be found for special sets of stacking sequences, loading
and boundary conditions. An approximate solution is here sought
not to restrict the class of problems to be analyzed, thus making
it possible to study different sets of boundary conditions and lay-
ups. The solution procedure relies upon a Ritz approximation of
the generalized displacement components introduced by Eq. (2)
(see also [46,48,37]), which are expressed as:

k k
uQiixx (X,y) = NUxi(XMY)u)’?ofuxi
k k
W, (%) = Ny

k k
u?@(:u (va) = Nllzf(xvy)ug{x;zi

i=1,2,....M (42)

where different sets of global shape functions are adopted to
approximate the three components uf&’;, (x,¥). A map is introduced
between the physical and the computational domain (¢&,#) defined
in the interval [-1 1] x [-1 1], where the generic shape function
can be expressed as:

Nu,—i(év ’7) = ¢u,m(é)¢urn(7,)

and the number of functions R and S along the directions ¢ and # can
be, in general, different. The relation between the generic i-th func-
tion and the m-th and n-th one-dimensional functions is given by:

i=S(m—1)+n (44)

The functions ¢, ,(¢) and v, ,(n) of Eq. (43) are, in turn,
expressed as the product between sets of complete functions p,
and proper boundary functions, chosen depending on the con-
straints applied at the panel edges:

d)u,m(i) :fu,(é)pm(é)
l//u,n(n) = gu,(’l)Pn(’?)

In the present implementation, Legendre orthogonal polynomi-
als are adopted as global functions, thus:

. 2l+1)p, — Ip._
D1 =¢ P :$

m=1,...,R n=1,....,S (43)

(45)

Po=1; with [ =m,n
(46)

while the boundary functions are the polynomial expressions
reported in Ref. [46].



For comparison purposes, a second set of Ritz functions, taken
from Ref. [39], is considered. In particular, the set consists of the
trigonometric functions defined as:

Nui(E 1) = cos?(u 1)sin%(r] +1)

Nui(&,m) = sin 2 (¢ 4+ 1) cos X (1 + 1) (47)
Nyi(&1n) = sin?(é +1) sin%(ﬂ +1)

It should be highlighted that the functions of Eq. (47) are suit-
able for analyzing simply-supported boundary conditions, while
they cannot be employed to analyze other set of boundary
conditions.

Independently on the choice for the Ritz functions, the approx-
imation of Eq. (43) can be substituted into the expression of Eq.
(31) and, after evaluating the surface integrals and assembling
the contributions at ply and sublaminate level [36,37], the govern-
ing equations are obtained in the form:

ou’ KK + KO) + zl(ﬂ u=0 Vou (48)

where K is the stiffness matrix, K° is the contribution due the pre-

buckling deformations and K€ is the geometric stiffness. The vector
of unknowns is given by:

u={u - ug)' (49)

and the i-th contribution appearing in Eq. (49) is the set of unknown
amplitudes associated with the i-th shape function, partitioned into
the x,y and z-wise contributions as:

ui:{uxi Uy llzi}T (50)

The expression of the stiffness matrix K is already available in
Ref. [37] but, for completeness, its expression is summarized in
the Appendix.

The stiffness contribution associated with the pre-buckling
deformations is obtained as:
K=K, +K +K k6 +K +K°

Uxlly Uxlly Uyl Uyl Uzl

(51)

where the single terms of Eq. (51) are organized to highlight the
work-conjugacy dependence over the different displacement com-
ponents u,. The formulation is developed by keeping separate the
thickness-wise and the in-plane response, as clear from Eq. (2). It
follows that the various terms composing the stiffness matrices
can be obtained by composing two distinct contributions: those rel-
ative to the integration along the thickness, and those relative to in-
plane integration of Eq. (31). Referring to Eq. (51), the three distinct
contributions are obtained by composing the assembled thickness

integrals Z?a)u,ﬁ<3)usRs, whose expression is reported in the Appendix,
and the in-plane integrals as:

1000
Uxtlz

l(U — IO]OO ® ZOX[)uZ3G +IOO]0 ® ZO

Uy Uy Uylly U, Uylz 'OuxUz55 +I

0 _ 40010 70 0100 , 70 0001 , 70 1000 , 70
Koy, = Zuyu, @ Zouyuas + Luyu, ©Zuyou23 + Luyu, @ Zowyuas + Loy, ©Zyyou,36

0 0001 , 0
®Zyou,13 T Ly, © Lpuizas

Ux Uz Uxllz

Uyllz Uyl Uyl Uyl uylz
0 _ 40101 0 0000 0 0110 1001\ o, 70
Kuzuz _quuz ®Zuzuz44 +quuz ®Zdu18uz33 + (quuz +Iu1u1 ) ®Zuzu145
4 IlOlO ® ZO

Uzlly UzUz55

(52)

where ® denotes the Kronecker product and Z%% are the matrices
collecting the integrals of the Ritz functions according to the follow-
ing notation:

1 1 qd+e . aof+g .
(Iﬁf{i)g:/ / o dNW afoN”i’dndg“
-1 .J-1 9&0one 0& one

(d,e,f,g=0,1)
(53)

In a similar fashion, the geometric stiffness matrix is obtained
as:

KC =K, +K, +K; (54)
where:
G 1010 G 0101 G 1001 0110 G
Kuxux :quux ®Zu,(u)(ll +quux ®Zuqu22 + (quux +quux ) ®Zuqu12
KC = 71010 7G AT YA w22 (1-1001 +l'0”0) VA

Uyly uylly Uy Ly uyuy uy uyuy uylly uyuy12
G __ #1010 G 0101 G 1001 0110 G
KuzuZ _quuz ®Zuzuzll +Iu1uz ®ZuZuZZZ + (quuZ +quuz ) ®ZuZuZlZ
(55)

and the generic contribution ZS,usRs is reported in the appendix.
The solution of the buckling problem of Eq. (48) is performed by

implementing an iterative procedure. Firstly, the eigenvalue

problem is solved by neglecting the pre-buckling deformations,

i.e. setting K° to a zero matrix, thus reducing to the standard form
of the buckling eigenvalue problem. Then, the pre-buckling state is
updated by using Eqgs. (18), (19) and (22), and, accordingly, the
matrices K° and K° of Eqgs. (51) and (54) are re-computed. The
eigenvalue problem of Eq. (48) is then solved again, and the
procedure is repeated until convergence between two successive
iterations is reached. Classical buckling solutions are obtained by
neglecting the pre-buckling deformations, i.e. arresting the proce-
dure at the first iteration.

4. Results

This section presents the thermal buckling results obtained for
monolithic and sandwich plates, derived with and without
accounting for the effects of nonlinear pre-buckling deformations.
It is highlighted that one single sublaminate is adopted for analyz-
ing monolithic plates and, in that case, the kinematic models
reduce to those formulated by the standard GUF approach.

Comparisons are discussed against reference solutions available
in the literature, and additional results are provided for future
comparison purposes.

The thermoelastic properties of the materials considered
throughout the study are summarized in Table 1. The labels M1
to M3 refer to typical fibrous composite materials.

For sandwich panels, the face-sheets are assumed to be made of
material M3, while the core is labeled as C1. The properties of the
material C1 are taken from Ref. [26] and, for convenience, are
summarized here below:

o Ev1/Examz = 3.2e-5; Exn /Exyms = 2.9e-5; Ez3/Exnmz = 0.4

° Glz/EzzyMg = 2.48-3; G]g/Ezz_M3 = 7.96-2; Gz3/E22ymg = 6.6e-2
e Vi = 0.99; vi3 = vo3 = 3.0e-5;

® 01 /0lg = Olpp /0ty = U33/0p = 1.36

Table 1
Elastic properties and coefficients of thermal expansion of the materials used in the
present study.

M1 (Ref. [28]) M2 (Ref. [39]) M3 (Ref. [26])
E11/E2 15 Variable 19
E33/Ex 1 1 1
Gi2/E22 0.5 0.5310 0.52
G13/Ex2 0.5 0.5310 0.52
Ga3/Ean 0.3356 0.1593 0.338
Via 03 0.3 0.32
Vi3 0.3 03 0.32
Va3 0.49 0.36 0.49
o1 /oo 0.015 ~0.0333 0.001
0Ola2 /0o 1 1 1
0(33/9(0 1 1 1




where Ex, m3 denotes the transverse elastic modulus of the material
M3.

It is worth noting that the critical temperatures will be pre-
sented, in most cases, in nondimensional form as function of
0T As such, the results do not depend on E»; and o, whose val-
ues can be arbitrarily fixed; the remaining thermoelastic properties
are then recovered by making use of the nondimensional ratios of
Table 1 and those of material C1. On the contrary, the dimensional
critical temperature T, depends on the value of o. This latter will
be provided in the next sections whenever the results are pre-
sented in dimensional form.

4.1. Monolithic plates

4.1.1. Convergence analysis

A preliminary convergence analysis is presented to illustrate
properties of different shape functions, both in terms of type and
number, and to motivate their choice throughout the study. The
analysis regards a set of square, anti-symmetrically layered plates,
characterized by a length-to-thickness ratio equal to 10. The plates
are obtained by the stacking of 10 plies, oriented at [+0];, and each
layer is made of the material M1 of Table 1. Simply-supported con-
ditions are imposed at the four edges.

The convergence analysis is performed by considering one sin-
gle sublaminate and an equivalent single layer theory EDss4. Note
that models with N,, =N,, — 1 and (o =x,y) yield a consistent
polynomial approximation of the transverse shear strain y, of
order N,,. This approximation is justified by the fact that the inves-
tigated composite plates all show a bending-dominated buckling
mode, for which the transverse shear strains are known to have a
certain relevance.

Both Legendre polynomials and trigonometric functions are
used to approximate the generalized displacement components
according to Eqs. (46) and (47). The results are computed by vary-
ing the number of Ritz functions from 2 x 2 until 30 x 30. The
nondimensional critical temperatures oT are summarized in
Table 2. Here and henceforth, the acronyms L and NL denote the
results of the linear and nonlinear buckling analysis, respectively.
The comparison against the 3D approximate solutions derived by
Noor and Burton [28] is reported to illustrate the accuracy of the
solutions here obtained.

The results of Table 2 demonstrate the superior convergence
properties of the Legendre polynomials over the trigonometric
functions. This conclusion holds both for the linear and nonlinear
predictions. The only exception is given by the plates with 0 equal
to 0, for which the trigonometric Ritz functions are capable of rep-

resenting the exact solution of the problem (or, alternatively, a
Navier-type solution of this configuration can be obtained). It fol-
lows that two functions suffice for capturing the exact solution,
and clearly no improvements are obtained as the number of
degrees of freedom is increased. On the other hand, poor-quality
predictions are obtained if the same number of functions is taken
by considering Legendre polynomials. In any case, it can be
observed that convergence to the exact solution is quickly achieved
up to four digits when 10 Legendre polynomials are taken along
the two directions.

In all the other cases, Legendre functions guarantee faster con-
vergence. In particular, for 0 # 0, the buckled pattern is affected by
the elastic coupling arising from the anti-symmetry of the lami-
nate. The three displacement components of the first buckling
mode are reported in Fig. 2 for 6 equal to 45. While the out-of-
plane displacement is characterized by a square half-wave, the
skewness of the two in-plane displacement components can be
clearly observed. As it turns out, this buckled pattern is not prop-
erly captured using few trigonometric functions, and, for this rea-
son, more terms are needed to reach convergence. On the contrary,
Legendre polynomials guarantee a far better approximation and
convergence is achieved with 15 terms.

From Table 2 it is clear that, for all the configurations, no
improvements are achieved when the number of Legendre func-
tions is increased beyond 15. On the contrary, the critical temper-
atures obtained with trigonometric functions, excluding the special
case of 6 = 0, have not reached convergence of the fourth digit even
when 30 functions are adopted.

The comparison against the solutions reported by Noor and Bur-
ton demonstrates the accuracy of the present formulation. In some
cases, the results here obtained are smaller in comparison to Ref.
[28]. These latter are obtained by a 3D, yet approximate, solution
procedure.

It is worth noting that the orthogonality properties of the
Legendre functions guarantee a higher degree of sparsity of the
resulting matrices with respect to the trigonometric case. It follows
that, for the same number of Ritz functions, the computational
effort to solve the eigenvalue problem is much smaller. It is finally
remarked that the authors did not experience any sort of numerical
issue, both in the case of Legendre as well as trigonometric func-
tions, by increasing the number of shape functions, even much
beyond the values indicated in Table 2.

4.1.2. Example 1
A comprehensive set of results, useful for benchmarking pur-
poses, is available in Ref. [28]. The test case consists in a set of

Table 2
Convergence analysis and comparison of critical temperatures 0T, for square composite SSSS plate of material M1, lay-up [+0];,a/h = 10 and theory EDss.

0 0 15 30 45 0 15 30 45

Analysis type R Trigonometric functions Legendre functions

L 2 0.57827" 0.80207" 0.1128 0.1231 0.87827" 0.99697" 0.1210 0.1305
5 0.57827" 0.7968! 0.1124 0.1226 0.5797! 0.79097" 0.1111 0.1211
10 0.57827" 0.79487" 0.1119 0.1221 0.57827" 0.7878~" 0.1106 0.1204
15 0.57827" 0.7939"" 0.1117 0.1218 0.57827" 0.78777" 0.1105 0.1202
20 0.57827" 0.79347" 0.1116 0.1216 0.57827"! 0.78767" 0.1105 0.1202
25 0.57827" 0.79307" 0.1114 0.1214 0.57827"! 0.78767" 0.1105 0.1202
30 0.57827" 0.7927! 0.1114 0.1213 0.5782! 0.7876"" 0.1105 0.1202

3D, Ref. [28] 0.57827" 0.79047" 0.1100 0.1194 0.57827" 0.79047" 0.1100 0.1194

NL 2 0.69447" 0.1043 0.1688 0.1936 1.18527" 0.1411 0.1882 0.2121
5 0.69447" 0.1035 0.1679 0.1924 0.6966" 0.1025 0.1651 0.1887
10 0.69447" 0.1031 0.1669 0.1910 0.6944°! 0.1019 0.1639 0.1868
15 0.6944°" 0.1030 0.1664 0.1903 0.6944! 0.1019 0.1637 0.1864
20 0.6944" 0.1029 0.1661 0.1898 0.6944" 0.1019 0.1637 0.1864
25 0.69447" 0.1028 0.1659 0.1894 0.69447! 0.1019 0.1637 0.1864
30 0.6944°! 0.1028 0.1657 0.1892 0.6944°! 0.1019 0.1637 0.1864

3D, Ref. [28] 0.69507" 0.1027 0.1633 0.1849 0.6950"" 0.1027 0.1633 0.1849




(a) (b)

angle-ply laminates and one isotropic configuration, characterized
by different nondimensional values of a/h. The composite panels
are made of material M1 and the lay-up is [+6],; the isotropic con-
figurations have a Poisson’s coefficient v =0.3 and o;;/% = 1 (no
summation is implied for the index i). Boundary conditions of sim-
ply supported edges are assumed at the four edges of the plate. The
results are summarized in Table 3 by adopting 20 x 20 Legendre
functions and four different kinematic theories.

Note that a few configurations of thick panels with a/h equal to
10/3, 4 and 5 and ply angles 0 equal to 30 and 45 are not reported
in the table as no reference results are available.

The excellent agreement between the results obtained using the
present Ritz formulation can be seen from Table 3. As expected, the
critical temperatures diminish as the equivalent single layer

@\
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Fig. 2. Plot of the buckling mode of a SSSS square plate of material M1, lay-up [+0]5,a/h = 10 and theory EDss4: (a) u, component, (b) u, component, (c) u, component.

description is enriched from EDs33; to EDss4. Similarly, a reduction
of the buckling multiplier is observed by refining the layerwise
theory from LD;;; to LD,s,. Note that the critical temperatures
obtained using LD, (33 DOF) are, in general, sensibly higher than
those predicted by the LD, model (63 DOF) and, in many cases,
by the EDss4 model (17 DOF). The reason is attributed to the Pois-
son locking problem that comes along a linear assumption for the
transverse deflection and the associated constant transverse nor-
mal strain, see also [50].

As seen from Table 3, the gain in terms of accuracy is modest if
the theory is refined from ED33, to the more expensive LD;,,, even
for studying thick panels. Very accurate results are available
already from theory EDs3,, both in terms of linear and nonlinear
predictions.

Table 3
Comparison of critical temperatures oo T., for square SSSS plates of material M1, lay-up [+0],.
a/h 0 Ref. [28] EDs33; EDss4 LD;q; LDy2,
L NL L NL L NL L NL L NL

10/3 0 0.2057 0.4264 0.2066 0.4266 0.2057 0.4241 0.2069 0.4280 0.2057 0.4241
15 0.2347 0.5719 0.2378 0.5799 0.2354 0.5685 0.2348 0.5653 0.2318 0.5490
Isotropic 0.71937" 0.9511°"! 0.7199" 0.9514~" 0.7193"" 0.9504~" 0.7219°"! 0.9548~" 0.71937! 0.9504""

4 0 0.1777 0.3314 0.1781 0.3303 0.1777 0.3290 0.1786 0.3318 0.1777 0.3290
15 0.2087 0.4598 0.2107 0.4623 0.2090 0.4554 0.2085 0.4530 0.2058 0.4406
Isotropic 0.5600~" 0.6944°! 0.5603~" 0.6939! 0.5600~" 0.6935~" 0.56187" 0.6963°" 0.5600" 0.6935~"

5 0 0.1436 0.2350 0.1438 0.2348 0.1436 0.2343 0.1442 0.2360 0.1436 0.2343
15 0.1753 0.3352 0.1763 0.3366 0.1753 03331 0.1748 03316 0.1726 0.3234
30 0.2377 0.6642 0.2441 0.6968 0.2419 0.6812 0.2379 0.6557 0.2344 0.6297
Isotropic 0.3990" 0.4644°! 0.3991°" 0.4643°" 0.3990°" 0.4642°" 0.4002" 0.4658" 0.3990! 0.4642"

20/3 0 0.1029 0.1448 0.1030 0.1447 0.1029 0.1446 0.1033 0.1454 0.1029 0.1446
15 0.1322 0.2109 0.1325 0.2109 0.1320 0.2096 0.1317 0.2089 0.1300 0.2048
30 0.1859 0.4068 0.1887 0.4165 0.1874 0.4099 0.1849 0.3987 0.1809 0.3778
45 0.1981 0.4713 0.2024 0.4877 0.2006 0.4774 0.1969 0.4576 0.1921 0.4310
Isotropic 0.2468" 0.2709°" 0.2468" 0.2707! 0.2468" 0.2707°" 0.24757" 0.27157" 0.2468! 0.2707"

10 0 0.57827" 0.6950°" 0.57827" 0.6946 " 0.57827" 0.6944"" 0.5800" 0.6971°" 0.57827"! 0.6945"
15 0.7904"" 0.1027 0.7898" 0.1023 0.7876"" 0.1019 0.7868" 0.1018 0.77847°" 0.1004
30 0.1100 0.1633 0.1110 0.1649 0.1105 0.1637 0.1095 0.1617 0.1076 0.1575
45 0.1194 0.1849 0.1209 0.1882 0.1202 0.1864 0.1187 0.1822 0.1163 0.1766
Isotropic 0.11837" 0.1237°" 0.11837" 0.1237! 0.1183°" 0.1237°" 0.1186"" 0.1240°" 0.1183°" 0.1237°"

20 0 0.1739°" 0.1834°! 0.1739°! 0.1834°1 0.1739°" 0.1834°! 0.174371 0.1838°! 0.1739°1 0.1834!
15 0.25287" 0.27347" 0.25237" 0.2727! 0.2519°" 0.27237" 0.2520°" 0.27237" 0.2503"" 0.2704""
30 0.3446"" 0.38437"! 0.3468" 0.3866! 0.3459°" 0.38557" 0.34487! 0.3842°" 0.34167" 0.3802°"
45 0.3810°" 0.4302°" 0.3839°" 0.4338~" 0.3826"" 0.43227" 0.3809°" 0.4300" 0.3767! 0.4246"
Isotropic 031092 0.3145°2 031092 0.3145°2 0.3109 2 031452 0311672 0315372 0.3109 2 031452

100 0 074633 0.74803 074633 0.74803 0.7463 3 0.74803 0.74783 074953 0.7463°3 0.74803
15 0.111572 0.111872 0.111472 0.111872 0.111472 011172 0.111572 0.111972 0.111372 0.11172
30 0.15022 0.15092 0.1514°2 0.1521°2 0.1514°2 0.15212 0.1514°2 0.15212 0.151272 0.1519°2
45 0.1674°2 0.1683°2 0.16902 0.16982 0.16892 0.16982 0.16892 0.16982 0.16872 0.16962
Isotropic 0.12643 0.126573 0.12643 0.126573 0.126473 0.126573 0.12673 0.12683 0.1264°3 0.126573




In agreement with Noor and Burton, the ratio between the lin-
ear and the nonlinear critical temperature diminishes as the ratio
a/h increases, and, for thin plates, these two values are almost
identical. On the contrary, a noticeable difference can be observed
between the linear and nonlinear predictions, especially for thick
configurations, with a difference between the values that increases
with the anisotropy of the lay-up. Isotropic plates are, in all the
cases, those characterized by the closer values between linear
and nonlinear results, whilst laminates with 0 equal to 45 are those
exhibiting the highest differences.

A plot of the nondimensional parameter a/h versus the critical
temperature ratio is provided in Fig. 3. This latest quantity is
defined as the ratio between the linear buckling prediction and
the nonlinear one, thus providing a measure of the effects due to
the pre-buckling deformations. The close agreement with the
results extracted from Ref. [28] can be seen even in this case.

4.1.3. Example 2

Another test case is taken from Ref. [39]. Relatively thin plates
with a/h equal to 50 are considered. The plates are made of
material M2 and obtained by the stacking of four plies oriented
at [+0],. Simply-supported boundary conditions are imposed at
the plate edges. The results are summarized in Table 4 in terms
of dimensional critical temperatures, obtained by taking
E11/E2 = 11.292, and o =27 1078 /K.

The results taken from Ref. [39] are obtained using the CUF-
based ED,,; theory in conjunction with a Ritz approach employing
12 x 12 trigonometric shape functions. For consistency, present
results are reported in the adjacent column and denoted ED5;,,
which are obtained using the same model and Ritz function as in
Ref. [39]: as expected, the results are identical. The remaining set
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of results are obtained with 20 x 20 Legendre functions. The
results obtained using ED,,, highlight, as already discussed, the
superior performances of the Legendre polynomials. In particular,
the critical temperature for 0 equal to 45 is 3% smaller than the cor-
responding value obtained in Ref. [39] using trigonometric func-
tions. Again, the difference reduces with the degree of anisotropy
of the panel, and small deviations are seen for 0 equal to 15.

No significant improvements are achieved when EDss; and
LD,,, theories are considered, which is consistent with the rela-
tively thin configuration under investigation. Similarly, the critical
temperature obtained by accounting for the nonlinear pre-
buckling effects are very close to the linear ones, with a maximum
difference of approximately 1%. Note also that the linear prediction
is always conservative, thus on the safe side.

Additional novel results are reported in Table 5 by considering
the same material, lay-ups and boundary conditions of the previ-
ous example. The investigation is now extended to various
length-to-width ratios. Nondimensional critical temperatures are
reported for three distinct kinematic theories, with and without
accounting for the effect of pre-buckling deformations. These
results could prove to be useful as an additional benchmark for
future investigations.

To further investigate the thermal buckling response of the pan-
els analyzed in Table 4, the width-to-thickness ratio is plotted
against the critical temperature ratio in Figs. 4-6. The effects due
to ply angles, material orthotropy ratio and boundary conditions
are addressed and, to the best of the authors’ knowledge, no previ-
ous investigations have covered these aspects.

The plates here considered are made of material M2 and are
obtained by the stacking of four plies with different angles of ori-
entations. Orthotropic plates, where all the plies are oriented at
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0.4
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Fig. 3. Comparison of critical temperature ratios versus thickness-to-width ratio for plates with lay-up [+0]5: (a) thin plates (0 < h/a < 0.1), (b) thick plates (0.1 < h/a < 0.3).

Table 4

Comparison of critical temperatures T, (K) for square SSSS plates with a/h = 50, material M2 and lay-up [+0],. Note: “using 12 x 12 trigonometric functions.
0 Ref.[39] ED%,, EDy EDss4 LDy,

L L NL L NL L NL

0 118.128 118.128 118.129 119.150 117.906 118.923 117.907 118.924
15 156.394 156.394 155.164 156.945 154.236 155.996 154.142 155.900
22,5 206.605 206.605 203.690 206.769 201.734 204.754 201.488 204.501
30 245.693 245.693 240.702 245.018 238.145 242.369 237.803 242.015
45 266.242 266.242 258.546 263.531 254.937 259.783 254.432 259.259




Table 5
Critical temperatures oo T, for square SSSS plates of material M2, lay-up [+0];.

a/h 0 EDa2; EDss4 LD;2>
L NL L NL L NL
10 0 6.1954°2 739792 5.9843°2 7.1025°2 5.9853°2 7.10382
15 7.807072 9.80092 7.29372 9.01492 7.2546°2 8.95602
225 9.89202 1.3321°" 8.97112 1.1697" 8.8757 2 1.1539°"
30 1.2905~" 1.9305°" 1.1406~" 1.6198~" 1.1230°" 1.5856~"
45 1380271 2.1579°! 1223171 1.79657! 1.20457! 1.75767!
20 0 1.873572 1.972672 1.8531°2 1.95002 1.853272 195012
15 2431372 2.6004 2 2.3697 2 2.53022 2.3644 2.52417?
22.5 3.15972 3.450272 3.0377°2 3.305572 3.023872 3.28912
30 3.84602 4.2858°2 3.69462 409902 3.6761°2 4.07642
45 4117672 4.6303°2 3913872 4.3697 2 3.8874 2 4.337072
50 0 3.1895°3 3217173 3.1835°3 3.2109°3 3.1835°3 3.2109°3
15 418943 4237573 416443 4211973 4161873 4209373
225 5.4996 3 5.5828 3 5.44683 5.528473 5.440273 5.521573
30 6.49903 6.615573 6.4299°3 6.54402 6.4207 3 6.5344>
45 6.98073 7.115373 6.8833°3 7.01413 6.8697 > 7.00003
100 0 8.04794 8.0655~4 8.0441°4 8.0616~4 8.0441°4 8.0617 4
15 1.0593°3 1.0623°3 1.057173 1.0601°3 1.05693 1.05993
225 1.39283 1.39803 1.388273 139343 1.387573 1.3928°3
30 1.638273 1.645573 1631873 1.63903 163093 1638173
45 1.7607 3 1.7691°3 1.751573 1.7598 3 1.750273 1.758573
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Fig. 4. Critical temperature ratio versus thickness-to-width ratio for plates with lay-up [0],: (
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Fig. 5. Critical temperature ratio versus thickness-to-width ratio for plates with lay-up [+22.5];, Material M2: (a) E11/E; = 10, (b) E11/E;; = 15, (¢) Eqq1/Ex = 20.

0, are considered in Fig. 4, while angle-ply configurations with ply
angles at 22.5 and 45 are assumed for the plots of Figs. 5 and 6. As
done in the previous analyses, the computations are performed by
considering 20 functions along both the directions, while theory

EDss4 is assumed. In agreement with the results of Ref. [28], a
reduction of the critical temperature ratio is observed for increas-
ing values of h/a and 6. In addition, the effect of the boundary con-
dition can be clearly noticed from the plots, where SSSS, SCSC and
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Table 6
Comparison of critical temperatures o, T, for skew plates made of material M1, a/b =1 and a/h = 10.
CSCS CCcc
Lay-up Y Ref. [22] ED33; EDss4 LDs2s Ref. [22] EDs3, EDss4 LDz
[0/90]¢ 0 0.1305 0.1317 0.1306 0.1302 0.1601 0.1616 0.1603 0.1597
15 0.1340 0.1354 0.1341 0.1337 0.1618 0.1634 0.1620 0.1615
30 0.1447 0.1456 0.1451 0.1446 0.1690 0.1710 0.1693 0.1687
45 0.1523 0.1538 0.1526 0.1521 0.1893 0.1926 0.1896 0.1889
[£45] 0 0.1360 0.1364 0.1321 0.1309 0.1609 0.1623 0.1573 0.1561
15 0.1427 0.1433 0.1386 0.1372 0.1678 0.1693 0.1639 0.1625
30 0.1625 0.1635 0.1576 0.1561 0.1886 0.1905 0.1838 0.1822
45 0.1950 0.1972 0.1893 0.1875 0.2249 0.2275 0.2185 0.2165
[£45]5s 0 0.1534 0.1539 0.1535 0.1498 0.1809 0.1819 0.1816 0.1779
15 0.1611 0.1616 0.1611 0.1571 0.1887 0.1897 0.1894 0.1854
30 0.1835 0.1842 0.1835 0.1786 0.2121 0.2133 0.2130 0.2080
45 0.2199 0.2208 0.2199 0.2134 0.2526 0.2543 0.2537 0.2468

CCCC conditions are considered. The critical temperature ratio is
seen to decrease when constraints are added to the plate. So, the
simply-supported condition represents the upper bound case,
while the fully clamped is the lower bound. Also it can be argued
from Figs. 4-6 that highest amounts of the material orthotropy
ratios have the effect of reducing the critical temperature ratio.

4.1.4. Example 3

To illustrate the generality of the proposed implementation, the
results are now presented for a set of skew composite plates sub-
jected to arbitrary boundary conditions. The panels are character-
ized by the geometric ratios a/b =1, a/h = 10 and skew angle ¥;
the thermoelastic properties are those of material M1. The compar-
ison is presented between the results obtained with different the-
ories and the critical temperatures obtained by Kant and Babu [22]
using HSDT finite elements. The results are summarized in Table 6
for two different sets of boundary condition, CSCS and CCCC. The
first and the third entries refer to the constraints of the oblique
sides of the panels, which are clamped in both cases. Very close
agreement can be noticed between the present results and those
of Ref. [22].

4.2. Sandwich plates

4.2.1. Example 4

Results are now presented for sandwich configurations. The
first assessment regards the cross-ply configuration discussed in
Refs. [30,39]. It consists of a square sandwich panel with ten-
layer face-sheets made of material M3 with stacking sequence

[0/90];,. The O plies are at the outer top and bottom surface, guar-
anteeing the symmetry of the panel stacking sequence. The core
properties are those of material C1. The panel is simply-
supported along its four edges. Two nondimensional parameters
are made vary in the analyses, namely the length-to-thickness
ratio a/h, and the ratio between the face-sheet thickness versus
the panel thickness h;/h.

It is well known that the need for refined theories becomes
increasingly relevant as the values of a/h diminish and those of
h¢/h increase. In fact, a refined transverse response is more impor-
tant when the plate becomes thick and the stress gradients become
more abrupt, which occurs when the stiff faces increase their thick-
ness in comparison with the soft core. The results are summarized
in Table 7, and are obtained by considering different theories and
different shape functions. In particular, the first set of results is
obtained by considering the layerwise LD,,; theory in conjunction
with a trigonometric expansion. Calculations are performed by
forcing the buckling mode to be of global type, i.e. assuming a
deflected pattern characterized by one single half-wave along the
two orthogonal directions x and y. Under this assumption, local
instabilities are prevented and close matching with the reference
results is achieved. This combination of kinematic theory and
shape functions is the same proposed by Fazzolari and Carrera in
[39] and, in fact, perfect matching is obtained with the results
obtained by the authors. Good agreement is also observed with
the 3D results of Ref. [30]. Again, it is worth highlighting that the
exact solution of this problem is characterized by a trigonometric
displacement field, thus one single trigonometric function can cap-
ture the exact shape of one of the buckling modes. The remaining



Table 7

Comparison of critical temperatures o, T for square SSSS sandwich plates with face-sheet of material M1, core C1 and lay-up [0/90]s/core/[90/0]s. Note: ®using trigonometric

functions, *local modes.

a/h he/h Ref. [30] Ref. [39] Present
3D LD LD FSDT/ED33,/FSDT
1x1¢ 1x1¢ 5x5 50x50
5 0.025 0.8512 0.8415 0.8411 0.8411 0.8393 0.1116*
0.050 0.6096 0.6018 0.6014 0.6014 0.6000 0.1188*
0.075 0.4692 / 0.4662 0.4662 0.4655 0.1267*
0.100 0.3820 0.3819 0.3816 0.3816 0.3814 0.1358*
0.150 0.2805 0.2850 0.2849 0.2849 0.2855 0.1582*
10 0.025 0.3220 0.3191 0.3190 0.3190 0.3188 0.2148*
0.050 0.2737 0.2705 0.2705 0.2705 0.2702 0.2216*
0.075 0.2358 / 0.2335 0.2335 0.2333 0.2285
0.100 0.2072 0.2052 0.2051 0.2051 0.2050 0.2050
0.150 0.1632 0.1654 0.1653 0.1653 0.1654 0.1654
20 0.025 0.0929 0.0924 0.0924 0.0924 0.0924 0.0924
0.050 0.0855 0.0853 0.0853 0.0853 0.0853 0.0853
0.075 0.0791 / 0.0786 0.0786 0.0786 0.0786
0.100 0.0726 0.0727 0.0727 0.0727 0.0727 0.0727
0.150 0.0623 0.0627 0.0627 0.0627 0.0627 0.0627

results in the table are calculated by adopting a sublaminate
description of the panel, where the face-sheets are modeled with
FSDT theory, and the core with EDs3;. In this case, the number of
theory-related degrees of freedom is equal to 15, against the 189
required by LD;5,. As seen form Table 7, the accuracy of the predic-
tions is not affected by the drastic reduction of the problem size,
and the results are identical to those computed with LD;,,. The
advantage of a sublaminate representation against a purely layer-
wise is thus clear. In the last two columns, Legendre-type functions
are adopted, with 5 and 50 terms along the two directions. The
results obtained with 5 functions are in good agreement with those
obtained with 1 trigonometric function. The predicted buckling
modes are still of global type, and the corresponding eigenvalues
resemble those previously obtained. However, local buckling
modes are detected - they are labeled with an asterisk in Table 7
- when the number of functions is raised up to 50. These modes
are observed for the thickest configurations and were not reported
in past studies due, presumably, to the premature truncation of the
series to approximate the unknown fields. The results here
reported are those obtained using 50 functions, but the authors
cannot exclude that lower eigenvalues can be found if the expan-
sion is further enriched. Given the size of the problem and the
computational costs associated with a larger number of functions,
ad hoc analysis tools would be needed.

Table 8

4.2.2. Example 5

The critical temperatures of angle-ply sandwich configurations
are presented in Table 8, where the comparison is presented
against the results obtained by Matsunaga [26]. The face-sheets
have lay-up [+6];, and are realized with material M3, with the plies
oriented at +0 on the external faces. The core is made of material
C1. Simply-supported boundary conditions are assumed. The
results are obtained by considering a purely layerwise approach
LD,5,, and a sublaminate description FSDT/ED33,/FSDT. For consis-
tency with Ref. [26], a first set of results is derived by considering
2 x 1 trigonometric functions. The two remaining set of analyses
are performed with Legendre polynomials and 5 x 5 and 50 x 50
functions.

The results demonstrate relatively good agreement with Mat-
sunaga, as the present predictions are slightly smaller. The reason
for this discrepancy is believed to be related with the higher refine-
ment of the theories here considered, both in the case of the layer-
wise approach and the sublaminate one, in contrast to the
equivalent single layer description of Ref. [26]. Also for this case,
the results demonstrate the excellent accuracy versus computa-
tional cost of the sublaminate models. As a matter of fact, the crit-
ical temperatures are as accurate as those determined with a
layerwise approach, while requiring less than one tenth of the
theory-related degrees of freedom. As seen from Table 8, local

Comparison of critical temperatures oo T, for square SSSS sandwich plates with face-sheet of material M1, core C1 and lay-up [+0]s/core/[+0]s. Note: “using trigonometric

functions, *local modes.

a/h he/h 0 Ref. [26] LDs2s FSDT/ED335/FSDT
2x1¢ 2x1¢ 5x5 50x50
5 0.15 0 0.1837 0.1757 0.1739 0.1741 0.1582*
15 0.2109 0.2037 0.2024 0.2023 0.1582*
30 0.2702 0.2610 0.2609 0.2608 0.1582*
45 0.3311 0.3216 0.3228 0.3225 0.1581*
10 0.15 0 0.09938 0.0960 0.0955 0.0957 0.0955
15 0.1285 0.1258 0.1254 0.1254 0.1252
30 0.1916 0.1874 0.1873 0.1873 0.1871
45 0.2201 0.2174 0.2178 0.2176 0.2175
20 0.15 0 0.03820 0.0373 0.0373 0.0374 0.0373
15 0.05530 0.0551 0.0551 0.0551 0.0550
30 0.08845 0.0893 0.0894 0.0894 0.0893
45 0.09679 0.0977 0.0978 0.0978 0.0977
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CCCC.

buckling modes are detected when increasing the number of func-
tions up to 50 for two of the configurations analyzed, i.e. a thick
plate (a/h =5) and 0 equal to 30.

4.2.3. Example 6

Further results are proposed in Fig. 7, where the nondimen-
sional critical temperatures are reported for sandwich plates with
same materials and lay-ups as in the previous example, and a geo-
metric ratio a/h fixed at 20. The results for simply-supported con-
ditions are presented in Fig. 7(a), while those of a fully clamped
panel in Fig. 7(b). The comparison is reported against the results
obtained by Babu and Kant [21] that utilized HOST9 isoparametric
finite elements, based on third-order description of the in-plane
displacement components, and a zero order representation of the
out-of-plane displacement component. For consistency, the results
are firstly computed with EDs3¢ theory, and a number of 20 x 20
functions. The results reveal good correspondence with Babu
and Kant, and the effects of the ply orientation and the face-

to-thickness ratio on the panel critical temperature are correctly
captured. Also the effect of different boundary conditions is in
agreement with Ref. [21]. With the aim of providing additional
results to be used for future benchmarking, the plots obtained
using a sublaminate theory ED33,/EDs35/ED33; are presented in
Fig. 8. In addition, the results are summarized in tabular form in
Table 9.

4.2.4. Example 7

Finally, an investigation over the effect of the pre-buckling
deformations is discussed with regard to sandwich plates. In par-
ticular, the critical temperature ratio is calculated for angle-ply
configurations with face-sheets of material M3 at [+0]; and core
of material C1. The results are obtained by means of a sublaminate
EDs35/ED333/ED33, description of the panel, chosen to guarantee
high accuracy of the results.

The charts relative to a ply angle 6 of 22.5 are reported in Fig. 9,
where two distinct values of h¢/h are assumed. In particular, they



Table 9

Nondimensional critical temperatures 10?0,y T, obtained with ED33,/ED33,/EDs3, for sandwich plates with a/h = 20, lay-up [+6]s/core/[F0]s.

he/h
0 0.10 0.075 0.05 0.025
SSSS 0 4.3453 47196 51514 5.6427
15 6.5230 7.1710 7.9427 8.8509
30 105539 11.5789 12.7781 14.1329
45 11.5973 12.7675 14.1507 15.7346
60 10.3761 11.4151 12.6426 14.0480
75 6.3944 7.0472 7.8342 8.7758
90 42727 46508 5.0922 5.6024
cecc 0 7.5896 8.5643 9.8306 11.4972
15 9.2393 10.5055 12.2680 14.8725
30 14.8500 17.0741 20.1931 24.8912
45 18.1054 20.5678 23.8258 28.2761
60 14.6330 16.7751 19.8024 24.4604
75 8.9355 10.1530 11.8755 14.5345
90 7.3373 8.2830 9.5915 113277
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Table 10
Critical temperature ratios T:./Th- for sandwich plates with [+6]s/core/[F0]s.

0 h/a he/h = 0.05 he/h = 0.10
SSSS Scsc cccc SSSS Scsc cccc

225 1/20 0.7057 0.6827 0.6053 0.7600 0.7383 0.6979
1/40 0.9154 0.9072 0.8565 0.9247 0.9181 0.8803
1/60 0.9614 0.9572 0.9304 0.9652 0.9616 0.9395
1/80 0.9781 0.9756 0.9594 0.9802 0.9780 0.9641
1/100 0.9859 0.9843 0.9735 0.9872 0.9858 0.9764

45 1/20 0.6197 0.4870 0.3815 0.6856 0.5952 0.5155
1/40 0.8921 0.8386 0.7956 0.9052 0.8607 0.8253
1/60 0.9509 0.9248 0.9035 0.9559 0.9333 0.9149
1/80 0.9721 0.9568 0.9441 0.9748 0.9613 0.9501
1/100 0.9821 0.9721 0.9638 0.9838 0.9749 0.9675

are taken equal to 0.05 in Fig. 9(a) and 0.10 in Fig. 9(b). Similarly,
the case of 6 equal to 45 is considered in Fig. 10.

The results demonstrate the same trends observed for the
monolithic plates. However, the effect of pre-buckling deforma-
tions is much more relevant in the case of sandwich panels. The
critical temperature ratio diminishes for increasing values of 0
and h/a, thus thick configurations are those associated with more
relevant pre-buckling effects. The same role is played by the intro-
duction of constraints, and fully clamped panels are those charac-
terized by the lowest temperature ratios. As seen from the four
charts on Figs. 9 and 10, higher ratios h¢/h have the effect of reduc-
ing the relevance of the pre-buckling effects. For facilitating future
benchmarking, the results of Figs. 9 and 10 are summarized in
Table 10.

5. Conclusions

A variable-kinematics model based on the Sublaminate Gener-
alized Unified Formulation has been presented with regard to the
thermal buckling analysis. The solution procedure is based on the
Ritz method, where both Legendre polynomials and trigonometric
shape functions were considered for approximating the displace-
ment field. The results illustrate the advantages offered by Legen-
dre polynomials in terms of rapidity of convergence. Exceptions are
clearly represented by those case for which the exact solution is
trigonometric.

Main advantage of the proposed approach consists in the flexi-
bility offered to the analyst to select different kinematic theories
for different clusters of plies. This possibility can be exploited for
optimizing the accuracy versus the number of theory-related
degrees of freedom, with consequent beneficial effects on the time
for the analysis. The accuracy of the results has been demonstrated
by comparison against reference solutions, including three-
dimensional results, both for monolithic and sandwich plates. In
this second case, a proper choice of the sublaminate theories
allowed to derive critical temperatures with accuracy comparable
to the layerwise predictions, but demanding for much less degrees
of freedom.

The excellent accuracy of the results is not restricted to the lin-
ear eigenvalue predictions, but includes the nonlinear results
obtained by considering the pre-buckling deformations. With this
regard, and in light of the few results available in the literature,
novel reference solutions were presented with and without
accounting for the pre-buckling effects. The role played by the
lay-up anisotropy, boundary conditions, orthotropy and length-
to-thickness ratios was illustrated. The results here obtained do
not account for temperature-dependent properties, which may
have a relevant impact on the cases here considered, and which
is subject of future investigations.

Appendix A. Appendix
A.1. Through-the-thickness integrals

Denote the assembly procedure of the thickness integrals with
the following notation:

() = AV AN (56)

where the assembly is performed twice, at ply and at sublaminate
level. The resulting expressions of the thicknesswise contributions
are:

ngauzw = <°‘p‘k6quﬁ;’§)uz> ng{)uz36 = <0€p'k5’éé‘lﬁ;'§auz>

Zguxuz45 = <OCP.’<E%<Z&1"XHZ> ZguXuZSS = <OCp‘kEgé<Zgiuz>

Zguyuz44 = <apkcii<z§fyuz> Zguyuz45 = <°‘p'kCZé<Zgi’:;uz> (57)
Zgyauzza = <°‘p'k65§2ﬁ'y’§)uz> Zgyouz36 = <06”"<E'éé‘lﬁ;'§mz>

Zgzuz44 = (ﬁp'kgﬂczﬁ;ﬁ) Zgzuzzls = <ﬁ"”‘55§<2ﬁ;ﬁz>

Zgzuzss = <ﬁpkﬁégskzﬂzlilz> Zguzouz33 = <ﬁp'kEg‘3{<ngz<’)uz>
where:
ok = qubk k= 20uPk 4 (oupk)’ (58)
nguxll = <00—§5<kzﬁ;lilx> nguxzz = O’gj’kzﬂﬁlx> ZSXM,AZ = <00§}',k2ﬁﬁx>
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A.2. Stiffness matrix
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where the generic thickness integral is

Zowours = (CHZX ) (61)

Uzlz
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