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Abstract

In this paper, the accuracy and the efficiency of the 3d-shell model based on a double directors shell element for the functionally
graded material (FGM) shell structures analysis is studied. The vanishing of transverse shear strains on top and bottom faces is
considered in a discrete form. Thus, the third-order shear deformation plate theory (TSDT) is a particular case of the discrete
double directors shell model (DDDSM) used in the present work. The DDDSM is introduced to remove the shear correction
factors, when using the first-order shear deformation theory (FSDT), and improve an excellent performance when compared with
other works. This model can be used for static, free vibration and buckling analyses of FGM. The convergence of the proposed
model is compared to other well-known formulations found in the literature.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, shell structures made of FGMs are widely used in many engineering fields such as aerospace, gas
turbines, nuclear fusions, electronics, etc. because they present many advantages. Indeed, they are used in systems
which need high heat-resistance, high rigidity and eventually absence of the interface problem unlike laminate
structures. The material properties of FGMs are inhomogeneous and vary continuously in one or more directions.
Typical FGMs are made from a mixture of ceramic and metal, or a combination of different metals or different
ceramics that are appropriate to achieve the desired objective.

The importance of this kind of materials motivates many contemporary researchers to study their properties and
behaviors. Among these studies, we mention works of Vel and Batra [1] who presented the three dimensional exact
solution for free and forced vibrations of functionally graded rectangular plates, Ferreira et al. [2] who studied the
static deformations of functionally graded plates using the radial basis function collocation method and a higher-order
shear deformation theory, they selected the shape parameter in the radial basis functions by an optimization procedure
based on the cross validation technique.

Matsunaga [3] calculated the natural frequencies and buckling stresses of plates made of FGMs using a 2-D higher-
order deformation theory. Carrera et al. [4] evaluated the effect of thickness stretching in plate/shell structures made
by FGM in the thickness directions. Neves et al. [5] presented a quasi-3d hyperbolic shear deformation theory for the
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bending and free vibration analysis of functionally graded plates. Xiang et al. [6] used an r-order shear deformation
theory and a meshless global collocation method based on the thin plate spline radial basis function to analyze the
static characteristics of functionally graded plates under sinusoidal load.

The study of FGM structures using classical theory, based on the Kirchhoff hypothesis, is lack of precision. The
inaccuracy is due to neglecting the effects of transverse shear and normal strains of the structure. In order to take
into account the effects of gradual change of material properties, the first-order shear deformation theory (FSDT)
and higher-order shear deformation theories (HSDT) have been used in the analyses of FGMs. However, since using
the FSDT, shear correction factors should be incorporated to adjust the transverse shear stiffness and the accuracy of
solutions will be strongly dependent on the correction factors. Examples of the FSDT approach are given in [7,8].

To analyze static and dynamic behavior of FGMs, a number of theoretical formulations and finite element models
based on the HSDT were developed. Reddy [9] presented a general formulation for FGMs using the third-order shear
deformation plate theory and developed the associated finite element model that accounts for the thermo-mechanical
coupling and geometric non-linearity. Numerous works using HSDT are published to study the transverse shear
deformations through the FGM shell thickness, such as [10-12].

On the other hand, to model the multi-layered structures capable to take into account the strong discontinuities
in material properties across the thickness, a multi-directors shell theory has been used in the literature. In this
approach, the theories of shells are considered as oriented 2D areas with additional kinematic variables modeling
the shell behavior. Such continuous domain is known as Cosserat surface [13]. In the same context, Basar et al. [14]
developed a refined finite-rotation theory with seven independent displacement variables for arbitrary multilayered
shell structures made particularly of composite material layers. This theory approximates the displacement field by
a cubic series expansion of thickness coordinates, which imply a quadratic shear deformation distribution across the
thickness. Bagar et al. [15] presented a multi-directors shell theory on the basis of a quadratic approximation of the
displacement field. Their contribution is the development of four-node isoparametric shell elements providing an
accurate prediction of interlaminar stresses in composite laminates; special attention is given to the consideration of
finite rotations as well as large deformations. An enriched kinematic field in order to extend the potential application
domain of the shell model is developed by Brank and Carrera [16], Brank et al. [17] and Brank [18]. In these works,
the researchers discussed a theoretical formulation of shell model accounting for through-the-thickness stretching,
which allows large deformations and direct use of 3d constitutive equations.

The primary objective of this work is to study FGM shell structures. The problem formulation is established from
an adopted 3d-shell nonlinear model based on a double directors shell element. However, this paper treats only linear
FGM shell structure by linearizing equations obtained from the developed non-linear DDDSM formulation with a
third-order deformation theory. The linearized model is validated both by standard tests and by comparing the accuracy
and the performance with works in the literature. In fact, the used double directors shell model is developed in [19] to
study constant elastic materials and extended in this paper for FGM shell structures. The third-order shear deformation
plate theory of Reddy [20] and Reddy [9], is the linear version of the DDDSM model projected in a 2d xy-plane. In the
modeling, the vanishing of transverse shear strains on top and bottom faces is considered in a discrete form, similar
to the development of the nonlinear discrete Kirchhoff shell element presented in the work of Dammak et al. [21].

The outline of the paper is as follows. In Section 2, the material properties of the functionally graded materials
are illustrated. In Sections 3 and 4 the kinematic of the double directors shell model and the weak form of shell
equilibrium equations are presented respectively. The implemented finite elements are described in Section 5. A
number of numerical simulations are presented in Section 6 and closing remarks are stated in Section 7.

2. Material properties

An FGM shell structure with polynomial material law, as given by Zenkour [22], is considered. The shell structure
is graded from aluminum (bottom surface) to alumina (top surface) materials. The following functional relationship
is considered for the Young modulus Ergm(z) in the thickness direction:

z 1\"

Ergm(z) = Epn + (Ec — Ep) (Z + E) ey
where E,, = 70 GPa and E, = 380 GPa are the Young modulus of the metal and ceramic components, respectively
and n is the power-law index. The Poisson ratio for both metal and ceramic is assumed to be constant and equal to
v=0.3.
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3. Basic concepts of the model

In this section, the geometry and kinematic of nonlinear double directors shell model are described. The fixed
spatial coordinate system is defined by a triad (E;),i = 1,2, 3. The reference surface of the shell is assumed to be
smooth, continuous and differentiable. Initial and current configurations of the shell, are denoted, respectively, by Co
and C;. Variables associated with the undeformed state Cy will be denoted by upper-case letters and by lower-case
letters when referred to the deformed configuration C;. Vectors will be denoted by bold letters.

3.1. Double directors shell kinematic hypothesis

Parameterizations of the shell material points are carried out in terms of curvilinear coordinates £ = (¢!, £2, &3 =
z). The position vectors of any material point (g), whose normal projection on mid-surface is the material point (p),
in the initial states C¢ are given by

X, (51,52, z) ~X, (g‘,sz) ) (s‘, 52) . ze[=h/2, h)2] 2

where / is the thickness, p is a point of the reference surface, and D is the initial shell director. The base vectors, in
the initial state Cy are given as

Gy =Ay+2D y; G3=D, oa=1,2. 3)
The surface element d A in the initial state is given by

dA =VAdAs, VA=A AAy|l, dA; = dE'dE>. 4)
The covariant reference metric tensor G at a material point & is defined by

G=[G:-Gj], i.j=123. (3)
For later use geometrical variables are added

Determinant G: vG = [G1GyGs3] = |G,-j| (6)

Volume element: dV = ~/G d&'d&?dz. @)

With the hypothesis of a double directors shell model, the position vector of the point g in the deformed configuration
is given by:

x (6.602) =x, (6.8) + r@a (6.8) + L (6.67). ®)
The base vectors, in the deformed state are then
go=ay+ fi(@Ddio+ ) dry; g3 = fi(@d + f, (2 d>. )

The metric tensor components in C; are separated into the in-plane and out-of-plane part components. With some
approximations, the metric tensor can be written as

8ap ~ dap + f1 (D) byg + f2 () byg
8ij =8 - &js g3 ™ fil@ ey + f1@cG ap=12 (10)
g~ (fi + fz/)zd,
where aqg, b’;ﬁ and cg (k = 1, 2) represent the covariant metric surface, the first curvature tensors and the shear,

respectively. The parameter d presents the thickness stretching.
Taking into accountd; - d| =~ d, - d» ~ d; - d;, these components can be computed as

{aaﬁ=aa~aﬂ, & =ay -di k=12 (11

big =y -drp+ag-dio. d=d -di,
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Similar expressions for the in-plane and out-of-plane components of the metric tensor can be obtained in the case of
the initial configuration Cy.

3.2. Strain measure

Using Eq. (10), the Lagrangian strain E has the following components:
Eop = eap + f1 (2) Xop + f2 () Xag
(sij — Gij) . 203 = f{ @D Ve + 1@ va (12)

E=l(g—G), Eij =
2 / n2
E33=1/2[(f1+f2) d—l]

1
2
where ey denote the membrane strains, X§ﬁ the bending strains and yolj the shear strains, which can be computed as

Cap = (aup — Aap) /2. V4 =4 —C4
k k k
Xy = (baﬂ - Baﬂ> /2,

In matrix notation, the vectors of membrane, bending and shear strains are given by:

k=1,2. (13)

el X11 )/k
e=exn ¢, =15t }’k={ Ik], k=1,2. (14)
2812 ZX{(Z Y2

To impose a third-order double directors shell model and at the same time a quadratic distribution of the shear stress,
the following expressions for fi (z) and f> (z) are chosen

@=z2-H@, L@ =42/31% (15)

This gives the following shear strain

2 2
Z Z
2Ews = f{ Q) Va + 1@ Vs = (1 - 4ﬁ) Va +4i57a- (16)

Vanishing of the transverse shear stress on the top and bottom shell faces, oy, (£h/2) = oy, (£h/2) = 0, the shear
strain can be obtained as follows:

2=0, 2= (1-42/h%) ). a7
This kinematic constraint will be imposed in a discrete form in the finite element approximation.
4. Weak form and linearization
By using the total Lagrangian formulation, the weak form of equilibrium equations is given as
G:/stfaEijdV—ng,zo (18)
where dV is the shell volume element in the initial configuration, 8 Ej; are the covariant components of the virtual
Green—Lagrange strain tensor, S%/ are the contravariant components of the second Piola—Kirchhoff stress tensor and

G, is the external virtual work. Performing the integration through the thickness of the shell, and using Egs. (12)
and (17), the weak form becomes

2
G:/(N-8e+ZMk-8xk+T1~8y1>dA—Gex,=0 (19)
A k=1
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where e, § )(k and 8)/1 are the variations of shell strains and N, M} and T are the membrane, bending and shear
stresses resultants which can be written as

11
Nl M, 7l
N={N2}, My=1M"}, le{le} k=1,2. (20)
12 12 I
N M)
These components are defined as follows
h)2 h/2
NP =f s /G/Adz, M =/ fr (z) 8%\ /G/Adz 1)
—h)2 —h/2
h)2

TY = fi () $*3/G/Adz.
h/2

The virtual strains can be obtained as the variation of the strain measures which yields from Eq. (13)

Seqp =1/2 (aa -8x g +ag -8x,(x) , 8)/0} =ay -éd) + x4 - di 22)
Sxop =1/2 (aq - ddi g +ap - Sdxo + 0% o -di g+ 0% g - dia) .
Moreover, by defining the generalized resultant vectors of stress and strain with
N e
)M, . x!
R= M) , ¥ = . (23)
1
T J i Y D
the weak form of the equilibrium equation can be rewritten as
G(@,S@):/&Z’T-RdA—G”[(SP, 5P)=0 (24)
A

where @ = (u,d;, d>). Eq. (24) defines the nonlinear shell problem, which can be solved by the Newton iterative
procedure. The consistent tangent operator for the Newton solution procedure can be constructed by the directional
derivative of the weak form in the direction of the increment A ® = (Au, Ad;, Ad»). It is a conventional practice to
split the tangent operator into geometric and material parts, denoted by Dg G- A @ and Dy, G- A &, respectively, i.e,

DG-A®=D;G-Ad+DyG-Ad. 25)

The geometric part results from the variation of the virtual strains while holding stress resultants constant:

DGG-A¢=/

) (AazT .R) dA. (26)

This geometric part is not developed in this paper. The material part of the tangent operator results from the variation
in the stress resultants and thus takes the form

DuG-ad = [

axT.ARdAszT.HT.AEdA 27)
A

A

where Hr is the material tangent modulus, expressed as

H,, Hy; H3z 0

. Hy, Hy;; 0
Hr = Hy, 0 (28)
Sym Hyy

h/2

(1A o g2 112 ) Bz 29)

(Hn,le,H13,H22,H23,H33)=/
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e
Hyy = (f) H.dz (30)
)

where H and H; are in plane and out-of-plane linear elastic sub-matrices, which can be expressed in the Cartesian
system as

1 Vv (2) 0

E(2) E(2) |:1 0]
H= 29 1 0 . H =t . 31
2o 'y (1-v() /2 20 +v@) [0 1 ey

5. Remarks on finite element approximation

In this section, the numerical implementation of the presented shell theoretical formulation based upon a four node
non-linear shell element is established. The displacement vector is defined as: u = x, — X,. Using the isoparametric
concept, the variation and incremental of displacement vector is approximated by

4 4
(Su:ZNI(Su,, Au:ZNIAuI (32)
I=1 =1

where N/ are the standard isoparametric shape functions. The isoparametric concept is illustrated in detail in the work
of [23]. The first director vector d; is approximated with the same functions
4 4
sdi =Y N'sdy;,  Ady=) N'Ady. (33)
=1 I1=1

5.1. Membrane and first bending strain field

The shell membrane part of the problem is considered. The strain—displacement relation is

e =B, -5P, (34)
where @, is the nodal variables and B,, is the discrete membrane strain—displacement operator defined as
aj N
B, =[B,, 0 0. B,,=| aN, | (35)

T arl T arl
al N,2 +a2 N,l

For the first bending part, the strain—displacement relation is given by

5x' =Bi1 88, (36)
where B is the discrete first bending strain—displacement operator
T Al T A1
di | N, a; N,
I I I I T NI I T a1l
B =[B|, Bj, 0] By, = di )N} , By, = a; Ny . (37
T wnI T a7l T n1 T a1
dl,lN,2+dl,2N,1 al N’2 +a2N’1

5.2. Construction of the assumed natural transverse shear strain field

A typical isoparametric shell element is considered as depicted in Fig. 1. A, B, C and D denote the mid-points of
the element boundaries set. The assumed natural transverse shear strain field is expressed by Bathe and Dvorkin [24]

= [(Syll] N [(1 —m 8yl (B) + (1 =m)éy| (D)]

(38)
8y, (1 —£) 8y, (A) + (1 —£) 8y, (C)
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Fig. 1. Assumed strain construction of the isoparametric shell element.

Fig. 2. Position of the nodes couple (/, J).

where y21 (A), yll (B), y21 (C) et yll (D) are the transverse shear strains at points as defined in Fig. 1.
sy =B, -8, (39)
where B; is the discrete shear strain—displacement operator
1 4T 2T 24T 2T 34T 3. T 4 4T 3. T
B. — |:N,1d13 Niajp 0 Nidip Niajp 0 Nidip Niajp 0 Nijdip Niajp 0:| (40)
=

1 4T 4. T 24T 3T 3T 3T 4 4T 4 T
Nodiy Nyayy, 0 Nodic Niaye 0 Nydie Njaye 0 Nody, Niay, 0

5.3. Discrete constraints

The shear part relative to the second director vector d; is vanished in a discrete form. A quadratic interpolation is
used as proposed in the work of [21].

4 8 4 8
8dy =y N'sdy + ) Pxdaxtx,  Ady=Y) N'Ady+ ) PxAagtk (41)
I=1 K=5 I=1 K=5

where (/) represents a node of the element, (K) represents the mid-point of the element boundaries and ok are
variables associated to §d on the element boundaries. The vector #g is unit and its direction is defined by the position
of the nodes couple (/, J) as shown in Fig. 2.

ty = (xy —x7)/Lg, Lk =lx;—xll (42)

where Lk is the I — J side length. The shape functions Pk are quadratic and are given in Table 1.
By introducing the vanishing shearing hypothesis, on top and bottom faces, over the element boundaries under
integral form, the transverse strain is given for side (/, J) by

J
/ sy2ds =0, 43)
1

8)/3‘21 =665 +du s - do, 8Bs =tk - d> (44)
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Table 1
Functions Pg.
Pk Ps=05(1-82) (1 =)

Ps=051+8) (1-n?)
P =05 (1—52) A+n
Pg=051-8) (1-n?)

where (s) is a parametric coordinate. While using a linear interpolation of the displacement vector du, this vector can
be written for the side (/, J) as follows:

Su=(—&)ou; +&8uy, 0<&=s/Lg <1. (45)

The director vector d; is given by

d ~ 4
dy = —, d= ZNIdQI (46)
Hd I=1
8dy = %de sd, Pi=I1—-d,®d, (47)
d

where P, is an orthogonal projection. Vector sd is defined by a quadratic interpolation as in Eq. (37):

sd = (1 —&)6d; +&8d; + 4& (1 — £) Saxtx. (48)

Then the final expression of §8; is

6ps ~ H%H (1 =&)8Bs1 + 5655 + 485 (1 = &) dak) . (49)

Then to integrate the two terms of the vanishing shearing hypothesis, the relations (44), (45) and (49) are used

J
d;+dy)
Suy-drds ~ (Suj +duy) ——— (50)
/I o R P
/JS,Bd ~— LK (sp By + 26 1)
P T gy O TP TR0 )

The constraint is obtained by taking the sum of these last two equations equal to zero. This leads to the following
expression of variables o

3 3
daog = — [ Bu; +68uy) -dg — - (8d; +6dy) -tk (52)
2Lk 4
1
dg = 3 dr+dy). (33)
The expression of the director vector d; is deduced from interpolation (41)
5dy = ZN’MN + Z EPK (1/Lk (buy +6uy)-dg —1/2(6d; +6dy) -tg) tk. (54)
=1 K=5

In a matrix form, the director vector d; is written as

4

édr = Z (M!ﬁu] +Mr[5d21) (55)
1=1
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where matrices M} and M! are given by

3
M} = Pgtdl + Pytd',, tdk = 77tk ®dk (56)
K
1 1 1 1 1 3
M, = N'I + Pgtty + Pytty,, ttKZZtK Rig. 67

The (K) and (M) are the two mid-sides of each side of the quadrilateral, which are bound to the node (1) (Fig. 2).
Finally, the second bending strain is expressed as

5x>=B, 8P, (58)

where B> is the discrete second bending strain—displacement operator

B, =[B!, 0 BL] (59)
dy N\ +a| M} d M
B, = &5 N+l M) COBL=| &M, | (60)
d;le’Iz +d§’2N’I1 +a ~MGI,’2 +d} ~MGI,,1 a) 'Mr”2 + d}, -Mr”1

Finally, the generalized strain § X' can be expressed as follows

de B,,
sx! B

8§ = 3)(2 =B.§P,, B = B, 61)
5}’1 By

5.4. Nodal transformation

In all equations, édy and 8dj o are the variation of the directors and their derivatives. These variations can be written
either in spatial description as

Sdy =860 Ndy = Ay 5604, ;lk = —t~lk (62)
where ;ik is the skew-symmetric tensor such that ;lkdk = 0, or in material description
8dy = Qk 8O Ez = N8O, Ay = QiEs (63)

where d;, = QyE3 and E3 = [O 0 1]’.
A spatial description leads to a shell problem with 9 DOF/node and the material description leads to a shell problem
with 7 DOF/node. The transformation A in the material description takes the following form

Ay =[—tn ticy,,- (64)

6. Numerical examples

The performance of the proposed discrete double directors shell element is evaluated with several problems. The
convergence of the results is compared to other well-known formulations. A listing of these shell elements, and their
abbreviations is presented in Table 2.

The results given with the S4 element are obtained with the addition of an automatic calculation of the shear
correction factors as in [25]. A P-FGM that consists of the following properties: (E., E,,, v, n) is considered. All
material and geometrical properties are given in a coherent system of units.

6.1. Bending of a rhombic plate

A simply supported rhombic plate of side L = 100 mm, thickness # = 1 mm and power-law index n = 6 is
uniformly pressure loaded: ¢ = 1 MPa. The center-point deflection is normalized with the finite element converged
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Table 2
Listing of shell elements.
Name Description
SQAD4 Discrete Kirchhoff quadrilateral of [21]
S4 First order shear deformable shell element of [7]
SHO4 Present double directors shell element
Table 3
Center-point deflection of a rhombic plate.
Node per side SQAD4 S4 Present
SHO4 %
3 13.76 1.842 7.846 240.08
5 5.670 2.760 5.186 158.69
9 3.873 2.821 3.695 113.06
17 3417 3.028 3.348 102.44
33 3.286 3.166 3.279 100.33
5 -
b Smplysuppored__
N : = &.‘5
4 4 —
= «\)‘?QO g
2
ER
3 ---=--- SQAD4
o
82 —v— 84
=
g SHO4
S
Z o e e —
0 T T T T T T T T T T T T T T T
0 10 20 30

Number of Elements per Side
Fig. 3. Description and results of the rhombic plate under uniform pressure loading.

solution of 3.268 using 100 elements per side. The difficulty in this problem arises from the singularity of the solution
at the obtuse vertices, where the stresses tend to infinity [7]. To assess the convergence of shell elements, the uniform
mesh shown in Fig. 3 is used. The results are listed in Table 3 and shown in Fig. 3.

6.2. Pinched hemispherical shell with 18° hole

A pinched hemispherical shell with an 18° hole at the top, shown in Fig. 4, with two inward and two outward
forces 90° apart is modeled using symmetry boundary conditions on one quadrant. This problem is a good test of the
inextensional bending behavior of an element, and an excellent test for the ability of an element to model rigid-body
motions [7]. Material and geometric properties for this test are n = 6, radius R = 10 m, and thickness 7 = 0.04 m.
The numerical results are presented in Table 4 and Fig. 4, normalized with the finite element converged solution of
5.232 x 1072 using 100 elements per side.

6.3. Pinched cylinder with end diaphragms

A short cylinder, with two pinching vertical forces at the middle section, and two rigid diaphragms at the end, is
modeled using one octant and applying the appropriate symmetry boundary conditions (Fig. 5). The length of the
cylinder is L = 600 mm, the radius is R = 30 mm, and the thickness is # = 3 mm. The power-law index n = 6.
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Table 4
Hemispherical shell with 18° hole (x 10*2).
Node per side SQAD4 S4 Present
SHO4 %
3 5.266 4.709 5.185 99.10
5 5.440 5.216 5.398 103.17
9 5.286 5.188 5.269 100.70
17 5.223 5.198 5.220 99.77
33 5.225 5.223 5.229 99.94
1.1 1
E 105 T .
19} 4 N
g 1 f{ ==
2 / E=1.o
% 095 b / =
B £
S 094/ F
8 ~--=--- SQAD4 &
S 0.85 - QAD4 2
——=—54
Zg 0.8 1
0.75 - SHO4
0.7 —/—mm—mm——m—1
0 10 20 30

Number of Elements per Side

Fig. 4. Description and results of the pinched hemisphere with an 18° hole. Symmetry is used and only one quadrant is modeled.

1.2 -
= 1 —=
[} — — — — 9
£ FEii
(5]
g 0.8 - i
a J==
2 5%
< 0.6 =
eSS oNS
S “-'?s@&@%‘@\\%
= A
g 0.4 - x
5 S
“ 02 - g
0 10 20 30

Number of Elements per Side

Fig. 5. Description and results of the pinched cylinder with end diaphragms. Symmetry is used and only one eighth of the cylinder is modeled.

The numerical results are presented in Table 5 and Fig. 5, normalized with the finite element converged solution
of 4.7468 x 10~* using 100 elements per side. This problem is the most demanding of all considered cases. It is a
severe test of the inextensional bending and complex membrane states of stress. Most four node shell elements do not
converge efficiently in this problem.

It can be found from Fig. 3 to 5 that the present model, SHO4, produces the close results to those of SQAD4 and
S4 elements. Also, for these three tests, it is noticed that the proposed model exhibits high performance even with
coarse mesh.
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Table 5
Pinched cylinder with end diaphragms (% 107%).
Node per side SQAD4 S4 Present
SHO4 %
3 0.408 0.181 0.189 3.98
5 2.657 1.745 2.157 45.44
9 4211 3.445 3.928 82.75
17 4.594 4.288 4.525 95.32
33 4.618 4.569 4.654 98.04

Table 6

Dimensionless parameters of FGM square plate (a/h = 10) under sinusoidal load.

n Method w Ox oy Txy Txz Tyz

1 Zenkour [22] 0.5889 3.0870 1.4894 0.6110 0.2462 0.2622
Present SHO4 0.5886 3.0970 1.4910 0.6093 0.2381 0.2602
Carrera et al. [26] 0.5875 - - - - -
Xiang et al. [6] 0.5895 3.2480 1.5287 0.6295 - -

2 Zenkour [22] 0.7573 3.6094 1.3954 0.5441 0.2265 0.2763
Present SHO4 0.7568 3.6200 1.3980 0.5426 0.2181 0.2731
Carrera et al. [26] 0.7570 - - - - -
Xiang et al. [6] 0.7581 3.7062 1.4222 0.5559 - -

4 Zenkour [22] 0.8819 4.0693 1.1783 0.5667 0.2029 0.2580
Present SHO4 0.8810 4.0800 1.1810 0.5652 0.1940 0.2532
Carrera et al. [26] 0.8823 - - - - -
Xiang et al. [6] 0.8824 3.9371 1.1474 0.5620 - -

7 Zenkour [22] 0.9562 4.5971 0.9903 0.5834 0.2081 0.2194
Present SHO4 0.9552 4.6090 0.9925 0.5818 0.1989 0.2152
Carrera et al. [26] 0.9554 - - - - -
Xiang et al. [6] 0.9563 4.6568 1.0026 0.5868 - -

6.4. Square plate under static doubly sinusoidal load

This test consists of square FGM plate under static doubly sinusoidal distributed load g expressed as ¢ =
qo sin (wx /a) sin (wy/a) (Fig. 6). A 20 x 20 meshing is used for this validation test. The used dimensionless
parameters are

_ 1OECh3 (a a> _ h a a h _ h a a h
w=——w(z.z), &G=—olzz.z). oG=—0olz. 5.3
g0 \22 a0 P22 YT a0 P \27 203

_ h h _ h a h _ h a
O'xy=%0'xy (0,0,—g), O'yz=%dyz (E,O,g), O'xz=a—q00'xz(0,§,0).

Table 6 lists the dimensionless displacements and stresses of a simply supported FGM square plate of (a/h = 10). It
can be found that the results obtained by the present model are in good agreement with those found in the works of
[22,26,6]. In addition, the obtained results are nearly close to those of [22].

The distribution across the plate thickness of the dimensionless shear stress o, = ah% Oxz (0, 3 O) for various
values of the exponent n, using 20 x 20 meshes, is illustrated in Fig. 7 and is compared with the results of the 3d
solution presented in the work of [5]. The proposed DDDSM presents very close results to Neves’s 3d solution. But,
it is noticed from Fig. 7 that the condition of zero-transverse shear strains on top and bottom faces of the FGM plate
is not considered in the work of [5].

In the following results a pined square FGM plate (u = 0) submitted to static sinusoidal load is considered. A
16 x 16 meshing is used for these examples.

Fig. 8 shows the variation of the dimensionless center-point deflection of a square plate (a/h = 10) with power-law
index n.
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Fig. 6. A simply supported square FGM plate under sinusoidal load.
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Fig. 7. Dimensionless shear stress o for a simply supported square plate under sinusoidal load (a/h = 4).
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Fig. 8. Dimensionless deflection versus power law index n for a simply supported square plate under sinusoidal load (a/h = 10).

In Fig. 9, the dimensionless center-point deflection w is given in terms of the side-to-thickness ratio a/h for
(n = 6). From Figs. 8 and 9 it can be easily observed that the numerical results obtained by S4 and SHO4 elements
agree highly with a large variation of the ratio a/h and the power-law index n. Fig. 9 illustrates a significant
discrepancy between the results obtained by the present model and Dammak et al. [21] model, especially for thick
plates. This is due to the applicability ranges of the models named restriction domains. In fact, if an error of about 5%
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Fig. 9. Dimensionless deflection versus ratio a/h for a simply supported square plate under sinusoidal load (n = 6).
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Fig. 10. Dimensionless normal stress o for a simply supported square plate under sinusoidal load (a/h = 10).
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Fig. 11. Dimensionless stress oy for a simply supported square plate under sinusoidal load (a/h = 10).

(b) Present double directors : SHO4.

Dimensionless stress o,

is allowed, the Mindlin—Reissner type theory can be employed for (a/h > 25) and the Kirchhoff-Love type theory

only for (a/h > 50) [14].

Figs. 10 and 11 illustrate the dimensionless normal stresses o, = oy (a/2, 0) h? / (qoaz) and the dimensionless
shear stresses Gy, = oy, (0,a/2) h?/ (qoaz), respectively versus dimensionless transverse coordinate 7 = z/h for
different values of the power-law index n (a/h = 10).
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From Fig. 11, it is noticed that the S4 element cannot predict accurately the dimensionless transverse stresses with
the comparison of the SHO4 element.

7. Conclusions

The analysis and the efficiency of the 3d-shell model based on a double directors shell element for the FGM shell
structures is presented in this paper. The transverse shear deformations are taken into account in the DDDSM model.
The vanishing of transverse shear strains on top and bottom faces is considered in a discrete form. Dimensionless
stresses and displacements of the simply supported functionally graded plate under sinusoidal load are computed by
the present DDDSM model. By numerical investigation, the proposed model presents a good performance and high
accuracy to predict the static behavior of shell structures when comparing with available published results.

The proposed (DDDSM) formulation presented in this paper can be used in the following aspects:

(a) Linearized formulation. This case is treated in this paper.

(b) Free vibration. A dynamic equation of the DDDSM model for FGM shells will be derived through Hamilton’s
principle.

(c) Buckling. Buckling stresses of shells made of FGMs will be analyzed by taking into account the effects of
transverse shear deformations.

(d) Fully nonlinear formulation. The formulation will be assessed through numerical simulations involving the finite
rotation and the geometric non-linearity.

The authors will study these aspects in future articles.
Appendix A. Supplementary data
Supplementary material related to this article can be found online at http://dx.doi.org/10.1016/j.cma.2014.05.011.
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