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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 frame-
work of the Carrera’s Unified Formulation (CUF) which also allows classical models to be obtained.
Hygroscopic 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 tem-
perature 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 variations 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 presence of hygroscopic and thermal effects modifies the bending response in composite
structures by increasing the mazximum 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 envi-
ronmental conditions. The tendency of composites to absorb moisture has negative effects concerning
their performances under adverse operating conditions [Bouadi (1998)]. Composite materials are found
to lose mechanical properties on exposure to aircraft operating environments. This is mainly due to
absorption of moisture from humid air by the matrix material [Vodicka (1997)]. The hygrothermal
effects can be investigated in terms of degradation of mechanical properties of the composite materials
embedded in the multilayered structure [Tabrez et al. (2007); Gawin and Sanavia (2009)] and/or in
terms of both hygroscopic 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 companion 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 temperature. The temperature and moisture distributions inside
composite can readily be calculated by Fickian diffusion. Such diffusion is assumed to take place when
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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 concentration and hence the energy (Fourier) and mass transfer (Fick) equations are
decoupled; the thermal conductivity and mass diffusivity depend only on temperature and they are in-
dependent 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 temperatures and for materials immersed in liquids. It is noteworthy that Fickian
diffusion is a reasonable approximation for many materials, including graphite-epoxy composites [Tsai
(1986); Reddy (2004)].

Considerable work has been done to understand the effects of hygrothermal environment 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 hygrothermal stress field in layered plates subjected to hygrothermal loadings at the
external surfaces. Stresses are evaluated by superposition of components due to the applied temperature
and moisture fields. Steady-state and transient-state conditions are also compared. Gigliotti et al.
(2007a) and Gigliotti et al. (2007b) shown simulation 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 established
by employing the Fick law for transient and cyclical environmental conditions. Hufenbach and Kroll
(1999) investigated stress concentrations in a plate with finite dimensions and a hole in its center.
Different loading types (mechanical 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 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
Lamination 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 laminated 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 effects of hygrothermal expansion in
the stress analysis of long thick-walled composite 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 direction. 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 Element 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 Muliana (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 be-
tween skins and core in sandwich composite under combined moisture 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 environmental conditions, hygrothermal residual stresses may induce buck-
ling and dynamic instability in composite shell structures. Marques and Creus (1994) considered the
time-dependent response of polymeric matrix laminated composites subjected to mechanical and hy-
grothermal 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 composite cylin-
drical 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 response 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 concentrations 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 significant 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 environmental conditions
are discussed in the following, in some cases an experimental 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 interactions 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 was assumed that the fibres were not af-
fected 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 su-
personic 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 analysis of multilayered composite plates.
Mechanical, thermal and hygroscopic loads are taken into account by means of the extension of the
Principle of Virtual Displacements (PVD) and the constitutive equations including both thermal and



hygroscopic 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 theory may not be adequate for the analysis of multilayered
composite laminates, even in the small deflection range; the influence of hygrothermal effects on the
cylindrical bending of pinned-pinned, clamped-pinned and clamped-clamped symmetric angle-ply lami-
nated 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 ana-
lyze the non-linear flexural response of the elastically supported moderately thick laminated composite
rectangular plates subjected to hygro-thermo-mechanical loadings. 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 sub-
jected 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
diffusion, 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 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 delamination, 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 concentration 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 element 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 supported
square multilayered composite plates. Such effects are discussed when the thickness ratio and the
lamination sequence change. Comparisons between assumed 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 summa-
tion of the elastic part €,, the thermal part €y and the hygroscopic contribution e, for each k layer,

details are given in Reddy (2004):
k

ek:efj—eg—elf\,l, (1)
the elastic contribution (subscript u) is defined by means of the geometrical relations which have the
following matrix form for the plate geometry:

b= (h ek ko Ak
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where the displacement vector u* = (u* v¥ w*)T has three components in the three directions z, y and

z (see Figure[l)). T means the transpose of a vector or matrix. The matrix D contains the differential
operators and it has 6 x 3 dimension:

[0, 0 0]
0 a9, 0
0 0 0.
D - O 62 ay ) (3)
9. 0 0,
[0y Oz 0

where the partial derivatives mean 9, = %, Oy = 8% and 0, = %. The thermal strain contribution

(subscript 6) is due to the scalar over-temperature § = (T' — Tp) which means temperature T referred
to the room external reference temperature Tp:

k_ (. k k k k k k \NT _ _k pk
€y = (meG 6yy@ €220 ’YyZH Y0 %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:

k kE k _k k N\T

a” = (o) a5y azz 00 afy)” . (5)
The hygroscopic strain contribution (subscript M) is due to the scalar moisture content M (details
about this variable are given in the Appendix A):

k k k k k k k T k k
€M = (6503[:/\/1 EyyM €zzM VyzM VzzM %cy/\/l) =p" M7, (6)

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

B* = (81, B3, B33 00 )" . (7)

The over-temperature 6 is in [K] and the relative thermal expansion coefficients «;; are in [1/K]. The
moisture content M is in non-dimensional form and the relative moisture expansion coefficients 3;; are
in non-dimensional form too. The moisture content M can also be given in percentage % (see Appendix
A), in this case the relative expansion coefficients 3;; are given as [ﬁ] By substituting Egs. () and

([6) in Eq.(d), the general form of the strain components for the elasto-thermo-hygroscopic analysis is:
b =&t — ok ok — gF MF. (8)

The general form of the Hooke law in the problem reference system (z,y,z) (see Figure[]) is written as
[Reddy (2004)]:
oh=Q" ¢, (9)

in this case the strain €* has the form given in Eq.(), the vector of elasto-thermo-hygroscopic stress
components is o = (oF, a’;y ok, a]y“Z ok a’;y)T and the 6 x 6 matrix of the elastic coefficients Q" for

orthotropic materials in the laminate reference system [Reddy (2004)] is:

Q’fl Q]fQ Qlf?) 0 0 ’lcﬁ
T Q% Q5 0 0 Q%
0 0 0 Q% Q% o
0 0 0 Qf Q4 0
| Qs Q5% Q% 0 0 Qf |




The stress components o can be seen as an algebraic summation of the elastic part o,, the thermal
part oy and the hygroscopic contribution o r¢ for each k layer [Bouadi (1988); Tsai (1986)]:

o =of tab+ ok, (11)

By considering Eqgs.( ), (@), ), @) and (1), the constitutive equation for the elasto-thermo-hygroscopic
analysis is:

o =ok +ak+ ok =Q" e — A oF — puF M, (12)
the first term in Eq.(I2) 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:

AP =QF af = (M) M5 M55 00 A%)7, (13)

the vector pu* contains the hygroscopic-mechanical coupling coefficients and it has 6 x 1 dimension:

pk = Q" B" = (ufy uby 13 00 1) (14)

The constitutive and geometrical relations will be included in the Principal of Virtual 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.(I2) is split as:

k k k k k _k k  _k k pk k k

O, =0, +0p+0,=Qp, €, +Qpy €y — Ay 07 — py MY, (15)
k k k k k _k k _k k pk k k

Op = 0ny + O no + Opm = an €pu + an €nu — An 0" — Hy M ’ (16)

where the stress and strain components are:

OJ; = (U]:zac Ulgjy O-I;::y)Ta Uﬁ = (U’;z 052 O-,ijz)Ta (17)
k k k k\T k k k _k\T
€ = (Emm €yy ’me) ) €n = (’Y:rz Vyz 6zz) ) (18)

the split procedure given in Eqs.(17) and (18) is also confirmed for the elastic (subscript u), thermal
(subscript #) and hygroscopic (subscript M) components of stress and strain vectors. The matrix of
elastic coefficients in Eq.(I0) is split in four sub-arrays of 3 x 3 dimension:

Qu Q12 Qs 1" 00 Q"
Qh=| Q1 Q2 Qx| , Q=100 Qs |, (19)
Qe Q26 Qoo 0 0 Qs6
0 0 o 1" Qss Qs 0 1"
Q=] 0 0 0 |, Q,=|Qs Qu 0
Q13 Q23 Q36 0 0 @33

The vectors of thermo-mechanical coupling coefficients (Eq.(I3])) and hygroscopic-mechanical coupling
coefficients (Eq.(I4])) are split as:

k k k k
Al 0 f11 0
)\]; = )\22 y )\Z = 0 y u’; = 122 s uﬁ = 0 . (20)
A12 A33 12 133

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

k k k k k

Gpu = (exwu Eyyu ’meu)T = Dp u-, (21)
k k k k k

€y = (szu ’szu Ezzu)T = (an + Dnz) u (22)



where the differential operators are grouped in:

9 0 0 00 0, 9. 0 0
D,=|0 8, 0|, D,=|0 0 8,/ , D,.=|0 0. 0 (23)
8y, 0 0 00 0 0 0 8.

2.1 Two-dimensional approach

The displacement vector u, the scalar over-temperature # and the scalar moisture content M are
approximated in a two-dimensional form for the analysis of plate geometries. Refined two-dimensional
models are obtained by means of the Carrera’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 variables 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 = and y. The generic variable a(z,y, z), for example
the displacement vector u, the scalar over-temperature 8 or the scalar moisture content M, and its
variation da(z,y, z) are written according to the following general expansion [Carrera et al. (2010)]:

ab(z,y,2) = Fy(z)ak(z,y),  da"(z,y,2) = Fr(2)dak(z,y) , (24)
with 7,s=1,...,N .

(z, 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 & 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 6 and the moisture content M 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
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 particular 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 v, and v,.. Further
details 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 (5eg’uap + 5efuan)dv =L, (25)

where dL, is the external virtual work. dep, and de€y, are the virtual elastic strains, and o, and o,
are in-plane and out-of-plane elasto-thermo-hygroscopic stress components.

By considering a laminate of N; layers, and the integral on the volume Vi of each k layer as an
integral on the in plane domain 2 plus the integral in the thickness-direction domain Ay, it is possible

to write the PVD as:
N, N
S [ [ (setiok + sektiak)dnaz =y otk (26)

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

N; N,
3 / / (5ekT (b + oty + obng) + 0ek (0, + oy + o) )dudz = S 6Lk (27)

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

Ny
T
S [ [ ((DF6u) (@b (D) et + @y (D + Do) s = NoRL0% = ihEt) (28)
+ (((an + D, Frouf)" (QF(Dy) Fyub + QF, (D + D) Fyub — N F,0% — uﬁFsM’;))
N

dQydz = SLE.
k=1

In Eq.(28), in order to obtain a strong form of differential equations on the domain € and the relative
boundary conditions on edge I'y, integration by parts is used, which permits moving the differen-
tial operator from the infinitesimal variation of the generic displacement du* to the finite quantity
uF [Brischetto and Carrera (2011); Brischetto and Carrera (2009)]. For a generic displacement uF,
integration by parts states:

/Qk <D@5uk)Tu’fko - —/Q

where ¥ = p, np. The matrices to perform the integration by parts have the following form, in analogy
with matrices for the geometrical relations in Egs.(23):

sut" (D'&,Tuk) Ay + /F suk” (I@Tuk) dr'y, | (29)

k k

100 0
k _ ko _
k=0 1 0|, If,=|0
110 0

o O o

1
1 . (30)
0

After the integration by parts, the governing equations have the following form:

oui : Kytul = ply — K08 - KGR MY (31)



with related boundary conditions on edge I'y:
IL g — X057 05 — TGy M = T ag — Tg* 05 — TGS M (32)

where p¥_ is the mechanical load, u” is the vector of the degrees of freedom for the displacements,
6% is the vector for the over-temperature approximation, M¥ is the vector for the moisture content
approximation, K*7* is the fundamental nucleus for the stiffness matrix (see Brischetto and Carrera
(2011) and Brischetto (2009)), K¥7¢ is the fundamental nucleus for the definition of the thermal load
pl_ = —K¥50% (see Brischetto and Carrera (2011) and Brischetto (2009)), K*7¢ is the new fundamen-
tal nucleus for the hygroscopical load p%, = —K krs ME. TIETS TIR7S and TIF7S are the fundamental
nuclei for the boundary conditions:

K57 = [ (= D) (@3 (D) + Qbu(Doy 4 D)) + (= Doy D) (33)
Ak

(QQP(DP) + Qfm(an + Dnz)))FsFTdZ s

K = / ((= D) (=25 + (= Dup+ D) (= X)) FuFrdz (34)
Ay

Kﬁ?/—\il = / (( - DP)T( - N’;) + ( - an + Dnz)T( - I“LZ))FSFTdZ 5 (35)
Ak,

= [ (1) (@4(Dy) + QDo+ D)) + (1) (36)
Ak

(QQP(DP) + Q’rcm(an + Dnz))>FsF7-dZ s

I3 = / ((I,,)T( A5+ (L) (- Aﬁ))FSFsz , (37)
Ak

I = / (L) (~ 1) + (L) (— ak) ) uFrdz (38)
Ag

3.1 Fundamental nuclei

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

<J1m7JszsJkTslemsz) _ / (FTFS, %}SFS,FT%}}, 8;;7 %is>dz_ (39)

Ay

By using the Eq.(39), by developing the matrix products in Eqs.(33)-(35) and employing 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*7 has 3 x 3 dimension:

KFkrs :QIgSJkTZSZ + QllcljkTsdQ + ngﬁjkTSBZ , Kkrs JkTSC_K,B(QIfQ + QIgG)

uuUl1 uu12
Ky = = Qi a+ Q50" a,  Kypj, = J*7aB(Ql + Q)
Koy, = Qg™ + Q"3 + Q" 0%, Ky, = Q™™ B — Q3 J* "B, (40)
Koy = @500 = QizJ"a K05, = Q'™ B — Q0"
Koy = Q55 7°0% + QU T + Qb T .



The nucleus K ng has 3 x 1 dimension:

Kkglsl — O—éJkTS)\llcl ’ Kkrs — BJ’CTS)\]262 , KkTs — _Jszs)\]?fg ) (41)

w ub21 uf31

The nucleus K*7¢ has 3 x 1 dimension:
kTs — tkTs k kTs 2 7kTs  k kTs kt.s  k
Ku./\/l11 = OJJ /’Lll ? KuM21 = ﬂ‘] /’L22 ) Ku/\/l31 = _J /’L33 * (42)

a = mm/a and 3 = nx /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 expressions for the displace-
ments, over-temperature and moisture content as well as considering the following material coefficients
equal to zero: Qfs = Qs = Q% = Q% = 0 and of, = B¥, = 0 which also mean A}, = p}, = 0. The
following harmonic assumptions can be made for the variables, which correspond to simply supported
boundary conditions:

uy =) (al) cos (mm) sin (n%;y) » k=1 N,

m,n a
fuifzz (0%) sin (m;rx) oS (%) , s=tb,r, (43)
k gk aqky — ~ko gk Ak G mm?) (@) 9 N
(wh, 05, M5) = 37 (@, 0 M) sin (F55) sin () . r=20N,

m,n

where %, ﬁ’ﬁ, Wk, 9;"’ and M’; 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.[#0), 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 & for the multilayer assembly procedure (Equivalent Single Layer
(ESL) or Layer Wise (LW)). The same happens for the fundamental nuclei in Eqs.(d1) and (@2]) by
always considering 0¥ and M¥ 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:

p(2,y,2) = D.(2) sin(%x) sin(n%y) , (44)

where the amplitudes can be p.(+h/2) = Poiop OF P2(—h/2) = Papor- When the multilayered structure is
in a thermo-hygroscopic environment, a temperature profile and a moisture content profile are generated
through the thickness, their form in the plane directions are:

(., 2) = (=) sin(—) sin(S-y) (45)
M(z,y,2) = M(z) sin(—z) sin( ). (46)
These profiles give a thermal load p’gT = -K ﬁ550§ and an hygroscopic load p’j\AT = -K ﬁ}jM’; .

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).
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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 temperature 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 conduction 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 moisture 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 investigated. The geometry of the plates
investigated is summarized in Figure [[I 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 benchmarks are analyzed after some preliminary assessments in Section 4.1 that confirm
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 supported plate with
dimensions b = 3a and mechanical pressure applied at the top with amplitude p,(+h/2) = Porop =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 hy = hy = hs = h/3,
the fibre reinforced composite material has longitudinal Young modulus E; = 25 x 106 psi=172.37
GPa and transverse Young modulus Ey = F3 = 1 x 10% psi =6.89476 GPa, the shear modulii are
G2 = Gi3 = 0.5 x 100 psi=3.4474 GPa and Ga3 = 0.2 x 10° psi=1.3789 GPa, the Poisson ratios are

vig = v13 = o3 = 0.25. The three-dimensional exact solution has been given by Pagano (1970) in
O'yz

* * * _ (Uxa:ﬁyyany) *
22 Oy Ory) = poafhr o T4z = pafarmy 20d

= Goh(a/h) for thickness ratios a/h = 4 and a/h = 100. Table [I] 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 bending 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 []).

terms of non-dimensional stresses and displacements (o
* 100E3w
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Second assessment: constant through-the-thickness temperature profile The second as-
sessment considers a simply supported square (¢ = b) multilayered composite plate with lamination
sequence 0°/90°/0° and thickness values for each layer hy = hy = hs = h/3, the global thickness
ratio is a/h = 5. A uniform temperature profile is considered through the thickness with wave num-
bers m = n = 1 in the plane directions. The material properties are Young modulii £y = 150 GPa
and Fy = F3 = 10 GPa, shear modulii G12 = Gi3 = 5 GPa and G335 = 3.356 GPa, Poisson ra-
tios v12 = v13 = 0.3 and 193 = 0.49, and thermal expansion coefficients a1 = 0.015 x 107°K~! and
a2y = a3z = 1.0 x 1079K~!. The stress and displacement amplitudes in non-dimensional form are
(0 Oy O 07,) = T Tm002002) g (u*,v*) = 19 with Ey = 10 GPa, ag = 107°K~! and the
over-temperature § = 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 tempera-
ture. Figure 2l compares results for the refined LW CUF model with fourth order of expansion through
the thickness (LD4) 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 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.

Lo et al. (2010) considers a simply supported square (a = b) multilayered composite plate with
lamination sequence 0°/90°/0° and thickness values for each layer h;y = hg = hs = h/3, the global
thickness ratio is a/h = 5. Several uniform over-temperature profiles (6 = T — Ty with reference
room temperature 7y = 300 K) are considered through the thickness with wave numbers m =n =1
in the plane directions. A refined higher order theory has been given in Lo et al. (2010) for different
temperature values imposed through the thickness (T=325 K, 350 K, 400 K, 425 K). The stress and dis-

placement amplitudes are given in non-dimensional form as (07, 05,05, 0r2,0y.) = (U”’Uygéé%%‘;“’gyz)
and (u*,v*, w*) = %’7%) with Eg = 1 GPa, ag = 107K~! and T, = 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 Bl evaluates displacements and stresses
through the thickness when an over-temperature § = T — Ty = 425 K is applied constant through the
thickness with wave numbers m = n = 1, comparisons between material properties 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 values. This model is in accordance with the graphical evaluation
shown in Lo et al. (2010). Figuredshows the three-layered composite plate when subjected to different
imposed constant through the thickness temperature values, for each T' value the material properties
also change as described in Table Pl 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 temperature 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 as-
sessment considers a simply supported square plate with thickness ratio a/h = 5. The multilayered
plate is in composite material with lamination sequence 0°/90°/0°/90°, layers thickness hy = hg =
hs = hgy = h/4 and total thickness 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. Displacement and
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stress amplitudes are given as (07,,0,,,05,,05,,0,.) = vy and (u*,v*,w*) =
with Ey = 1GPa and My = 0.0025. Material properties for moisture contents M equal 0.0, 0. 0025
0.0050, 0.0075, 0.0100, 0.0125 and 0.0150 are given in Table @ Figure [ 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 applications of me-
chanical 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 displacements, 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 [ (see Appendixes 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 h = 1): one-layer plate with lamination sequence 0° and thickness h; = h (B1),
two-layer plate with lamination sequence 0°/90° and thickness hy = ho = h/2 (B2) and three-layer
plate with lamination sequence 0°/90°/0° and thickness hy = hy = hg = h/3 (B3). The thickness ratios
a/h investigated for each benchmark are 5,10,50 and 100. For each plate configuration 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 investigated by adding a temperature profile that is harmonic in the
xy-plane (m = n = 1), it can be constant through the thickness (A(z) = const. = 50 K= 6,) or imposed
at the external surfaces as 0(top) = 50 K and 6(bot) = 0 K (in this case the temperature profile can be
linearly assumed (6,) or calculated by solving the Fourier heat conduction equation (6.), see Appendix
B). The hygroscopic effects are investigated by adding a moisture content profile that is harmonic in the
xy-plane (m = n = 1), it can be constant through the thickness (M(z) = const. = 0.1%,0.5%, 1.0% =
M_) or imposed at the external surfaces as M (top) = 0.5%,1.0% and M (bot) = 0.1%,0.5% (in this
case the moisture content profile can be linearly assumed (M,) or calculated by solving the Fick law
(M.), see Appendix B). When a refined CUF 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 M, which can be constant or linear through the thickness) or the calculated profiles (6. or M, by
using the Fourier or Fick law as indicated in the Appendix B).

Benchmark 1 (B1): one-layer plate Results of the first benchmark (B1) are shown in Tables[6land
[Mand in Figuresld and [[l Table[d gives the transverse displacement w at the top of the plate and the in-
plane stress o, 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 because the plate is one-layered. However, CLT and FSDT
exhibit big difficulties 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 profile (6, = 50 K) or a constant trough-
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the-thickness moisture content (several values of M,), 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 moisture content profiles, that have a through-the-thickness application
area. The LD2 model has some difficulties for thick plates. Figure [0] gives the in-plane and transverse
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 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 [7l considers
the imposition of an over-temperature or a moisture content values at the external surfaces of the plate.
For both cases the profile through the thickness is either linearly assumed (6, and M,) or is calculated
by solving the Fourier equation (6.) or the Fick law (M,.). 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 not
provide very accurate results for both displacements and stresses for the hygroscopic load cases. Figure
[ compares displacements and stresses in the case of mechanical load application with and without
the inclusion of a moisture content gradient through the thickness which modifies the static response
of the plate. The structure is one-layered and the use of a linear moisture content profile is a good
approximation, LD4 model gives a quasi-3D response in terms of displacements and stresses. Transverse
displacement and transverse shear stress increase for the case of moisture content load added to the
mechanical pressure.

Benchmark 2 (B2): two-layer plate Results of the second benchmark (B2) are shown in Tables 8
and [@ and in Figures 8 and [@ The same analyzes and considerations already made for the one-layered
plate are here shown for the two-layered structure. In this second benchmark the displacement is
evaluated at the bottom of the plate while the stress is considered at the top of the structure. In this
case a comparison between higher orders LW and ESL models (LD4 vs. ED4) is also interesting because
the structure is multilayered. The ED4 model gives a good response if the plate is thin while significant
errors are shown for thick plates (in particular for stress evaluations). The presence of thermal and
moisture effects changes the static response of the structure when subjected to a mechanical load.
In particular, for thermo-hygroscopic effects investigation the use of an LLD4 model appears to be
mandatory. CLT and FSDT models are completely inadequate for stress and displacement evaluation
in hygrothernal environment (in particular for the cases of constant profiles through the thickness).
Figures[§ and [9 show the 3D capability of the LD4 model, the transverse displacement increases at the
top part of the plate and it decreases at the bottom part (with respect to the pure mechanical case)
for the case of constant through-the-thickness moisture content profile (see Figure [§). The transverse
displacement through the thickness (for the case of linear moisture content profile vs. calculated
moisture content profile) is always larger than the pure mechanical case (see Figure[d). Similar effects
are shown for in-plane displacement and stress evaluation. The plate has two layers and in-plane
stresses are discontinuous at the interface between these two layers, hygrothermal effects increase these
discontinuity values (see Figures 8 and 9).
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Benchmark 3 (B3): three-layer plate All the considerations made for the second benchmark are
confirmed for the third benchmark (B3) in Tables [0l and [[1] and in Figures [[0land 1l The presence of
three layers in the structures, instead of the two layers of B2, makes more important all the problems
already shown in the B2 case for the analysis of multilayered anisotropic plates (in-plane and transverse
anisotropy, zigzag bending behavior and thickness stretching). The use of LD4 model is mandatory
for a quasi-3D response of the plate in terms of displacements and stresses when a mechanical load
is applied and when the hygrothermal effects are investigated. ESL models exhibit some difficulties
for thick plates (in particular stress evaluation) while classical models such as FSDT and CLT are
completely inadequate for each thickness ratio and load configuration. These considerations about the
importance of an higher order layer wise model are valid for each case related to assumed constant,
assumed linear and calculated moisture content profile. Similar conclusions can be obtained for the
thermal load case that is a field load (as the moisture content load). In-plane stresses are discontinuous
at the two interfaces (see Figures 10 and 11) and these discontinuities increase when hygroscopic and
thermal loads are added to the mechanical pressure at the top.

Through-the-thickness profiles Figures[I2 and [[3] confirm the analogy between the moisture con-
tent diffusion problem (use of Fick law) and the heat conduction problem (use of Fourier equation). A
comparison between a constant moisture content profile through the thickness and a variable moisture
content profile through the thickness (both assumed and calculated cases) is made in Figure [2] it is
clear how a constant profile gives a different hygroscopic load with respect to the assumed linear profile
or calculated profile cases (see Sections 3 and 3.2). Moreover, a difference between the assumed linear
profile and the calculated profile is shown for the thick plate, this leads to different hygroscopic loads
and different results even if the same structural model is employed. These considerations are confirmed
for the temperature profile in the Figure [[3] for each thickness ratio and lamination sequence. Such
differences are remarked in the comparisons 6, vs. 6. and M, vs. M, made in Tables 7, 9 and 11.

5 Conclusions

A static analysis of one-layer and multilayered composite plates has been performed in this work when
the thermal and hygroscopic effects are considered in a typical bending problem (application of a
mechanical pressure at the top of the structure). The thermal and hygroscopic effects are evaluated
by means of the imposition of over-temperature and moisture content at the external surfaces of the
plate. The profile trough the thickness of the structure can be a priori assumed (constant or linear) or
it can be calculated by solving the Fourier heat conduction equation (for the over-temperature profile)
and the Fick diffusion law (for the moisture content profile). Such profiles give equivalent thermal
and hygroscopic loads that modify the bending response of the plates by increasing the maximum
deflection and the interface discontinuities of in-plane stresses. The Fick law has been solved by
using an analogy with the thermal case (Fourier heat conduction equation). Refined two-dimensional
models (in particular high order LW multilayer approaches) have been used to better evaluate such
hygrothermal effects. It has been demonstrated how the use of classical models (FSDT and CLT) gives
large errors in the static response of composite plates and they are not able to correctly quantify the
hygrothermal effects. The use of linear temperature and moisture content profiles are possible only for
thin plates, while the use of calculated thermal and hygroscopic profiles could be mandatory for thick
multilayered structures.
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A Relations between relative humidity, moisture content and mois-
ture concentration

The relative humidity H is defined as the ratio between the partial pressure of the vapor as it exists in
the mixture (P,) and the saturation pressure of the vapor at the same temperature (Py):

H=2 (A1)

H is in non-dimensional form.
The maximum moisture content M is correlated with the relative humidity H, for example by the

following relation:
M = a(H/100)°, (A.2)

the relative humidity H is divided by 100 in Eq.([A.2]) when it is given in percentage % because of the
exponent b. The moisture content can be given in non-dimensional form or in percentage % if it is
multiplied by 100. The empirical coefficients a and b also depend on the relative humidity value.

The moisture content M is defined by means of the following ratio:

M= "Wa 0, (A.3)
Wq

where W is the mass of moist material and W; is the mass of dry material.

In order to define the relations between the moisture content M and the moisture concentration c,
some definitions must be clarified. The total mass of the moist material W is the summation of the
total mass of the moisture in the material W, and the mass of the dry material Wy:

W =W, + Wy, (A.4)

the total mass of the moisture in the material is the integral in the volume V of the moisture concen-
tration c:

Wc—/ cdV, (A.5)
14

the mass of dry material is the integral in the volume V' of the mass density of the dry material pgy:
Wy = / padV . (A.6)
\%

By substituting Eq.(A.4) in Eq.([A.3]), the moisture content M can be written as:

W — Wy

M = W

x (100) = W x (100) = gﬁ x (100), (A7)
d d

Eqgs.(AE) and (A6 can be introduced in Eq.(A7), which means:

cV c
M = 100) = — 100) , A8
5 (100) = = (100 (A3)

the moisture concentration c¢ is in dimensional form and it gives the moisture content M when it is
divided by the mass density of the dry material pg.
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B Analogy between Fourier heat conduction equation and Fick mois-
ture diffusion law

The Fourier heat conduction equation has been used in past authors’ works to evaluate the temperature
profile through the thickness of a plate in steady-state conditions [Brischetto and Carrera (2011);
Brischetto (2009); Brischetto and Carrera (2009). The Fick moisture diffusion law allows the moisture
content to be evaluated through the thickness of the plate and it can be solved by using the analogy
with the temperature case and the Fourier equation.

The temperature and moisture distributions inside the composite plate can readily be calculated
when moisture penetrates into the material by ”Fickian” diffusion [Tsai (1986)]. Further simplifications,
with respect to the general ones given in the Introduction (Section 1), are steady-state conditions for
both temperature and moisture content field (we are at the equilibrium which is reached at different time
for the two fields), and the thermal conductivity and mass diffusivity coefficients are also independent
of the temperature and moisture content in order to solve linear problems.

The Fourier heat conduction equation reads:

, 0%0 p 0%0 p 0%0

Figgr T g T g =0, B

at steady-state conditions the term % is zero. 0 is the over-temperature of T referred to the external
room reference temperature Ty, and n’fl, /@’2“2 and m§3 are the thermal conductivity coefficients for each
k" layer. The Eq.(B.I) has already been solved in Brischetto and Carrera (2011), Brischetto (2009)
and Brischetto and Carrera (2009) for the case of a simply supported plate (see Figure[Il) by considering
the temperature in harmonic form in the xy plane:

mm nm

9@%@2%%mzﬂmm7w, (B.2)

where the amplitudes at the top and bottom of the plate are indicated as 0(+%/2) = 055, and §(—h/2) =
ébot, respectively. m and n are the wave numbers in the in-plane directions, and a and b are the plate
dimensions. Continuity conditions for the temperature 8 and the transverse normal heat flux ¢, in the
thickness direction at each k' layer interface of a multilayered plate are:

oF =08t b =gt for k=1,... N -1, (B.3)

where N; is the number of layers in the considered plate, and t and b indicate top and bottom of the
layer, respectively. The relationship between the transverse heat flux and the over-temperature is given

as: k
k i 00

4. = K33 02 (B.4)
The Fick moisture diffusion equation can be written as:
9?’M 9?’M 9?’M
k k k _
Dll o2 + D22 8y2 + D33 022 0, (B5)

where M is the moisture content (see Appendix A) and D¥,, Dk, and D%, are the diffusion coefficients
for each k'" layer. Both Egs.(B.I) and (B.5) are solved in stationary thermal and hygroscopic conditions
which mean % = 0 and % = 0, respectively. The range of variation for the temperature and moisture
content allows constant material properties to be considered. The values of the moisture content are
given at the top and bottom surfaces of the multilayered plate. The moisture content is supposed

bi-sinusoidal in the xy plane at the top and bottom plate surfaces in order to allow the solution of

Eq.(B.9):

~ mm nm

M(z,y,z) = M(z) sin(Tx) sin(Ty) : (B.6)
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The amplitudes at the top and bottom of the plate are indicated as M (+h/2) = Mtop and M(—h/2) =
Moot respectively. In the case of assumed moisture content profile (M,) a linear or constant through
the thickness distribution is considered from Mtap to Mbot. Independently by the number and type of
considered layers the linear or constant profiles are always the same. The moisture content profile can

be approximated in the thickness direction of the plate in layer wise form by means of the Carrera’s
Unified Formulation (CUF):

ME(z,y, 2) = Fy(z) ME(z,y) with s=t¢,b,r and r=2,...,4, (B.7)

t and b indicate the top and bottom of the considered k' layer. The thickness functions F, are a
combination of Legendre polynomials. If the moisture content is assumed linear or constant through
the thickness, the values at the top and bottom are sufficient to describe the assumed profile via CUF.
In the case of actual moisture content profile, we must obtain the values of M¥ for Eq.([B.7). If the
multilayered plate is subjected to a bi-sinusoidal hygroscopic load at the top and the bottom, the
hygroscopic boundary conditions are:

M=0 at z=0,a and y=0,b; M(=h/2) = Moy ; M(h/2) = Miop . (B.8)

Continuity conditions for the moisture content M and the transverse normal moisture ”flux” g, in the
thickness direction at each k' layer interface of a multilayered plate are:

ME= MMFL D gh M for k=1, N -1, (B.9)

where V) is the number of layers in the considered plate. The relationship between the transverse mois-
ture "flux” and the moisture content is given in analogy with the relationship between the transverse
heat flux and the temperature already seen in Eq.(B.4):

OMPF
k _ k
g" =Dk, = (B.10)

In each k' layer, both governing equations and boundary conditions are satisfied by assuming the
following moisture content field:

M(z,y,z) = f(z) sin (mwx) sin <n—§y) (B.11)
a
with
f(z) = My exp (sk z) , (B.12)
My is a constant and s* a parameter. Substituting Eq.(B1I) in Eq.(B.5) and solving for s*:
Dk mm\2 Dk nmw\2
8’1“’2:;&\/ “(a)t n (5 (B.13)
Dsy
Therefore:
f(z) = C¥ cosh (slf z) + C% sinh (slf z) . (B.14)
The solution for a k** layer can be written as:
Me(2,y,2) = MF = [Cf cosh (s’fz) + C% sinh <s'fz)} sin (m;r:c) sin (n;ry) (B.15)

wherein the coefficients C¥ and C} are constant for each k" layer.
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In Eq.([B.14)) for each k" layer two unknowns (CF and C¥) remain. Therefore, if the number of layers
is IV;, we need 2N; equations to determine the unknowns. We have already two conditions because we
know the moisture content at the top and the bottom surfaces of the plate:

Mbot = C11 cosh (S% Zbot) + 021 sinh (s% zbot) ,
. (B.16)
Miop = Civl cosh (sjlvl zt0p> + C'év’ sinh (sivlztop> )

Other (NNV; — 1) equations are obtained from the continuity of the moisture content at each interface,

and the remaining (IN; — 1) equations come from the continuity of the moisture "flux” through the

interfaces (see Eq.(B.9) and the Fourier equation solution for the thermal stress analysis in Brischetto

and Carrera (2011), Brischetto (2009), Tungikar and Rao (1994) and Brischetto and Carrera (2009)).
The actual moisture content amplitude in the thickness plate direction is then given by:

~

M.(z) = M*¥ = CF cosh (s]f z) + C% sinh (s]f z) with k=1,..., V. (B.17)

We compute the moisture content amplitude at different values zy of the thickness coordinate. We
obtain the N values of M¥ for the CUF in Eq.(B.7) by solving the system in Eq.(B.IS):

[ A}‘C(Zl) 1 Fo(z1)  Fi(z1) Fn(z1) i MIS T
M (22) Fo(za) Fi(za) - Fn(22) Mt
= : : : : : : (B.18)
| MGa) ) L Bey) Fien) o Fn(ay) | LMY

Therefore, the moisture content profile in a generic multilayered plate is approximated by Eq.(B.17) and
the N values of M¥ are given by Eq.(BI8). The procedure described above can directly be repeated
for the temperature case by considering 6 in place of the moisture content M, transverse heat flux
¢. in place of the transverse moisture "flux” g¢,, thermal conductivity coefficients «11, k22 and k33 in
place of diffusion coefficients Di1, Do and Dss (details can be found in Brischetto and Carrera (2011),
Brischetto (2009), Tungikar and Rao (1994) and Brischetto and Carrera (2009)).
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T (EhD) oy (Eh]6) 03(0) ony(Eh/2)_w (0)
a/h =4

3D [Pagano (1970)]  1.14 0.109  0.0334  -0.0260  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/h = 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

Table 1: First assessment: mechanical load applied to a three-layered composite plate. Comparison

between three-dimensional solution and classical and refined CUF models.

Ey Ey=E3 Gi2=G13 G2z viz2=1r13=123 a1 Q2 = Q33

[GPa]  [GPa [GPa] [GPa] -] [107°K~1] [1076K™!]
T=300K 130 9.5 6 3 0.3 0.3 28.1
T=325K 130 8.5 6 3 0.3 0.3 28.1
T=350K 130 8.0 5.5 3 0.3 0.3 28.1
T=400K 130 7.0 4.75 3 0.3 0.3 28.1
T=425K 130 6.75 4.5 3 0.3 0.3 28.1

Table 2: Temperature effect on material properties for the second assessment.
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T applied 325K 325K 425K 425K

Properties at T 300K 325K 300K 425K
HOT [Lo et al. (2010)] v*(h/2) 0.822 0.742 4.121 3.621
LD4 v*(h/2) 0.815 0.759 4.077 3.583
HOT [Lo et al. (2010)] o3, (h/2) -3.833 -3.667 -19.33 -12.67
LD4 o7, (h/2) -3.844 -3.588 -19.22 -12.51

Table 3: Second assessment: constant-through-the-thickness over-temperature 8 = T'—Ty with Ty = 300
K for a three-layered composite plate. Comparison between Higher Order Theory (HOT) by Lo et al.
(2010) and refined CUF model (LD4).

Ei Ey=EFE3 Gu2=G13 Gz vio=viz=v3 pf11 [Po= 03

[GPa]  [GPa [GPa]  [GPa] [ ] [
M =00 130 9.5 6 3 0.3 0.0  0.44
M=0.0025 130  9.25 6 3 0.3 0.0  0.44
M =0.0050 130 9.0 6 3 0.3 0.0 0.4
M=0.0075 130  8.75 6 3 0.3 0.0  0.44
M =0.0100 130 8.5 6 3 0.3 0.0  0.44
M =00125 130 8.5 6 3 0.3 0.0  0.44
M =0.0150 130 8.5 6 3 0.3 0.0  0.44

Table 4: Moisture content effect on material properties for the third assessment.

F1[GPa] 138 a11[1070K~1] -0.5
Es = FEjy [GPa] 8.5 9o = a33[10_6K_1] 43
G12 = Glg[GPa] 4.5 HH[WK/HI} 4.2
G23 [GPEL] 3.2 K99 = K33 [WK/ID] 0.7
V19 = 1/13H 0.29 ,811 [1/%/\/1] 0

Vo3 |-] 0.36 (a2 = (B33[1/%M] 0.4x10~2
plkg/m?] 1600 Dy [kg/ms] 7.04

a = b[m] 5,10,50,100 Dyy = Dsskg/ms] 4.96
h[m] 1

Table 5: Material properties and geometrical data for the three benchmarks proposed.
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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) 1.218 1.305  46.96 727.0 -5.356 -6.026 -7.181  -10.14
LD4(M, = 0.1%) 0.2348 0.3186  45.97 726.0 -1.023 -1.173 -2.157  -5.111
LD4(M, = 0.5%) 1.136 1.122  46.87 726.9 -5.051 -5.676 -6.817  -9.775
LD4(M, = 1.0%) 2.261 2.351  48.00 728.0 -10.08 -11.30 -12.64 -15.61
LD2 0.008903 0.08951 45.66 725.4 -0.01527  -0.04572 -0.9908 -3.943
LD2(6, = 50K) 1.217 1.302  46.87 726.6 -5.216 -5.975 -7.177  -10.14
LD2(M, = 0.1%) 0.2340 0.3154 45.88 725.7 -0.9962 -1.162 -2.155  -5.109
LD2(M, = 0.5%) 1.134 1.219  46.79 726.6 -4.920 -5.629 -6.813  -9.773
LD2(M, = 1.0%) 2.260 2.348 4792 7277 -9.825 -11.21 -12.63  -15.60
FSDT 0.008825 0.09012 45.68 725.5 -0.01470  -0.04488 -0.9899 -3.942
FSDT(6, = 50K) 0.008825 0.09012 45.68 725.5 -8.964 -8.994 -9.939 -12.89
FSDT(M, =0.1%) 0.008825 0.09012 45.68 725.5 -1.693 -1.723 -2.668 -5.621
FSDT(M, = 0.5%) 0.008825 0.09012 45.68 725.5 -8.407 -8.438 -9.383  -12.33
FSDT(M, =1.0%) 0.008825 0.09012 45.68 725.5 -16.80 -16.83 -17.77 -20.73
CLT 0.004523 0.07237 45.23 723.7 -0.009841 -0.03936 -0.9841 -3.936
CLT (6, = 50K) 0.004523 0.07237 45.23 723.7 -8.959 -8.989 -9.933  -12.89
CLT(M, =0.1%) 0.004523 0.07237 45.23 723.7 -1.688 -1.718 -2.663  -5.615
CLT(M, = 0.5%) 0.004523 0.07237 45.23 723.7 -8.402 -8.432 -9.377  -12.33
CLT (M, = 1.0%) 0.004523 0.07237 45.23 723.7 -16.79 -16.82 -17.77 -20.72

Table 6: First benchmark (B1): effects of the constant through-the-thickness temperature and moisture
content profile on one-layered composite plate subjected to mechanical load.
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w(h/2)[mm]

ayy(—h/2)[MPa]

a/h ) 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 2.420  76.90 847.0 4.823 5.178 4.402 1.456
LD4(6. = 50K,0K) 1.355 2.400 76.88 846.9 3.912 4.901 4.390 1.453
LD4(M, = 0.5%,0.1%) 1.299 2203 73.06 831.8 2.504 2.631 1.768  -1.182
LD4(M. = 0.5%,0.1%) 1.289 2197  73.06 831.8 2.088 2.518 1.764  -1.182
LD4(M, = 1.0%,0.5%) 2.466 3.577  80.74 859.2 -0.6410 -0.9214 -1.909  -4.863
LD4(M,. = 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 45.66 725.4 -0.01527  -0.04572 -0.9908 -3.943
LD2(M, = 0.5%,0.1%) 1.249 2139 7291 8314 2.699 2.697 1773 -1.178
LD2(M. = 0.5%,0.1%) 1.200 2126 7291 831.4 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(M, = 1.0%,0.5%) 2.282 3.466  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(M, = 0.5%,0.1%) 0.629 2.060  90.09 902.5 2.866 3.450 2.738  -0.2066
FSDT(M. = 0.5%,0.1%) 0.629 2.061  90.09 902.5 2.866 3.450 2.738  -0.2066
FSDT(M, = 1.0%,0.5%) 0.784 2.553 101.2 946.8 -2.708 -1.971 -2.624  -5.567
FSDT (M. = 1.0%,0.5%) 0.784 2,553 101.2 946.8 -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 (M, = 0.5%,0.1%) 0.446 1.840  89.43 900.5 3.728 3.699 2.754  -0.1983
CLT (M. = 0.5%,0.1%) 0.446 1.840  89.43 900.5 3.728 3.699 2.754  -0.1983
CLT(M, = 1.0%, 0.5%) 0.557 2.282  100.5 944.7 -1.632 -1.661 -2.606  -5.558
CLT(M. = 1.0%,0.5%) 0.557 2.282  100.5 944.7 -1.632 -1.661 -2.606  -5.558

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.
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w(—h/2)[mm] yy(h/2)[MPa

a/h ) 10 50 100 ) 10 50 100

LD4 0.01277  0.1658 95.50 1523.9 0.1548 0.5966 14.82 59.27
LD4(9a = 50K) -1.373 -1.244  94.08 1522.5 17.65 1591 29.70 74.14
LD4(M, = 0.1%) -0.2446  -0.0960 95.24 1523.7 3.340  3.356 1749 61.94
LD4(M, = 0.5%) -1.274 -1.143  94.19 1522.6 16.08 14.39 28.16 72.61
LD4(M, = 1.0%) -2.561 -2.452 92.87 1521.3 32.01 28.19 41.51 85.94
ED4 0.01271  0.1656 95.50 1523.9 0.1543 0.5961 14.82 59.26
ED4(6, = 50K) -1.374 -1.245 94.08 15225 17.62 15.89 29.70 74.13
ED4(M, = 0.1%) -0.2449  -9.631 95.23 1523.6 3.333 3.350 1748 61.92
ED4(M, = 0.5%) -1.275 -1.144  94.18 1522.6 16.05  14.37 28.16 72.59
ED4(M, = 1.0%) -2.563 -2.453  92.86 1521.2 3195 28.14 41.50 85.92
FSDT 0.01280 0.1654 95.49 1523.9 0.1482 0.5927 14.82 59.27

FSDT(0, —50K) 0.01281  0.1654 95.49 1523.9 2199 1513 3449 79.11

(
FSDT(M, =0.1%) 0.01281 0.1654 9549 1523.9 0.4830 3.213 18.38 62.86
FSDT(M, =0.5%) 0.01281 0.1654 95.49 1523.9 1.822 13.69 32.62 77.22
FSDT(M, =1.0%) 0.01281 0.1654 95.49 1523.9 3.497  26.79 5041 95.18
CLT 0.009516 0.1522 95.16 1522.5 0.1482 0.5927 14.82 59.27
CLT(Ga = 50K) 0.009516 0.1522 95.16 1522.5 20.05 2049 34.72 T79.17
CLT(M, = 0.1%) 0.009516 0.1522 95.16 1522.5 3.750  4.194 1842 62.87
CLT (M, = 0.5%) 0.009516 0.1522 95.16 1522.5 18.16  18.60 32.83 77.28
CLT (M, = 1.0%) 0.009516 0.1522 95.16 1522.5 36.16  36.61 50.83 95.29

Table 8: Second benchmark (B2): effects of the constant through-the-thickness temperature and mois-
ture content profile on two-layered composite plate subjected to mechanical load.
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w(—h/2)[mm] oyy(h/2)[MPa]

a/h 5 10 50 100 ) 10 50 100
LD4 0.01277  0.1658 95.50 1523.9 0.1548 0.5966 14.82 59.27
LD4(6, =50K,0K) 0.5961 3.698 193.6 19174 18.99 18.60 32.72 77.17
LD4(6. =50K,0K) 0.6858 3.724  193.6 1917.4 17.09 18.11 32.70 77.17
LD4(M, = 0.5%,0.1%) 0.2174 2.644 171.0 1827.6 16.99 16.33 30.36 74.81
LD4(M. = 0.5%,0.1%) 0.2583 2.654 171.0 1827.6 16.09 16.12 30.35 74.81
LD4(M, = 1.0%,0.5%) -0.6967  2.281 188.9 1902.5 33.14  30.61 44.25 88.69
LD4(M,. = 1.0%,0.5%) -0.5933 2309 188.9 1902.5 30.96  30.09 44.23 88.69

ED4 0.01271  0.1656 95.50 1523.9 0.1543 0.5961 14.82 59.26
ED4(M, = 0.5%,0.1%) 0.2127 2,638 171.0 1827.5 16.94 16.30 30.35 74.79
ED4(M. = 0.5%,0.1%) 0.2537 2.649 171.0 1827.5 16.20 16.14 30.35 74.79
ED4(M, = 1.0%,0.5%) -0.7033 2274 188.9 1902.5 33.06 30.56 44.24 88.67
ED4(M. = 1.0%,0.5%) -0.5998 2302 188.9 1902.5 31.29  30.16 44.23 88.67
FSDT 0.01280 0.1654 95.49 1523.9 0.1482 0.5927 14.82 59.27

FSDT(M, = 0.5%,0.1%) 1.141 4.678 208.3 1975.2 11.39 18.69 35.74 80.28
FSDT(M. = 0.5%,0.1%) 1.141 4.678 208.3 1975.2 10.87  18.46 35.73 80.28
FSDT(M, = 1.0%,0.5%) 1.423 5.807 236.5 2088.0 15.46  33.04 54.32 99.01
FSDT(M. = 1.0%,0.5%) 1.423 5.807 236.5 2088.0 14.16 3247 54.29 99.00

CLT 0.009516 0.1522 95.16 1532.5 0.1482 0.5927 14.82 59.27

CLT (Mg = 0.5%,0.1%) 1.138 4.665 208.0 1973.8 21.19 21.64 35.86 80.32
CLT (M. = 0.5%,0.1%) 1.138 4.665 208.0 1973.8 20.19  21.37 35.85 80.31
CLT(M, = 1.0%, 0.5%) 1.420 5.794  236.2 2086.7 39.26 4041 54.63 99.08
CLT (M. = 1.0%,0.5%) 1.420 5.794  236.2 2086.7 3746  39.74 54.60 99.08

Table 9: Second benchmark (B2): effects of the variable through-the-thickness temperature and mois-
ture content profile on two-layered composite plate subjected to mechanical load.
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w(h/3)[mm] ayy(h/3)[MPa]

a/h 5 10 50 100 ) 10 50 100

LD4 0.01008 0.09563 45.83 726.1 0.01312 0.03378 0.6640 2.632

LD4(6, =50K) 0.9528 1.038  46.77 727.0 -15.24 -15.97  -15.61 -13.65
LD4(M, = 0.1%) 0.1851 0.2705 46.00 726.3 -2.799 -2.917  -2.335 -0.3687
LD4(M, = 0.5%) 0.8853 0.9702 46.70 727.0 -14.05 -14.72  -14.33  -12.37
LD4(M, = 1.0%) 1.761 1.845  47.57 727.8 -28.11 -29.47  -29.33  -27.38
ED4 0.01001  0.09529 45.82 726.1 0.01300 0.03363 0.6639  2.632

ED4(6, =50K) 0.9536 1.037  46.76 727.0 -15.27 -15.98  -15.61 -13.65
ED4(M, = 0.1%) 0.1852 0.2702 4599 726.2 -2.806 -2.919  -2.336 -0.3695
ED4(M, = 0.5%) 0.8860 0.9700 46.69 726.9 -14.08 -14.73  -14.34 -12.38
ED4(M, = 1.0%) 1.762 1.845 4756 727.8 -28.17 -29.49  -29.34 -27.38
FSDT 0.008940 0.09082 45.70 725.6 0.009717 0.02994 0.6600  2.628

FSDT(6, =50K) 0.008940 0.09082 45.70 725.6 -22.75 -22.73  -22.10  -20.13
FSDT(M, =0.1%) 0.008940 0.09082 45.70 725.6 -4.197 -4.177  -3.547  -1.578
FSDT(M, = 0.5%) 0.008940 0.09082 45.70 725.6 -21.02 -21.00 -20.37 -1841
FSDT(M, =1.0%) 0.008940 0.09082 45.70 725.6 -42.06 -42.04 -41.41 -39.44
CLT 0.004523 0.07237 45.23 723.7 0.006561 0.02624 0.6561  2.624

CLT(6, =50K) 0.004523 0.07237 45.23 723.7 -22.76 -22.74  -22.11  -20.14
CLT(M, =0.1%) 0.004523 0.07237 45.23 723.7 -4.200 -4.181  -3.551  -1.582
CLT(M, = 0.5%) 0.004523 0.07237 45.23 723.7 -21.03 -21.01  -20.38 -18.41
CLT (M, = 1.0%) 0.004523 0.07237 45.23 723.7 -42.06 -42.04 -41.41 -39.44

Table 10: Third benchmark (B3): effects of the constant through-the-thickness temperature and mois-
ture content profile on three-layered composite plate subjected to mechanical load.

29



w(h/3)[mm]

ayy(h/3)[MPa]

a/h ) 10 50 100 ) 10 50 100
LD4 0.01008 0.09563 45.83 726.1 0.01312  0.03378 0.6640 2.632
LD4(6, =50K,0K) 1.076 2.110  76.67 847.0 -12.74 -13.47  -13.13  -11.17
LD4(6. =50K,0K) 0.09630 2.071 76.66 847.0 -12.10 -13.26  -13.12 -11.17
LD4(M, = 0.5%,0.1%) 1.013 1.921 72.86 831.9 -12.21 -12.88  -12.50 -10.55
LD4(M. = 0.5%,0.1%) 0.09648 1.906 72.86 831.9 -11.92 -12.79  -12.50 -10.54
LD4(M, = 1.0%,0.5%) 1.921 3.033  80.27 859.0 -25.81 -27.17 -27.05 -25.09
LD4(M,. = 1.0%,0.5%) 1.804 3.000  80.27 859.0 -25.07 -26.95 -27.04 -25.09
ED4 0.01001  0.09529 45.82 726.1 0.01300 0.03363 0.6639 2.632
ED4(M, = 0.5%,0.1%) 1.012 1.918 72.85 831.8 -12.25 -12.89  -12.51 -10.55
ED4(M. = 0.5%,0.1%) 0.09632 1.903 72.84 831.8 -12.03 -12.82  -12.50 -10.55
ED4(M, = 1.0%,0.5%) 1.919 3.029  80.26 858.9 -25.89 -27.19  -27.05 -25.10
ED4(M. = 1.0%,0.5%) 1.803 2.996 80.26 858.9 -25.29 -27.01  -27.04 -25.10
FSDT 0.008940 0.09082 45.70 725.6 0.009717 0.02994 0.6600 2.628
FSDT(M, = 0.5%,0.1%)  0.6192 2.056  90.11 902.6 -17.99 -18.30 -17.80 -15.84
FSDT (M. = 0.5%,0.1%)  0.6146 2.052  90.10 902.6 -17.35 -18.13  -17.80 -15.84
FSDT(M, =1.0%,0.5%)  0.7717 2.547  101.2 946.8 -38.26 -38.66 -38.19 -36.23
FSDT (M, = 1.0%,0.5%)  0.7660 2.542  101.2 946.8 -36.73 -38.25  -38.18 -36.23
CLT 0.004523 0.07237 45.23 723.7 0.006561 0.02624 0.6561 2.624
CLT (M, = 0.5%,0.1%) 0.4465 1.840  89.43 900.5 -18.46 -18.44  -17.81 -15.84
CLT (M. = 0.5%,0.1%) 0.4431 1.837  89.43 900.5 -17.82 -18.27  -17.81 -15.84
CLT(M, = 1.0%, 0.5%) 0.5570 2.282 100.5 944.7 -38.86 -38.84  -38.21 -36.24
CLT(M. = 1.0%,0.5%) 0.5527 2.278  100.5 944.7 -37.32 -3843  -38.19 -36.23

Table 11: Third benchmark (B3): effects of the variable through-the-thickness temperature and mois-
ture content profile on three-layered composite plate subjected to mechanical load.
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Figure 1: Geometry and reference system for a multilayered composite plate.
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Figure 2: Second assessment: constant-through-the-thickness over-temperature § = T'— T = 1K for
a three-layered composite plate. Comparison between exact solution [Matsunaga (2004)] and refined
CUF models.
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Figure 3: Second assessment: constant-through-the-thickness over-temperature § = T — Ty with T' =
425K and Ty = 300K for a three-layered composite plate. LD4 model when the material properties are
considered at (300K) or at (425K).
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Figure 4: Second assessment: constant-through-the-thickness over-temperature § = T — Ty with

T =325K,350K,400K,425K and Ty = 300K for a three-layered composite plate.

the material properties are considered at the T value imposed.
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constant-through-the-thickness moisture content for a four-layered com-
posite plate. LD4 model when the material properties also change with the moisture content.

Third assessment:

Figure 5
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Figure 6: First benchmark (B1): effects of the constant through-the-thickness moisture content profile
on one-layered composite plate subjected to mechanical load. Thickness ratio a/h = 10 and refined
LD4 model.
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Figure 7: First benchmark (B1): effects of the variable through-the-thickness moisture content profile

on one-layered composite plate subjected to mechanical load. Thickness ratio a/h = 10 and refined
LD4 model.
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Figure 8: Second benchmark (B2): effects of the constant through-the-thickness moisture content profile
on two-layered composite plate subjected to mechanical load. Thickness ratio a/h = 50 and refined

LD4 model.
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Figure 9: Second benchmark (B2): effects of the variable through-the-thickness moisture content profile
on two-layered composite plate subjected to mechanical load. Thickness ratio a/h = 50 and refined

LD4 model.
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Figure 10: Third benchmark (B3): effects of the constant through-the-thickness moisture content profile
on three-layered composite plate subjected to mechanical load. Thickness ratio a/h = 100 and refined

LD4 model.
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Figure 11: Third benchmark (B3): effects of the variable through-the-thickness moisture content profile
on three-layered composite plate subjected to mechanical load. Thickness ratio a/h = 100 and refined
LD4 model.
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two-layered and three-layered plate on the first, second and third line, respectively.
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Constant and variable (assumed and calculated) moisture content profile through the thick-
ness of the plate. Thickness ratio a/h = 10 on the left and a/h = 100 on the right. One-layered,
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Figure 13: Constant and variable (assumed and calculated) temperature profile through the thickness
of the plate. Thickness ratio a/h = 10 on the left and a/h = 100 on the right. One-layered, two-layered
and three-layered plate on the first, second and third line, respectively.
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