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Hygrothermal Loading Effects in Bending Analysis of
Multilayered Composite Plates

S. Brischetto!

Abstract: The paper analyzes the hygrothermal loading effects in the bending
of multilayered composite plates. Refined two-dimensional models are used to
evaluate these effects, they are implemented in the framework of the Carrera’s Uni-
fied Formulation (CUF) which also allows classical models to be obtained. Hy-
groscopic and thermal effects are evaluated by means of hygroscopic and thermal
load applications, respectively. Such loads can be determined via a priori linear
or constant moisture content and temperature profiles through the thickness of the
plate, or by calculating them via the solution of the Fick moisture diffusion law and
the Fourier heat conduction equation, respectively. These equations are solved in
steady-state conditions and in a range of moisture content and temperature varia-
tions which requires constant material properties to be considered. Comparisons
between assumed linear and calculated moisture content and temperature profiles
are also made for different thickness ratios and lamination sequences. The pres-
ence of hygroscopic and thermal effects modifies the bending response in compos-
ite structures by increasing the maximum deflection and the discontinuity values of
in-plane stresses at the layer interfaces.

Keywords: composite plates, multilayered structures, hygrothermal effects, Fourier
heat conduction, Fick law, refined models, classical models.

1 Introduction

Advanced composite aircraft structures are often exposed to high temperature and
high humidity environmental conditions. The tendency of composites to absorb
moisture has negative effects concerning their performances under adverse operat-
ing conditions [Bouadi (1998)]. Composite materials are found to lose mechanical
properties on exposure to aircraft operating environments. This is mainly due to
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absorption of moisture from humid air by the matrix material [Vodicka (1997)].
The hygrothermal effects can be investigated in terms of degradation of mechan-
ical properties of the composite materials embedded in the multilayered structure
[Tabrez et al. (2007); Gawin and Sanavia (2009)] and/or in terms of both hygro-
scopic and thermal loads applied to the composite structure to analyze its bending
response. The present work is focused on the second issue in analogy with the com-
panion paper about shell geometry [Brischetto (in press)]. Stains due to moisture
expansion of a laminate are about the same magnitude as those due to a tempera-
ture. The temperature and moisture distributions inside composite can readily be
calculated by Fickian diffusion. Such diffusion is assumed to take place when the
following conditions are met [Tsai (1986)]: heat transfer through the material is by
conduction only and it can be described by the Fourier law; the moisture diffusion
can be described by a concentration dependent form of Fick’s law; the temperature
inside the material approaches equilibrium much faster than the moisture concen-
tration and hence the energy (Fourier) and mass transfer (Fick) equations are de-
coupled; the thermal conductivity and mass diffusivity depend only on temperature
and they are independent of the moisture concentration or the stress levels inside
the material. Fickian diffusion takes place at low temperatures and for materials
exposed to humid air. Deviations from Fickian diffusion occur at elevated tempera-
tures and for materials immersed in liquids. It is noteworthy that Fickian diffusion
is a reasonable approximation for many materials, including graphite-epoxy com-
posites [Tsai (1986); Reddy (2004)].

Considerable work has been done to understand the effects of hygrothermal en-
vironment on the mechanical behavior of composite structures. Some interesting
works about analytical solutions for plates and shells follow. Chiba and Sugano
(2011) analyzed transient heat and moisture diffusion and the resulting hygrother-
mal stress field in layered plates subjected to hygrothermal loadings at the external
surfaces. Stresses are evaluated by superposition of components due to the ap-
plied temperature and moisture fields. Steady-state and transient-state conditions
are also compared. Gigliotti et al. (2007a) and Gigliotti et al. (2007b) shown sim-
ulation models for the evaluation of hygrothermoelastic stresses and deformations
in composite laminated plates, Classical Lamination Theory (CLT) was compared
with three-dimensional solutions in the case of temperature and moisture fields es-
tablished by employing the Fick law for transient and cyclical environmental con-
ditions. Hufenbach and Kroll (1999) investigated stress concentrations in a plate
with finite dimensions and a hole in its center. Different loading types (mechan-
ical and hygrothermal) were considered by using conformal mappings combined
with complex valued stress functions, both analytical and Finite Elements (FE)
models were proposed. A theoretical and analytical investigation of the effects
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of hygrothermal residual stresses on the optimum design of laminated composites
was given in Khalil et al. (2001). The distribution of these stresses in the various
laminates is a function of the stacking sequence and ply orientation, Classical Lam-
ination Theory (CLT) was employed combined with Tsai-Wu failure criterion. A
three-dimensional stress analysis was applied to a fibre-reinforced organic matrix
composite cylindrical segment subjected to hygrothermal and mechanical loads in
Kollar and Patterson (1993), these loads may vary radially and circumferentially
and they give varying strains and stresses inside the composite cylindrical segment.
The effects of hygrothermal conditions on the buckling and post-buckling of lami-
nated cylindrical shells were analytically investigated in Shen (2001) by means of
Reddy higher order theory, the results shown that the hygrothermal environment has
a significant effect. The influence of coupled diffusion of heat and moisture on the
transient stresses in a composite was analitically investigated in Sih (1983) where
the moisture diffusion coefficient was taken to be temperature dependent while the
thermal diffusion coefficient was kept constant. Wiithrich (1992) analyzed the ef-
fects of hygrothermal expansion in the stress analysis of long thick-walled compos-
ite tubes subjected to internal and external pressure, longitudinal forces and twisting
moments. The extension of such problems to functionally graded material (FGM)
plates was given by Zenkour (2010) who assumed the elastic coefficients, thermal
coefficients and moisture expansion coefficients to be graded in the thickness di-
rection. A closed form solution for an Higher order Shear Deformation Theory was
proposed. The bending response of the FGM plates deteriorates considerably with
the increase in temperature and moisture concentration.

For more realistic cases, the use of numerical solutions (for example the Finite Ele-
ment method (FEM)) is fundamental because of the limitations given by analytical
methods. Some of these results follow. The effects of moisture diffusion on the
deformation of viscoelastic sandwich composites were analyzed in Joshi and Mu-
liana (2010) where a time and moisture dependent constitutive model is used for
the polymer foam core, while skins are assumed linear elastic. FE analyses of the
delamination between skins and core in sandwich composite under combined mois-
ture diffusion and mechanical loading are also performed. Khoshbakht et al. (2006)
gave a finite element modeling procedure for analyzing moisture-induced stresses
in a multilayered structure. The results show that the interfacial stresses increase
with the increase of the humidity diffusion time and monotonically approached the
stress level at the steady-state condition of the humidity diffusion. Kundu and Han
(2009) proposed a FE vibration analysis of pre- and post-buckled hygro-thermo-
elastic laminated composite doubly curved shells. Due to the change in environ-
mental conditions, hygrothermal residual stresses may induce buckling and dy-
namic instability in composite shell structures. Marques and Creus (1994) consid-
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ered the time-dependent response of polymeric matrix laminated composites sub-
jected to mechanical and hygrothermal loads. Examples for isotropic and graphite-
epoxy laminated plates and shells were presented by means of a FE method and
the solution of the Fick’s law. Naidu and Sinha (2005) used a finite element higher
order shear model to investigate the large deflection bending behavior of compos-
ite cylindrical shell panels subjected to hygrothermal environments. A quadratic
isoparametric finite element formulation based on the first order shear deformation
theory was presented in Parhi et al. (2001) for the free vibration and transient re-
sponse analysis of plates and multiple doubly curved composite shells subjected to
hygrothermal environment. Static and dynamic characteristics of thick laminates
exposed to hygrothermal environment were studied in Patel et al. (2002) using an
higher-order theory and a FE application for the evaluation of deflection, buckling
and natural frequencies for composite laminates at different moisture concentra-
tions and temperatures. Sai Ram and Sinha (1991) and Sai Ram and Sinha (1992)
investigated the effects of moisture and temperature on the bending characteristics
of laminated composite plates with and without a cutout. Deflections and stress
resultants, calculated via a FE Mindlin model, increase almost linearly with the
uniform increase in moisture concentration and temperature. Sereir et al. (2006a),
Sereir et al. (2006b) and Sereir et al. (2011) calculated the transient hygroscopic
stresses in laminated plates considering the change of mechanical characteristics
induced by the variation of temperature and moisture. The moisture diffusion Fick
law was solved in time and the edge effects were considered by means of the FE
extension. The increase of temperature and moisture environment developed sig-
nificant hygrothermal transverse stresses at the edges of the plate. Ghosh (2008)
investigated the initiation and progress of damage in laminated composite shells at
elevated moisture concentration and temperature due to low velocity impacts via a
FE analysis.

Studies about the degradation of material properties in severe hygroscopic envi-
ronmental conditions are discussed in the following, in some cases an experimen-
tal verification was conducted. A study of the effects of water ageing on the
static fatigue behavior of unidirectional glass/epoxy composites was investigated
in Chateauminois et al. (1993) where the failure mechanisms was associated with
fatigue damage under three-point bending loading. Kellas et al. (1990) presented
experimental results about the effects of several hygrothermal environments upon
the uniaxial strength of centre-notched laminates. It was shown that these inter-
actions depend upon the notch geometry as well as upon the stacking sequence.
The elastic properties of glass/epoxy woven-fabric composites under hygrothermal
loading were predicted by using three analytical iso-stress and iso-strain models in
Seng et al. (1997). Comparisons with experimental results were also proposed, it
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was assumed that the fibres were not affected by both temperature and moisture,
the results were in good agreement with experimental values. In Springer (1977)
the moisture distribution and the moisture content of a composite material exposed
to air with varying temperature and varying relative humidity were calculated. The
temperature and moisture histories included conditions for a transient environment
simulating runway storage and supersonic flight through 20 years of service. The
hygroscopic behavior of a woven fabric carbon-epoxy composite and its effect on
the viscoelastic properties and glass transition temperature was investigated in Abot
et al. (2005). An experimental study was conducted at full immersion in water and
at a specific temperature condition.

The present work proposes the extension of refined two-dimensional models based
on the Carrera’s Unified Formulation (CUF) to elasto-thermo-hygroscopic analy-
sis of multilayered composite plates. Mechanical, thermal and hygroscopic loads
are taken into account by means of the extension of the Principle of Virtual Dis-
placements (PVD) and the constitutive equations including both thermal and hy-
groscopic strains. The necessity of developing refined models for hygro-thermo-
elastic analysis of multilayered structures is confirmed by the conclusions obtained
in some past papers. Lee et al. (1992) shown that the classical laminated plate the-
ory may not be adequate for the analysis of multilayered composite laminates, even
in the small deflection range; the influence of hygrothermal effects on the cylindri-
cal bending of pinned-pinned, clamped-pinned and clamped-clamped symmetric
angle-ply laminated plates subjected to an uniform transverse load was evaluated
via classical laminated plate theory and Von Karman large deflection theory. Von
Karman non linear kinematics was also used in Upadhyay et al. (2010) where it
was combined with the Higher order Shear Deformation Theory (HSDT) to analyze
the non-linear flexural response of the elastically supported moderately thick lam-
inated composite rectangular plates subjected to hygro-thermo-mechanical load-
ings. HSDT exhibited some difficulties in the elasto-thermo-hygroscopic analysis
of multilayered composite structures that have in-plane and transverse anisotropy.
Thinh and Khoa (2000) investigated the response of composite laminates subjected
to mechanical, thermal and hygroscopic loads. Limitations of classical lamination
plate theory for such cases were also discussed.

To define the thermal and hygroscopic loads for the proposed refined models, the
relative temperature and moisture content profiles must be defined. They can be
linearly or constant a priori assumed, or they can be calculated through the plate
thickness direction by solving the Fourier heat conduction equation and the Fick
moisture diffusion law. The analogy between heat conduction and moisture diffu-
sion, as discussed in Szekeres (2000), is very useful in the analysis of hygrothermal
effects for the bending problem of composite structures. Such an analogy was also
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discussed in Tay and Goh (1999) and Tay and Goh (2003) where a comprehensive
numerical study of the effects of many parameters on the propagation of delami-
nation, caused for example by the pressure of water vapor, were shown. The Fick
second law of diffusion was experimentally validated in Di Domizio et al. (2006)
by means of two vessels containing water and salt to establish a steady-state con-
centration gradient.

In the present work the Fourier heat conduction equation has been solved as already
discussed in Brischetto (2009) and Brischetto and Carrera (2011) for both plate
and shell geometries, in accordance to the methodology already given in Tungikar
and Rao (1994). The Fick diffusion law is solved, for the first time, in analogy
with the same methodology. In some cases the use of a linear temperature and/or
moisture content profile through the thickness could be enough depending on the
plate thickness ratio and lamination sequence [Brischetto and Carrera (2009)].

The proposed refined models are validated by means of various assessments, some
of these were shown in Lo et al. (2010) where a four-node quadrilateral plate el-
ement based on the global-local higher order theory (GLHOT) was given to study
the response of laminated composite plates due to a variation in temperature and
moisture concentrations. The new benchmarks given here discuss the effects of
thermal and hygroscopic loads in the mechanical bending problem of simply sup-
ported square multilayered composite plates. Such effects are discussed when the
thickness ratio and the lamination sequence change. Comparisons between as-
sumed temperature/moisture content profiles and the calculated profiles are also
discussed.

2 Constitutive and geometrical relations

In the elasto-thermo-hygroscopic analysis the strain components € can be seen as
an algebraic summation of the elastic part €,, the thermal part €y and the hygro-
scopic contribution € , for each k layer, details are given in Reddy (2004):

k k

k _ ok
€& =€E,—€—€,, @)
the elastic contribution (subscript u) is defined by means of the geometrical rela-

tions which have the following matrix form for the plate geometry:

k k k k T k
€, = (Sxxu gyyu Eu 'yzu ,}ézu %yu) =Du", (2)

where the displacement vector u* = (u* v wK)T has three components in the three

directions x, y and z (see Figure 1). T means the transpose of a vector or matrix.
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X

Figure 1: Geometry and reference system for a multilayered composite plate.

The matrix D contains the differential operators and it has 6 x 3 dimension:

[0, 0 0]
0 9 0
1o o0 e
D=1y 4 al: (3)
2. 0 9
Ly dx O

where the partial derivatives mean d, = %, dy = (% and d, = a%. The thermal strain
contribution (subscript 0) is due to the scalar over-temperature 6 = (T — Ty) which
means temperature 7" referred to the room external reference temperature 7Tp:

k ko ok ok T k ak
€4 = (Err0 Eyyo €20 ?’ykze %rkze %ye) =a" 0", 4

where the thermal expansion coefficients are grouped in a vector of 6 x 1 dimension
for each orthotropic k layer in the laminate reference system:

ot = (af) o5, a3 00 afy)" )

The hygroscopic strain contribution (subscript .#) is due to the scalar moisture
content ./ (details about this variable are given in the Appendix A):

k k k k T k k
En= (gxxL%/ vt €z }fz/// %fz/// %c(y/// ) = ﬂ M, (6)

where the moisture expansion coefficients are grouped in a vector of 6 x 1 dimen-
sion for each orthotropic k layer in the laminate reference system:

B = (Bf1 By, B3 00 B)" . (N

The over-temperature 6 is in [K] and the relative thermal expansion coefficients o;;
are in [1/K]. The moisture content .# is in non-dimensional form and the relative
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moisture expansion coefficients f3;; are in non-dimensional form too. The moisture
content .# can also be given in percentage % (see Appendix A), in this case the
relative expansion coefficients f3;; are given as [ﬁ]. By substituting Eqs.(4) and
(6) in Eq.(1), the general form of the strain components for the elasto-thermo-
hygroscopic analysis is:

eh=¢k—ak ok —B* .t (8)

The general form of the Hooke law in the problem reference system (x,y,z) (see
Figure 1) is written as [Reddy (2004)]:

c* = Q' ¢, €))

in this case the strain € has the form given in Eq.(8), the vector of elasto-thermo-
hygroscopic stress components is 6% = (oF, Gyky szz Gykz o;’fz ny)T and the 6 X 6 ma-
trix of the elastic coefficients Q" for orthotropic materials in the laminate reference
system [Reddy (2004)] is:

(01 Q) 0y 0 0 Q]
Qlllzz Q%z %3 0 0 Ql/éﬁ
Qk — Q13 Q23 Q33 (l)< (])( Q36 . (10)

0 0 0 Qi 015 O
00 0 Qis 05 0
L Ols @2 P36 O 0 Qg

The stress components 6 can be seen as an algebraic summation of the elastic part
0, the thermal part 69 and the hygroscopic contribution & _, for each k layer
[Bouadi (1988); Tsai (1986)]:

c"=0f+o%+6%,. (11)

By considering Egs.(4), (6), (8), (9) and (11), the constitutive equation for the
elasto-thermo-hygroscopic analysis is:

ot =cf+ok+0, =0 e A" o —pk ¥, (12)

the first term in Eq.(12) is the classical Hooke law for the pure mechanical elastic
problem. The vector A" contains the thermo-mechanical coupling coefficients and
it has 6 x 1 dimension:

A =0 ak = (A A5, A5 00A5)7, (13)
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the vector p* contains the hygroscopic-mechanical coupling coefficients and it has
6 x 1 dimension:

pt= 0" B* = (ufy ub, 00 pufy)". (14)

The constitutive and geometrical relations will be included in the Principal of Vir-
tual Displacements in order to obtain the opportune governing equations. These
last will be given in a closed form obtained by means of an integration by parts.
This integration by parts is made easier if the equations will be split in in-plane (p)
and out-of-plane (n) components. The Eq.(12) is split as:

k
oy =0, +0hg+0ok, =0 €, +0, e, A, 0" —pus (15)
k
O' _G +Gn9+6n/// an pu+an 8nu )’n ek_ n%kv (16)
where the stress and strain components are:
k k ~k ~k k ko ko k
6\ = (of, oy} o! ) , of=(ck ok oi)!, (17)
e, =(enent)s =N ) (18)

the split procedure given in Eqs.(17) and (18) is also confirmed for the elastic
(subscript u), thermal (subscript 8) and hygroscopic (subscript .#) components
of stress and strain vectors. The matrix of elastic coefficients in Eq.(10) is split in
four sub-arrays of 3 x 3 dimension:

[ 011 Q12 Qs | ¢ 0 0 O3 ¢
Q;,=| 02 0n Q0w |, @,=|00 05|, (19)
| O16 O Qes | 0 0 Q3
o o o 1" Oss Q45 O ¢
I:Zp =/ 0 0 0 , Q=] Qs Qu 0
| O13 02 QO3 | 0 0 Qs

The vectors of thermo-mechanical coupling coefficients (Eq.(13)) and hygroscopic-
mechanical coupling coefficients (Eq.(14)) are split as:

k an 1F k 0 1* iy 18 0 1%
A'p = 2'22 ) ln = 0 ; ”];7 = j25%) 5 ”IZ = 0 . (20)
A2 A33 Hi2 U33

The geometrical relations in Eq.(2) are split as [Brischetto and Carrera (2011);
Brischetto (2009); Brischetto and Carrera (2009)]:
ek — ( gk gk

pu xxu Cyyu xyu)T:D uk (21)

- ’Jdcczu ’}é(zu zzu Dﬂp + DnZ) ) (22)
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where the differential operators are grouped in:

o 0 0 00 o 2 0 0
D,=|0 4, 0|, D,=[|0 0 |, D =0 9, 0 (23)
o 9 O 00 0 0 0 o

2.1 Two-dimensional approach

The displacement vector u, the scalar over-temperature 6 and the scalar moisture
content ./ are approximated in a two-dimensional form for the analysis of plate
geometries. Refined two-dimensional models are obtained by means of the Car-
rera’s Unified Formulation (CUF) [Carrera et al. (2011)]. CUF permits obtaining,
in a general and unified manner, several models that can differ in the chosen order
of expansion in the thickness direction and in the Equivalent Single Layer (ESL) or
Layer Wise (LW) multilayer approach [Brischetto and Carrera (2011); Brischetto
(2009); Brischetto and Carrera (2009)].

The application of a two-dimensional method for plates allows the unknown vari-
ables to be expressed as a set of thickness functions depending only on the thickness
coordinate z and the correspondent variable depending on the in-plane coordinates
x and y. The generic variable a(x,y,z), for example the displacement vector u,
the scalar over-temperature 8 or the scalar moisture content .#, and its variation
da(x,y,z) are written according to the following general expansion [Carrera et al.
(2010)]:

d (x,y,2) = F(2)a*(x,y),  8a"(x,y,2) = Fe(2)8a (x,y) (24)
with T,s=1,....N.

(x, y) are the in-plane coordinates and z is the thickness coordinate. The summing
convention with repeated indexes 7 and s is assumed. The order of expansion N
goes from first to higher order values, and depending on the thickness functions
used, a model can be ESL when the variable is assumed for the whole multilayer
and a Taylor expansion is employed as thickness functions F(z) (in this case the
expansion does not depend on the k layer) or LW when the variable is considered to
be independent in each layer and a combination of Legendre polynomials are used
as thickness functions F(z) (in this case the expansion depends on the k layer). In
CUF the maximum order of expansion N in the z direction is fourth.

The choice made in this work is that the displacement u is approximated as ESL or
LW through the thickness, while the over-temperature 8 and the moisture content
A are always given in LW form with the same order of expansion used for the
displacements. For this reason a refined model is defined ESL or LW depending
on the choice made for the displacement vector, although over-temperature and
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moisture content are always in LW form. ESL models are indicated with acronyms
from ED1 to ED4 where E means ESL approach, D indicates the use of the PVD
and the digit indicates the order of expansion N through the thickness. LW models
are indicated with acronyms from LD1 to LD4 where L. means LW approach.
First order Shear Deformation Theory (FSDT) [Reddy (2004)] is obtained as par-
ticular case of the ED1 model by imposing a constant transverse displacement
w through the thickness direction. Classical Lamination Theory (CLT) [Reddy
(2004)] comes from FSDT by imposing in the Hooke law an infinite transverse
shear rigidity which means zero transverse shear strains ¥, and ¥,,. Further de-
tails about CUF and refined models can be found in Brischetto and Carrera (2011),
Brischetto (2009) and Brischetto and Carrera (2009).

3 Governing equations

The general form of the Principal of Virtual Displacements (PVD) for the static
analysis and a generic volume V is:

/V <6e{map + 6e,{uon>dv — 5L, (25)

where 0L, is the external virtual work. O0€p, and O€,, are the virtual elastic
strains, and 0, and 0, are in-plane and out-of-plane elasto-thermo-hygroscopic
stress components.

By considering a laminate of NV, layers, and the integral on the volume V; of each
k layer as an integral on the in plane domain € plus the integral in the thickness-
direction domain Ay, it is possible to write the PVD as:

/ / 53” ‘g0 k)kodz = Z 8Ly , (26)

QA Ag

where the elasto-thermo-hygroscopic stresses are given by the Eqs.(15) and (16),
therefore:

// 6€kT O'I,L,+0'p9+°'p//z)+53g(°' +°-nﬂ+o- )>kodZ_ Z 6Lk
Qk h k=1
27

Geometrical relations (Eqs.(21) and (22)), constitutive equations (Egs.(15) and
(16)) and CUF for displacements uk, over-temperature 0% and moisture content
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M* as described in Eq.(24) can be substituted in the PVD developed in Eq.(27):

/ / ) Fe8u) (08 (D) Fdk + @, (D, + D) Ftdk — A F,0F

QA Ak

- #ZFs//sk) + <((an —|—DnZ)FT5u]1‘.)T (Qliflp(D )Fsu(‘ + Ql:m (an + D) Fyug
— A*F,0f — utF, ///k)>d9kdz - Z SLE. (28)

In Eq.(28), in order to obtain a strong form of differential equations on the do-
main € and the relative boundary conditions on edge I}, integration by parts is
used, which permits moving the differential operator from the infinitesimal varia-
tion of the generic displacement SuF to the finite quantity #* [Brischetto and Carrera
(2011); Brischetto and Carrera (2009)]. For a generic displacement uk, integration
by parts states:

/Q k <D’fp8uk)Tudek:— /Q A Su ( DI ") a+ | Sut’ (1’5{:/‘) ATy, (29)

where W = p,np. The matrices to perform the integration by parts have the follow-
ing form, in analogy with matrices for the geometrical relations in Eqs.(23):

1 00 00 1
=01 0|, I,=(0 0 1|. (30)
110 00 0

After the integration by parts, the governing equations have the following form:
Suly : Ki»ul = pi. — K\ 0F — K5 MY 31
with related boundary conditions on edge I':

Hﬁ;s k Hkrs Gk Hk”% j/k Hkrs k Hkn 9k Hkrs //Zsk ’ (32)

where pk_ is the mechanical load, u¥ is the vector of the degrees of freedom for the
displacements, 8% is the vector for the over-temperature approximation, .#* is the
vector for the moisture content approximation, K, k%s s the fundamental nucleus for
the stiffness matrix (see Brischetto and Carrera (201 1) and Br1schett0 (2009)), Kk”
is the fundamental nucleus for the definition of the thermal load p¥ —K’;@SO"
(see Brischetto and Carrera (2011) and Brlschetto (2009)), Kk is the new fun-
damental nucleus for the hygroscopical load p* e = —Kk /// £ ke IIk and

uu
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Hﬁf/;/ are the fundamental nuclei for the boundary conditions:

T

Kﬁﬁs - / <( - DP)T (Q];;p(DP) + Q];m(an +Dnz)) + ( - an + Dnz) (33)
A

(04, (D)) + b (Dup+Dyc) ) FFrdz.

Ki§ = / ((=Dp)" (=Ab) + (= D+ D) " (— A7) ) FiFedz, (34)
A

K.y = / ((=Dp)" (= b) + (= Dup+ D) " (— b)) FiFedz, (35)
A

I, = / ((1)" (€5, (Dy) + @5 (Dup + D)) + (L) (36)
Ak

(03 (Dy) + Q4 (Dap+ Dyo)) ) FFrdz.

g = [ ()" (~25) + ()" (~A%) ) Fredz G
A

e, — / ((1)" (— 1) + (1) " (— b)) FiFedz. (38)
Ak

3.1 Fundamental nuclei

In order to write the explicit form of fundamental nuclei in Eqgs.(33)-(35), the fol-
lowing integrals in the z thickness-direction can be defined:

JF. JdF; JF; JF,
<]krs7Jszs7Jkrsz’Jkrst) = / (FrEw Jphprisj Jis)dz . (39)

0z dz’ dz 9z

Ak

By using the Eq.(39), by developing the matrix products in Eqs.(33)-(35) and em-
ploying a Navier-type closed form solution [Reddy (2004)], the algebraic explicit
form of the nuclei can be obtained [Brischetto and Carrera (2010a); Brischetto and
Carrera (2010b)].

The nucleus K% has 3 x 3 dimension:

K, = 0575 + Q76 + Q6™ B? , Kiir, = T P (O, + Ofe)

uuy|

Ky, = — Qi J ™0+ 050" a, Kyl = J*a (0, + Oge)

uu13 122753

KkTS — Q§4kazsz + QSZJ](TSB2 _|_ Qlé6JkTSa2 , KL]:Z; — Q§4JkTZSB _ Q]§3JkTSZrB ,

uuy)y

Kk’L'S _ QISCSJ]CTSZ(—X _ Q/163Jk’L'ZS(—x , KkTS — Q§4JkTSZB _ Q1§3JkTZSB

uuz] 7 uuzy

Kk’L'S — QISCSJ](TS(—XZ + Q§4Jk”52 + Qé}]k’fzsz . (40)

uusz3
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The nucleus Kk” has 3 x 1 dimension:

Kk‘L's — O_tjkmlll , k‘cs — ﬁ]kmlé( Kkg;vl — —]kTZS},3k3 ) 41)

ub; u921 u

The nucleus Kk , has 3 x 1 dimension:

K, = e, Kot = By s Kl = =" s (42)

u. u u.

@ =mn/aand B = nm /b, with m and n as the wave numbers in in-plane directions,
and a and b as the plate dimensions in x and y directions, respectively.

Navier-type closed form solution is obtained via substitution of harmonic expres-
sions for the displacements, over-temperature and moisture content as well as con-
sidering the following material coefficients equal to zero: Q’f6 = Q Q% = Qﬁs =
0 and o, = Bf, = 0 which also mean A%, = uk, = 0. The followmg harmonic as-
sumptions can be made for the variables, which correspond to simply supported
boundary conditions:

T
uk = Z(ﬁf)cos (Q) sin

("—”y) k=1,....N,,

m,n a b
V= Z (¥ sin <m77rx) cos (”bﬂ> ,s=tb,r, (43)
m,n

maux\ . (nmy
(wk 0% k) = Z( Y,QY]‘,//")Sln( . )sm(7> ,r=2,...,N,

m,n

where @, 7%, WX, éf and ///AS" are the amplitudes, k indicates the layer, s is the

order of expansion which consider top (t), bottom (b) and higher order of expansion
from N=2to N=4. s=0,...,4 in the case of ESL approach for displacement
components.

By starting from the 3 x 3 fundamental nucleus in Eq.(40), the stiffness matrix
of the considered multilayered plate is obtained by expanding via the indexes 7
and s for the order of expansion in the thickness direction and via the index k for
the multilayer assembly procedure (Equivalent Single Layer (ESL) or Layer Wise
(LW)). The same happens for the fundamental nuclei in Eqs.(41) and (42) by always
considering Gsk and //lsk in LW form. Further details about the assembly procedure
can be found in Carrera et al. (2011).

3.2 Thermal and hygroscopic loads

In the governing relations (Eq.(31)), the mechanical load is applied in the transverse
direction at the top or at the bottom of the multilayered plate in harmonic form:

Pe(63.2) = pe(z)sin("=m2)sin(55), (44)
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where the amplitudes can be p.(+h/2) = pyop or p.(—h/2) = Pper. When the
multilayered structure is in a thermo-hygroscopic environment, a temperature pro-
file and a moisture content profile are generated through the thickness, their form
in the plane directions are:

6(x.3,2) = B(2)sin( " x)sin( 1), (45)
M (x,3.7) = A (F)sin(“x) sin(y) (46)

These profiles give a thermal load p’é = —K%“ 6% and an hygroscopic load p’;/” =

—K’;T/;///{f . Such loads are defined when the two profiles are known through the
thickness direction z and then approximated via the Carrera’s Unified Formulation
(CUF).

This paper considers three different cases, the first one is a constant temperature
and/or moisture content profile through the thickness direction from the top to the
bottom of the plate, in this case the profiles are known a priori and it is easy to
introduce them in the CUF. The second case considers a gradient for the temper-
ature and/or the moisture content, their values are known at the top and bottom
of the plate and linear profiles are assumed a priori. The third case has the same
values of temperature and/or moisture content of the case two at the external plate
surfaces, but now the profiles are calculated by means of the Fourier heat con-
duction equation (over-temperature) and the Fick moisture diffusion law (moisture
content). These calculated profiles could be different from the assumed linear ones
for thick and/or multilayered anisotropic plates. Details about the solution of such
equations, the analogy between Fourier heat conduction equation and Fick mois-
ture diffusion law and the use of CUF approximation for the over-temperature and
moisture content profiles can be found in the Appendix B.

4 Results

In this section the bending problem of simply supported multilayered composite
plates including the effects of the temperature and moisture content will be inves-
tigated. The geometry of the plates investigated is summarized in Figure 1. The
new benchmarks in Section 4.2 consider one- two- and three-layer carbon fibre
reinforced composite plates subjected to a transverse mechanical load in thermo-
hygroscopic environment, such a condition is represented by a temperature and/or
moisture content profile through the thickness which generates equivalent loads.
These profiles can be constant through the thickness, linear through the thickness
or they can be calculated when the top and bottom values are given. These bench-
marks are analyzed after some preliminary assessments in Section 4.1 that confirm
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the validity of the refined CUF models when the multilayered plates are subjected
to a mechanical load, to an imposed temperature profile and to an imposed moisture
content profile; the refined LW models give a satisfactory and very refined analysis
for each considered load, thickness ratio and lamination sequence.

4.1 Preliminary assessments

First assessment: mechanical load The first assessment considers a simply sup-
ported plate with dimensions b = 3a and mechanical pressure applied at the top
with amplitude p,(+h/2) = pyop =1 psi=6894.76 GPa and wave numbers m =
n =1 (no hygrothermal effects). The plate is three-layer made with lamination
sequence 0°/90°/0° and thickness values for each layer h; = hy = h3 = h/3, the
fibre reinforced composite material has longitudinal Young modulus E; = 25 x 10°
psi=172.37 GPa and transverse Young modulus E> = E3 = 1 x 10° psi =6.89476
GPa, the shear modulii are Gj» = Gj3 = 0.5 x 10° psi=3.4474 GPa and Gy3 =
0.2 x 10° psi=1.3789 GPa, the Poisson ratios are viy = Vi3 = Vo3 = 0.25. The
three-dimensional exact solution has been given by Pagano (1970) in terms of non-

. . . * * * . (meo-yyvcxy) * Gyz
dlmen510na}O(s)gesses and displacements (0y,, 0y, 0y;) = a0 %= 5
3w

and w* = Gl /)T for thickness ratios a/h = 4 and a/h = 100. Table 1 compares
results of the present models with 3D results from Pagano (1970). The refined LW
CUF model with fourth order of expansion through the thickness (LD4) agrees with
the 3D solution for each thickness ratio and for each variable investigated because
it allows to overcome the main problems connected with multilayered structures
analysis such as in-plane and transverse anisotropy and resulting zigzag bending
behavior. Refined ESL models (ED4) exhibits some problems for thick plate bend-
ing evaluation, in particular for the stress analysis. Classical theories (FSDT) and
low order ESL models (ED2) give a satisfactory analysis of thin composite plates,
but they are completely inadequate for the analysis of thick composite structures
that have a strong zigzag bending behavior (see a/h = 4 in Table 1).

Second assessment: constant through-the-thickness temperature profile The
second assessment considers a simply supported square (a = b) multilayered com-
posite plate with lamination sequence 0°/90°/0° and thickness values for each
layer hy = h, = h3 = h/3, the global thickness ratio is a/h = 5. A uniform tem-
perature profile is considered through the thickness with wave numbers m =n =1
in the plane directions. The material properties are Young modulii £; = 150 GPa
and £, = E3 = 10 GPa, shear modulii G1; = G153 = 5 GPa and G3 = 3.356 GPa,
Poisson ratios vi; = vi3 = 0.3 and v,3 = 0.49, and thermal expansion coefficients
o1 =0.015x 107K~ and 0y = 033 = 1.0 x 107K !, The stress and displace-
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Table 1: First assessment: mechanical load applied to a three-layered composite
plate. Comparison between three-dimensional solution and classical and refined
CUF models.

o (£h/2) oy (Fh/6) 0,.(0) o (£h/2) w(0)

a/h=4

3D [Pagano (1970)] 1.14 0.109 0.0334  -0.0269 2.82
-1.10 -0.119 0.0281

FSDT 0.614 0.0833 0.0234  -0.0187 2.05
-0.614 -0.0833 -0.0187

ED2 0.637 0.0791 0.0246  -0.0177 2.03
-0.591 -0.0901 -0.0189

ED4 1.11 0.100 0.0346  -0.0254 2.62
-1.06 -0.111 0.0266

LD4 1.14 0.109 0.0334  -0.0269 2.82
-1.10 -0.119 0.0281

a/l =100

3D [Pagano (1970)] 0.624 0.0253 0.0108 -0.0083 0.508
-0.624 -0.0253 0.0083

FSDT 0.623 0.0252 0.0106  -0.0083 0.506
-0.623 -0.0252 0.0083

ED2 0.623 0.0251 0.0108 -0.0083 0.506
-0.623 -0.0251 0.0083

ED4 0.624 0.0252 0.0121 -0.0083 0.507
-0.624 -0.0252 0.0083

LD4 0.624 0.0253 0.0108  -0.0083  0.508
-0.624 -0.0253 0.0083

(Oxx,0yy:03z,0y2)
o OE
and (u*,v*) = ((;)"Ve) with Eg = 10 GPa, o = 107 K~! and the over-temperature
60 =T — Ty = 1 K (constant through the thickness). The exact solution for such
a case has been obtained by Matsunaga (2004) and the material properties do not
change with the temperature. Figure 2 compares results for the refined LW CUF
model with fourth order of expansion through the thickness (LLD4) and refined ESL
CUF models with second and fourth order of expansion through the thickness (ED2
and ED4). The LD4 model gives the exact solution by Matsunaga (2004) for each

variable through the thickness even if the plate is thick. The other two CUF models

ment amplitudes in non-dimensional form are (o, Oyy, Oy, Oy,) =
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exhibit some difficulties because the ESL multilayer approach is not appropriate
for the analysis of thick composite structures subjected to field loads, such as the
temperature profile, that have a through-the-thickness application area.
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Figure 2: Second assessment: constant-through-the-thickness over-temperature
0 =T — Tp = 1K for a three-layered composite plate. Comparison between ex-
act solution [Matsunaga (2004)] and refined CUF models.
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Lo et al. (2010) considers a simply supported square (a = b) multilayered compos-
ite plate with lamination sequence 0°/90° /0° and thickness values for each layer
hy = hy = h3 = h/3, the global thickness ratio is a/h = 5. Several uniform over-
temperature profiles (0 = T — Ty with reference room temperature 7o = 300 K) are
considered through the thickness with wave numbers m = n = 1 in the plane direc-
tions. A refined higher order theory has been given in Lo et al. (2010) for different
temperature values imposed through the thickness (7=325 K, 350 K, 400 K, 425
K). The stress and displacement amplitudes are given in non-dimensional form as
(0% O3y, 0y 012, 0y2) = P25 009 and (u*, v, w*) = (G with By = 1 GPa,
oo = 107°K~! and Ty = 300 K. The material properties at the temperatures T equal
300 K, 325 K, 350 K, 400 K and 425 K are given in Table 2. Table 3 compares the
Higher Order Theory in Lo et al. (2010) (it has been obtained from some graphics)
with the CUF LD4 model. The two results are in accordance and some differences
could also be due to an inaccurate graphical evaluation of the results given in Lo et
al. (2010). It is clear how the response changes when material properties depend on
the temperature. Figure 3 evaluates displacements and stresses through the thick-
ness when an over-temperature 8 = 7T — Ty = 425 K is applied constant through
the thickness with wave numbers m = n = 1, comparisons between material prop-
erties at T = 300 K and material properties at T = 425 K are obtained via refined
LD4 model to remark the degradation of these properties at high temperature val-
ues. This model is in accordance with the graphical evaluation shown in Lo et al.
(2010). Figure 4 shows the three-layered composite plate when subjected to differ-
ent imposed constant through the thickness temperature values, for each T value
the material properties also change as described in Table 2. The results in terms of
displacements and stresses are given via the LD4 model which is very close to the
HOT model by Lo et al. (2010) for each temperature value.

In past author’s works [Brischetto and Carrera (2011); Brischetto (2009); Brischetto
and Carrera (2009)], further assessments for composite structures subjected to tem-
perature profiles (linear through the thickness or calculated by solving the Fourier
heat conduction equation) have been shown and they could be considered as further
assessments of the CUF models.

Third assessment: constant through-the-thickness moisture content profile
The third assessment considers a simply supported square plate with thickness ra-
tio a/h = 5. The multilayered plate is in composite material with lamination se-
quence 0°/90°/0°/90°, layers thickness h; = hy = hs = hy = h/4 and total thick-
ness h = 1. The moisture content is applied as harmonic in xy-plane with wave

numbers m = n = 1, and it is constant through the thickness direction. Displace-
) _ (G.\vno-y,wcxyvﬁxzao-yz)

. : * * * * *
ment and stress amplitudes are given as (o5, 0., 0., 0, C ToEo

XX Cyyr Yxyr Yxzr Yyz) T
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and (u*,v*,w*) = % with Ey = 1GPa and .y = 0.0025. Material properties
for moisture contents .# equal 0.0, 0.0025, 0.0050, 0.0075, 0.0100, 0.0125 and
0.0150 are given in Table 4. Figure 5 shows displacements and stresses evaluation
through the thickness of the multialyered plate when the constant moisture content
increases (the material properties also change), the LD4 model gives a satisfactory
analysis and it can be compared with the higher order theory by Lo et al. (2010)
that gives the same evaluation of such variables. LD4 model is able to analyze thick

composite plates subjected to moisture content profiles through the thickness.

CUF models have been validated here for composite plates subjected to single ap-
plications of mechanical load, imposed temperature or imposed moisture content.
The next section considers cases where thermal and hygroscopic load effects are
evaluated in multilayered composite plates that are subjected simultaneously to a
mechanical transverse pressure. These results show that the LD4 theory is a refined
two-dimensional model that gives a description, in terms of stresses and displace-
ments, that is consistent with the three-dimensional behavior.

4.2 Proposed new benchmarks

Benchmarks description The composite material embedded in the one-layered
and multilayered plates investigated has the properties given in Table 5 (see Ap-
pendixes A and B for further details about the meaning of the coefficients).

Three different multilayer conditions are analyzed for the simply supported square
plate (a = b with total thickness 7 = 1): one-layer plate with lamination sequence
0° and thickness h; = h (B1), two-layer plate with lamination sequence 0°/90°
and thickness h; = h, = h/2 (B2) and three-layer plate with lamination sequence
0°/90°/0° and thickness hy = hy = hs = h/3 (B3). The thickness ratios a/h in-
vestigated for each benchmark are 5,10,50 and 100. For each plate configura-
tion a transverse mechanical pressure is always applied at the top with amplitude
p-(top) = 10 KPa and wave numbers m = n = 1. The thermal effects are investi-
gated by adding a temperature profile that is harmonic in the xy-plane (m =n = 1),
it can be constant through the thickness (é(z) = const. = 50 K= 6,) or imposed at
the external surfaces as 6 (top) = 50 K and 6 (bot) = 0 K (in this case the temper-
ature profile can be linearly assumed (6,) or calculated by solving the Fourier heat
conduction equation (6.), see Appendix B). The hygroscopic effects are investi-
gated by adding a moisture content profile that is harmonic in the xy-plane (m =n =
1), it can be constant through the thickness (. (z) = const. = 0.1%,0.5%,1.0% =
M) or imposed at the external surfaces as ./ (top) = 0.5%,1.0% and .# (bot) =
0.1%,0.5% (in this case the moisture content profile can be linearly assumed (.#,)
or calculated by solving the Fick law (.#,), see Appendix B). When a refined CUF
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or classical model considers one of the effects proposed, additional parentheses are
included in the acronyms which indicate the assumed a priori profiles (6, or .#,
which can be constant or linear through the thickness) or the calculated profiles (6,
or ./, by using the Fourier or Fick law as indicated in the Appendix B).
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Figure 6: First benchmark (B1): effects of the constant through-the-thickness mois-
ture content profile on one-layered composite plate subjected to mechanical load.
Thickness ratio a/h = 10 and refined LD4 model.

Benchmark 1 (B1): one-layer plate Results of the first benchmark (B1) are
shown in Tables 6 and 7 and in Figures 6 and 7. Table 6 gives the transverse dis-
placement w at the top of the plate and the in-plane stress oy, at the bottom of
the plate for thickness ratios a/h = 5,10,50 and 100. LD4, LD2, FSDT and CLT
models are compared for the bending response when only the mechanical load is
applied, LD4 model agrees with the 3D description for each thickness ratio and
for each variable investigated. The other models also give quite good results be-
cause the plate is one-layered. However, CLT and FSDT exhibit big difficulties
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Table 7: First benchmark (B1): effects of the variable through-the-thickness temperature and moisture content profile on
one-layered composite plate subjected to mechanical load.

w(h/2)[mm] Oyy(—h/2)[MPa]

a/h 5 10 50 100 5 10 50 100
LD4 0.009635 0.09277 45.74 725.8 -0.01678  -0.04746 -0.9927 -3.945
LD4(6, = 50K,0K) 1.391 2420 76.90 847.0 4.823 5.178 4.402 1.456
LD4(6,. = 50K,0K) 1.355 2400 76.88 846.9 3912 4.901 4.390 1.453
LD4( A, = 0.5%,0.1%) 1.299 2203 73.06 831.8 2.504 2.631 1.768 -1.182
LD4(A#. = 0.5%,0.1%) 1.289 2197 73.06 831.8 2.088 2.518 1.764 -1.182
LD4( A, = 1.0%,0.5%) 2.466 3.577 80.74 859.2 -0.6410  -0.9214  -1.909  -4.863
LD4(A#. = 1.0%,0.5%) 2.452 3.570 80.73 859.2 -1.706 -1.207 -1.921  -4.866
LD2 0.008903 0.08951 45.66 7254 -0.01527  -0.04572 -0.9908 -3.943
LD2( M, = 0.5%,0.1%) 1.249 2.139 7291 8314 2.699 2.697 1.773  -1.178
LD2(#. = 0.5%,0.1%) 1.200 2126 7291 8314 1.767 2.449 1.763 -1.181
LD2( M, = 1.0%,0.5%) 2.403 3.499  80.57 858.8 -0.3011  -0.8049  -1.902  -4.860
LD2(A#. = 1.0%,0.5%) 2.282 3466  80.57 858.8 -2.630 -1.424 -1.928  -4.866
FSDT 0.008825 0.09012 45.68 725.5 -0.01470  -0.04488 -0.9899 -3.942
FSDT(#, =0.5%,0.1%)  0.629 2.060  90.09 902.5 2.866 3.450 2.738  -0.2066
FSDT( . = 0.5%,0.1%) 0.629 2.061  90.09 902.5 2.866 3.450 2.738  -0.2066
FSDT( 4, =1.0%,0.5%)  0.784 2553 101.2 946.8 -2.708 -1.971  -2.624  -5.567
FSDT( A, = 1.0%,0.5%) 0.784 2553 1012 946.8 -2.708 -1.971 -2.624  -5.567
CLT 0.004523 0.07237 45.23 723.7 -0.009841 -0.03936 -0.9841 -3.936
CLT(A,; = 0.5%,0.1%) 0.446 1.840  89.43 900.5 3.728 3.699 2754  -0.1983
CLT(A. = 0.5%,0.1%) 0.446 1.840  89.43 900.5 3.728 3.699 2754  -0.1983
CLT(A, = 1.0%,0.5%) 0.557 2282  100.5 944.7 -1.632 -1.661  -2.606  -5.558
CLT(A. = 1.0%,0.5%) 0.557 2282 100.5 944.7 -1.632 -1.661 -2.606  -5.558
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Figure 7: First benchmark (B1): effects of the variable through-the-thickness mois-
ture content profile on one-layered composite plate subjected to mechanical load.
Thickness ratio a/h = 10 and refined LD4 model.

for very thick plates and for stress evaluation because they consider a plane-stress
state and a constant through-the-thickness transverse displacement (zero thickness
stretching). The other cases add a constant through-the-thickness temperature pro-
file (6, = 50 K) or a constant trough-the-thickness moisture content (several values
of .#,), the temperature and the moisture content give larger displacement values
and larger stress values than for the pure mechanical case. LD4 and LD2 agree
with the 3D response when the temperature and moisture content effects are added.
In such cases, the use of FSDT and CLT is completely inadequate (for example,
they do not allow the thermo-hygroscopic effects to be evaluated) because they are
not able to correctly consider the field loads, such as the temperature and mois-
ture content profiles, that have a through-the-thickness application area. The LD2
model has some difficulties for thick plates. Figure 6 gives the in-plane and trans-
verse displacements and the in-plane and transverse stresses through the thickness
of a thick one-layered plate by means of an LD4 model (this last gives a quasi-3D
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description), the effects of a constant moisture content (0.1%, 0.5% and 1.0%) are
clearly shown: there is an increase in the magnitude of the in-plane displacement,
the transverse displacement increases in the positive direction in the top part of the
plate and it increases in the negative direction in the bottom part of the plate (the
same happens for the transverse stress), the in-plane stress increases in compression
sense. Table 7 considers the imposition of an over-temperature or a moisture con-
tent values at the external surfaces of the plate. For both cases the profile through
the thickness is either linearly assumed (6, and .#,,) or is calculated by solving the
Fourier equation (6,) or the Fick law (.#,). The presence of a thermal or moisture
content effect gives larger displacements and stresses because the rigidity of the
structures decreases for such conditions. To obtain accurate solutions, the use of
calculated temperature and moisture content profiles is mandatory for thick plates
(thickness ratio a/h from 4 to 20) while the use of linear profiles is acceptable for
thin structures (thickness ratio a/h from 30 to 1000). CLT and FSDT models do