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Abstract: This paper aims to present a finite element (FE) formulation for the study of the natural
frequencies of functionally graded orthotropic laminated plates characterized by cross-ply layups.
A nine-node Lagrange element is considered for this purpose. The main novelty of the research is the
modelling of the reinforcing fibers of the orthotropic layers assuming a non-uniform distribution
in the thickness direction. The Halpin-Tsai approach is employed to define the overall mechanical
properties of the composite layers starting from the features of the two constituents (fiber and epoxy
resin). Several functions are introduced to describe the dependency on the thickness coordinate
of their volume fraction. The analyses are carried out in the theoretical framework provided by
the first-order shear deformation theory (FSDT) for laminated thick plates. Nevertheless, the same
approach is used to deal with the vibration analysis of thin plates, neglecting the shear stiffness of the
structure. This objective is achieved by properly choosing the value of the shear correction factor,
without any modification in the formulation. The results prove that the dynamic response of thin
and thick plates, in terms of natural frequencies and mode shapes, is affected by the non-uniform
placement of the fibers along the thickness direction.

Keywords: finite element modelling; laminated composite plates; non-uniform mechanical properties

1. Introduction

The finite element (FE) method currently represents the most-utilized computational approach
to solve several engineering problems and in applications whose solutions cannot be obtained
analytically [1]. The technological advancements in computer sciences have allowed a fast and easy
diffusion of this technique, especially in terms of structural mechanics problems. The key to the success
of the FE method lies in the reduction of complex problems into simpler ones in which the reference
domain is made of several discrete elements, and in its easy computational implementation. This idea
was first highlighted by Duncan and Collar [2,3], and successively emphasized by Hrennikoff [4],
Courant [5], Clough [6], and Melosh [7].

The approximate solutions that can be obtained by means of the FE approach are accurate and
representative of the physical problem under consideration [8,9]. To the best of the authors” knowledge,
the progression and development of this technique are well-described in many pertinent books, such
as the ones by Oden [10], Oden and Reddy [11], Hinton [12], Zienkiewicz [13], Reddy [14], Onate [15],
Hughes [16], and Ferreira [17]. These books should be used as references for the theoretical background
of the numerical approach at issue. For completeness purposes, it should be recalled that various and
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alternative approaches have been developed in past decades to obtain approximated but accurate
solutions to several complex structural problems, not only based on the FE method [18-21].

An intriguing application that is efficiently solved by means of the FE methodology is about
the structural response of plates and panels made of composite materials [22-24]. With respect to an
isotropic and conventional medium, a composite material can reach superior performance by combining
two (or more) constituents. A typical example of this category are fiber-reinforced composites, in
which the high-strength fibers are the main load-carrying elements, whereas the matrix has the task of
keeping them together and protecting the reinforcing phase from the environment [25-28]. In general,
a micromechanical approach should be employed to evaluate the overall mechanical properties of
these materials, starting from the features of the single constituents. The review paper by Chamis
and Sendeckyj represents a fundamental contribution is this direction [29]. One of the most effective
approaches that can be used toward this aim is the one proposed by Halpin [30] and Tsai [31,32], who
developed a semi-empirical method and expressed the mechanical properties of the constituents in
terms of Hill’s elastic moduli [33,34]. Further details concerning the micromechanics of fiber-reinforced
composite materials can be found in [35].

The use of a versatile numerical method also allows us to investigate the structural response of
composite structures with non-uniform mechanical properties. In particular, in the present paper the
reinforcing fibers are characterized by a gradual variation of their volume fraction along the plate
thickness, following the same idea of functionally graded materials [36-52]. With respect to this
class of materials, in which the composites turn out to be isotropic, the layers of the plate assume
orthotropic features and can also be oriented. This topic clearly falls within the aim of the optimal
design of composite structures [53-58]. It should be mentioned that a similar approach is followed in
the design of functionally graded carbon-nanotube-reinforced composites, due to the advancements in
nanostructures and nanotechnologies [59-68].

In this paper, the research is organized in two main sections. After this brief introduction, the
FE formulation for laminated thick and thin plates is presented in Section 2. Here, the theoretical
framework is based on the well-known first-order shear deformation theory (FSDT) for laminated
composite structures [69,70]. The effect of the shear correction factor is also discussed in order to
deal with thin plates [71]. In addition, the micromechanics approach based on the Halpin-Tsai model
is described in detail, by also introducing the topic of variable mechanical properties. Section 3
presents the results of the numerical applications. As a preliminary test, the accuracy and convergence
features of the numerical approach are discussed by means of the comparison with the semi-analytical
solutions available in the literature for thin and thick laminated composite plates. Then, the natural
frequencies of functionally graded orthotropic cross-ply plates are presented for several mechanical
configurations. Finally, Appendix A is added to define the terms of the fundamental operators of the
proposed FE formulation.

2. Finite Element (FE) Formulation for Laminated Thick and Thin Plates

The theoretical framework of the current research is based on the first-order shear deformation
theory (FSDT). The governing equations are presented in this section by developing the corresponding
FE formulation. The following kinematic model is assumed within each discrete element of the
plate [69]:

)
~

U (6, y,2,8) = ul (v, y,1) + 261 (x, 9, 1)
Ui,e) (x,y,zt) = uée) (v, y,t)+ qu;e) (v, y,t) , 1)
Uée) (%, y,2,t) u§e> (%, y,t)

where U\, ul¢), u'®

freedom of the problem are given by three translations uie), u(ye>, uge) and two rotations ql)](f), qi);e) defined

are the three-dimensional displacements of the structure, whereas the degrees of
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on the plate middle surface. These quantities can be conveniently collected in the corresponding vector
u®), defined below

T
u(e) :[ ”3((8) u(ye) Mge) (PJ(CE) ;e) ] . (2)

The coordinates x, y, z specify the local reference system of the plate and ¢ is the time variable.
The superscript () clearly specifies that this model is valid for each element. The geometry of the plate
is fully described once the lengths Ly, L, of its sides and its overall thickness / are defined. It should be
recalled that for a laminate structure one gets

N

=Y (21— 2), ®)

k=1

in which zj, 1, zx stand for the upper and lower coordinates of the k-th layer, respectively. The degrees
of the freedom (2) are approximated in each element by means of quadratic Lagrange interpolation
functions. As can be noted from Figure 1, nine nodes are introduced in each subdomain. As a
consequence, the degrees of freedom assume the following aspect:

9 _
u @y t) = X Ni(xy)ul (1) = Nul?
i=1 4
9 _
uy) (x,y,t) = ';1 N;(x, y)u(y?(t) = Nugf)
9 _
iy t) = B Ny () = N, @
(e) 9 (e) Tt (©)
Px (x/ Y, t) = 'Zl Ni(xr y)¢x,i (t) =No,
1=

(e) Y © /@)
¢y (xy,t) = L Nilx,y)¢, () = N,
i=1 ’

where N; represents the i-th shape function, whereas uiel.),u;ez,uiei),(pi?,qb(ﬂ denote the nodal

displacements, which can be included in the corresponding vectors

X x,1 x,9 Yy y,1 z,9

T
o =Ll g ol =[] [l =[] g T
e T e T
o =[ 6 o5 ol = ol - o3 ]

Q)

On the other hand, the shape functions linked to the nine nodes of the finite element are included
in the vector N, defined below:
N=[N - NoJ (6)

For the sake of clarity, it should be recalled that the nodes are identified in each element by
following the numbering specified in Figure 1.

At this point, the nodal degrees of freedom can be collected in a sole vector 1 to simplify
the nomenclature:

—(e e e e e e T
50 =[ 40 o W G o
o R R R A i R A A I

and to write the definitions (4) by using the following matrix notation:



Math. Comput. Appl. 2019, 24, 52 4of21

uy(ce) 1 N o o0 0 0 u}({e)

M](/e) 0 N 0 0 0 u](/E)

W (=0 0 N o ol v |eu?= N g9 ®)
¢Z€) 0 0 0N O q)ze) 5X1  5%(9%5)(9x5)x1

© 00 0 0N (b’(e)

Y L Py

The size of each matrix is indicated under the corresponding symbol. It is important to
specify that the same approximation is employed for all degrees of freedom (both translational
and rotational displacements).

4 I7 3
@ C )
X X X
O O
8 9 6 &
—Q= ® -@—>
O O
™ 5 ¥ >
® ®

X full integration
O reduced integration

Figure 1. Nine-node quadratic Lagrange rectangular element.

As mentioned in the books by Reddy [14] and Ferreira [17], it is convenient to introduce the
natural coordinates &, within the reference finite element, which is called the master element (or
parent element). In this reference system, which is also depicted in Figure 1, the shape functions
N; = N;(&,1) assume the following definitions:

N1 =HE-&)(nP-n) No=3(@+&)(P-n) Na=3E+&)(n?+1)
Ny = 3(& = &)(P +n) N5 =3(1-8)(n"—n) No=3(£+¢)(1-m7) , ©)
%= 3= ) M= He-a-r) === 7)

for &, 1 € [-1,1]. The same functions are also used to describe the geometry of each discrete element

according to the principles of the isoparametric FE formulation. The coordinate change between the
physical domain and the parent element is accomplished through the relations shown below

9 9
€@ = Y Ni(E e,y = Y Ni(e, )y, (10)

() ()

where the couple x;*, i, defines the coordinates of the i-th node of the generic element. For the sake
of conciseness, these quantities can be collected in the corresponding vectors x(¢), y(©):

e R B T ay

The Jacobian matrix J related to the coordinate change (10) can be now introduced in order to
evaluate the derivatives with respect to the natural coordinates of the parent element:
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9 9
a2 Ay Y OBy (0N,
J= 3_(5) =l S i ok i31y’ 9% :[ B: ][ x© (o) ]:[ Béeri Bgyge; ] (12)
ox'® v ON: IN: B B.x© B.y© |
2 50 7| fapm 3w |TLE w0 By
i=1 i=1
where the vectors B, B;, collect the derivatives of the shape functions (9) with respect to &, 7
IN N IN N

At this point, the compatibility equations can be presented to define the strain components in
each element. In particular, the membrane strains are given by

. au,(f) . . au(e) . . au(t’) auj(ce) . .
e;(c)z I :Bxui),eé): 8; :Byu;),yiy)z ayyc + oy =Bxu;)+Byuf{). (14)

On the other hand, the bending and twisting curvatures can be defined as follows:

9 )(Ce) . a¢(€) . aqb(e) ) 3((6) .
g = 7 =Bl k) = S =Byl Ky = S ij =By +Byby). (1)

Finally, the shear strains assume the following definitions:

ol © | e (@
5 oy =B+ Ney. (16)

() 31/152)
sz - 89(

o0 B! + Kol 1) -

Note that the derivatives of the shape functions with respect to the physical coordinates x, y are
introduced and collected in the corresponding vectors By, B,. They can be computed as follows by
inverting the Jacobian matrix (this procedure is admissible if its determinant is greater than zero):

By ] -1| Beg
=] [ . (17)
[ B, B,
The following matrix notation can be used to collect and define the strains previously introduced
in (14)-(16):

©

o (B 0 0 0 0]

% 0 By, 0 0 0 | 4]

ny) By B, 0 0 0 u(e)

ke 0 0 0 By 0 || f © =)

= en® = B . 18

kge) 0 0 0 0 By uz(e) gxl 8x(9x5)(91x15)><1 (18)
(© 0 0 0 B, B x

) 0 0 B, N o0 | &)

Vaz 0 0 B, 0 N

(e) L y !
| 7/yz

The vector n(¢) collects the aforementioned strain components. Such terms are needed to compute
the stress resultants in each element by means of the constitutive relation shown below in matrix form:
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NJ(Ce) 7 ) Sfce)
N An A A Bu Bin B 0 0 L)
% ) Ap A Az Bio B By 0 0 % )
Nyy A Az Aes Bis Bas Bes 0 0 Vxy
MJ(CE) _| Bu Bz Bis Dn Dip D 0 0 k;(ce) (19)
M;e) Bip By By Dip Dxp Dy 0 0 k;e) ’
MY Bis Bz Bes Die Dz Des 0 0 k&’/}
T<g 0 0 0 0 0 0 xAy xAs | ©
Wl Lo 0o 0 0 0 0 xs xaAs |
| Ty [ Vyz |
in which N,(f), N;g), N,(fy) are the membrane forces, M,(f),M(yg),M,(fy) the bending and twisting moments,

and T)(f), T;e) the shear stresses. On the other hand, x stands for the shear correction factor.
For moderately thick and thick plates, which are commonly studied through the FSDT, the shear
correction factor is generally assumed equal to 5/6. Nevertheless, the same structural model can be
employed to accurately investigate the mechanical behavior of thin plates, which are usually analyzed
in the theoretical framework provided by the classical laminated plate theory (CLPT), taking the
Kirchhoff hypothesis into account. This theory neglects the shear stresses, and the same circumstance
can be obtained from the FSDT by setting 10° as the shear correction factor. In other words, the effect
of shear stresses is negligible if the shear stiffness is extremely large [71].

The stress resultants can be also expressed as follows in extended matrix form in terms of nodal
displacements, having in mind the definitions (18)

- )
II:]]?e) [ A11By + A16By Alsz + A16Bx 0 B11Bx + Blg,By Blsz + BBy |
}(/e) ApBy + A26By Azsz + A By 0 B17By + B26By Bzsz + BoeBy u,SCE)
Ny A16By + AgsBy  AzeBy + AgeBx 0 BigBx + BesBy  BagBy +BesBx || (e)
M}(:’) B B11By + Bl(,By Blsz + B1gBx 0 D11By + DléBy Dlsz + DBy %(_,) (20)
Mf | B12Bx+ BBy BBy + BagBy 0 D12Bx + DagBy DBy + DeBx uz(e)
M)(ny) B16Bx + BesBy  BogBy + BeeBx 0 D16Bx + DesBy  D26By + Des By Y
T(e) 0 0 KA4By + KA45By KA44E KA45§ (by
T?e) 0 0 KA45By + KA55By KA45N KAs5N
L Y
or in compact matrix form
so=c B a"® (1)

8x1  8x88x(9x5)(9x5)x1’

where the meaning of the constitutive operator C can be deduced from Equation (19). It should
be observed that the mechanical properties are the same in each element, and the corresponding

coefficients are defined as
NL Zk4+1

(4 Bij. D) = } f 0 (122, 22

k=13

—(k
where Qﬁj) represents the stiffnesses of the k-th orthotropic layer, which can be oriented as 6.
Once the orientation of the fibers is defined, the following relations are employed to compute the

—(k
coefficients Ql(j ):
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@ili) = Q§ A +2(Q12 +2Q66 )sm 6% cos? oK) 4 sz sin* (%)

@5’? = (Qlﬁ +Q22 —4Q6 )sm 6 cos? gk +Q (sm 0% + cost gk ))

@g;) = lei) sin* o) +2(Q1§ + 2Q6]; )sin 0%) cos2 () + Q22 cost 6k

Q= (Qﬁ? -l - ng?) sin 0% cos? (%) + (Q@ - 4 ng?) sin3 60 cos K

G = (@) - Qlf) ~20 Jsin’ 609 cos 610 (Q12 —QW +2Qg;))sin 60 cos? o), (23)
éé? = (Q(k) + Qg;) - 2Q$) - ZQgg )sin 0 cos? 0) +- Q (s1n 0% 4 cos Q(k))

@Eﬁ) = Qi];) cos? 9k Q ) sin? 9(k)
@i? = (Q -l )sm 0% cos O)
Q55 = Q55 cos? 6k) +Q ) sin? o(k)

where the quantities Q(k) are defined below in terms of the engineering constants of the corresponding

(k) E( ) (k) G(k) G(k) and the Poisson’s

layer, which are the Young’s moduli E the shear moduli G

1175227 12791379237
ratio v(k)
12°
® Eyy ® EY) 0 _ VEn ® _ 0 AR _ ~® ok
_ 11 _ 22 _ 12 22 _
Qn = 1—v(k)v(k>, Qy = _V(k)v(k)’ Qy = 1—v(k)v(k), Qe =C1pr Qu =G5 Q Gys- (24)
12 21 12 "21 12 21

(k)

,1 canbe evaluated by using the well-known relation

It should be recalled that the Poisson’s ratio v

for orthotropic materials v(k) 22 12 / E

The engineering constants are computed by means of the Halpin-Tsai approach, once the
mechanical features of the reinforcing fibers and the epoxy resin of the orthotropic fiber-reinforced
layers are known. As highlighted in [35], this methodology can be applied by using Hill’s elastic
moduli and a semi-empirical approach. The reinforcing fibers are modeled as a transversely isotropic
material, and the following engineering constants are required to characterize them: the Young’s
moduli Efl, Y The Hills’s elastic moduli of
the fibers kr, I, mp, n, pr are given by:

the shear modulus G12’ and the Poisson’s ratios vi, Vas-

EF 1—vE, —2vf oF
kp = FF lp = 2v‘;2kp, mrp = %k}:,
2(1 Vi 21”21"12) . +vy (25)
E
_ F 1 _ F
np= 2(1 B V23)E_PkF' Pr =Gy
22

On the other hand, the epoxy resin is modeled as an isotropic medium characterized by its Young’s
modulus EM and its Poisson’s ratio v™. The Hill’s elastic moduli of the matrix kg, Ing, a1, i1, pm are
defined below:

EM
2(14vM)(1 - 20M)’
np = 2(1 —VM)kM, pPMm = (1 —ZVM)kM

kM = ZM = ZVMkM, nmy = (1 —ZVM)kM,

(26)

At this point, the overall mechanical properties of the composite material can be computed in
terms of the Hill’s elastic moduli k, [, m, n, p:
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 kn(kp + mat) Vg + ke (kpg + mag) Ve

k=
(ke + mM)VMl+ (;‘M +my)Vr
| = Velp+ Vply + %(k — Vrkr — Vimknm)
F — AM
"= m ZVPMF(kM + mpg) + 2Vamempy + Vadkp (me + may)

MZVFmM(kM + mM) + 2V pmpmpg + VMkM(mp + mM) ’ (27)

Ir—1
n = Veng + Vg + | ——22 | (k= Vkp — Vigkar)
kr —kpm
~ (pr +pm)PMVm + 2prpmVF
(pP + pM)VM +2pmVrE

where Vi, Vj; are the volume fractions of the fibers and of the matrix, respectively. They are related by
the following relation: Vs = 1 — V. In the current research, a non-uniform distribution of the fibers is
defined along the plate thickness. Therefore, the volume fraction of the reinforcing fibers turns out to
be a function of the thickness coordinate Vi = Vi (z) = Vpf®)(z), in which Vr represents a constant
value. This idea is representative of functionally graded materials. Several distributions f)(z) can be
introduced toward this aim, and can be applied in each layer separately. The following functions are
used in this paper:

k
HIOES:
(k) (Z) —1- 1 Z(Z _Zk) _ Z(Zk—i-l _Z)
© 2|Zk41 — 2k Zkg1— %
2(z—z)  2(zgy1-2)
® ] (B 1 k) 22k )8
foe) x () 2|zk1— 2k Zkp1 — Zk (28)
(k) 27 %k
z) = ———
v @ Zk+1 — Zk
(k) ) — Zk+1— 2
A Zk+1 ~ Zk
For the sake of completeness, these functions are depicted in Figure 2.
Zi+1 Zk+1 Zk+1 Zk+1
Zk Zk Zk Zk
0 f® 1 0 f® 1 0 f® 1 0 f® 1
(a) (b) (9 (d)

Figure 2. Through-the-thickness variation of f (k). (a) f(()k) ; (b) f)((k) ; () fé,k) ; (d) f/gk) .

Once the Hill’s elastic moduli (27) are computed, the engineering constants of the k-th fiber
reinforced composite layer can be evaluated as well. The definitions shown below are required for
this purpose:

4mlkn — lz)
(k) _ > (k) _ ( (I P (. (S N (k) _
E;y =n- k'Ezz =P n,v12 = 2k,Glz = G13 =p, G,y =m. (29)

It should be noted that these quantities are all functions of the thickness coordinate z due to

—(k
the relations (28). As a consequence, the material properties ij) defined in (23) depend also on the
coordinate z, and the integrals in (22) have to be computed numerically. The function “trapz” embedded
in MATLAB was employed toward this aim.
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At this point, the Hamilton’s variational principle can be applied to obtain the equations of motion
and the corresponding weak form [23]. As a result, it is possible to write the dynamic fundamental
system in each element as follows:

-(0)
KO @9 + MO @ =jo, (30)
(9%5)%X(9%5)(9x5)x1  (9%5)x(9%5)(9x5)x1

where the stiffness matrix of the element is denoted by K(®), whereas the mass matrix is identified
- (e)

by M(®). On the other hand, the vector collects the second-order derivatives with respect to the

time variable ¢ of the nodal displacements (7). By definition, the stiffness matrix K(¢) assumes the

following aspect:

K11 K Kiz Ky Kys
K1 Koo Koz Ky Koy
K(E):ff BT 8§<:8 B dxdy: K31 K32 K33 K34 K35 , (31)
Xy (OxB)xBEBEx(9x5) Ky Kp K Ky Ky
Ks1 Ks2 Ksz3 Ksy Kss

where the operators Kj; of size 9 X 9 are illustrated in Appendix A. Analogously, the mass matrix M)
can be written as follows:

My; 0O 0 My O
0 M22 0 0 M25

M = f N m N ddy=| 0 0 Mp 0 0 | (32)
<y (9%5)x55%55x (9x5) My 0 0 My, 0

0 Ms, 0 0 M55

where the operators M;; of size 9 X 9 are also illustrated in Appendix A. The matrix m instead collects
the inertia terms and assumes the definition shown below:

b, 0 0 0
0 Ih 0 0 I

m=|0 0 I, 0 0| (33)
L 0 0L O
0L 0 0 b

in which
N Zk41
Ii:Z f p®)zidz, (34)

k=13

where p(®) is the density of the k-th layer. Its value can be obtained by means of the rule of mixture,

(8 ("),

combining the densities of the reinforcing fibers pj. M

and of the matrix p

p® = Ve vy, (35)

Note that the density is also a function of the thickness coordinate z due to the through-the-thickness
variation of the volume fraction of the fibers. Therefore, the integrals in (34) have to be computed
numerically as well.
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2.1. Numerical Evaluation of the Fundamental Operators

It is well-known that the integrals in definitions (31) and (32) require a tool to be computed
numerically. In the current research, the Gauss-Legendre rule is used. According to this approach, the
infinitesimal area dxdy is evaluated in the master element as follows, through the determinant of the
Jacobian matrix: dxdy = detJdédn. Consequently, the integral of a generic two-dimensional function

F(x,y) can be written as
11
ffl—"(x,y)dxdy:ffl—"(é,n)det]dédn. (36)
Xy -1 -1

At this point, the integral is converted into a weighted linear sum by introducing the roots of
Legendre polynomials &j,17; and the corresponding weighting coefficients W, Wy:

11 Y
ffl—’( n)detJd&dn ~ ZZF &Ly det]lé] n WIW]. (37)
et I=17]=1

The values of the roots of Legendre polynomials and the corresponding weighting coefficients
used in the numerical integration are listed in Table 1. Recall that the full integration is performed by
setting N = M = 3. On the other hand, the reduced integration is accomplished for N = M = 2 as far
as the shear terms are concerned. In other words, the elements of the stiffness matrix which involve the
mechanical properties A4, A4s, Ass are computed by means of the reduced integration. This procedure
aims to avoid the shear locking problem as highlighted in the book by Reddy [14]. For the sake of
completeness, the roots of Legendre polynomials are also depicted in Figure 1, for both the full and
reduced integrations.

Table 1. Roots of Legendre polynomials and weighting coefficients for the numerical integration.

N, M &Ny Wi, Wy
2 +1/3 1
3 +v3/5 5/9
0 8/9

Finally, the assembly procedure is performed to enforce the C’ compatibility conditions among
the elements in which the reference domain is divided. In other words, the model is characterized by
continuous displacements at the interfaces of the elements. The global discrete system of governing
equations assumes the following aspect:

K u + M u =0, (38)
NiofsXNaofsNaofsX1  NiofsXNeo fsNo fs X1

where the number of degrees of freedom is given by Ny, = 5 X Np, Np being the number of nodes of
the discrete domain. With reference to Equation (38), K, M clearly stand for the global stiffness and
mass matrices, whereas u is the vector of the nodal displacements of the global system defined below:

T
u:[”x,l vt UxNp Uyl 0 UyNp Uzl ot UzNp be,l ¢X,Np ({by,l Qby,Np]r (39)

in which the numbering is performed following the scheme in Figure 3. Finally, u is the vector that
collects the second-order time derivatives of the nodal displacements.
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I Np-2 Np-1 Np
@ \ 4 @ L 4 @  J

Element e

Figure 3. Example of a discrete domain and node numbering.
2.2. Natural Frequency Analysis

Once the discrete fundamental system (38) is defined and the proper boundary conditions are
enforced, the separation of variables provide the following relation:

(K-w’M)d =0, (40)

in which w represents the circular frequencies of the structural system, whereas the vector d collects the
corresponding modal amplitudes. The natural frequencies of the plate can be evaluated as f, = w/2m.
It can be observed that the expression (40) is a generalized eigenvalue problem. In the present research,
the function “eigs” embedded in MATLAB was employed to obtain the natural frequencies and the
mode shapes of the laminated composite plates.

3. Numerical Applications

The formulation illustrated in the previous section was implemented in a MATLAB code.
The current approach was first validated by means of the comparison with the semi-analytical
solutions provided by Reddy in his book [23], for both thin and thick simply-supported plates with an
antisymmetric cross-ply layup. In these circumstances, a uniform distribution of the fiber was assumed
along the plate thickness.

The convergence analysis was also performed for the sake of completeness. Subsequently, the
natural frequencies of functionally graded orthotropic laminated plates are discussed. The geometry
of the plates considered in the numerical applications was defined by Ly = Ly = 1 m, whereas their
lamination scheme was given by (0° /90°/0°/ 900). The four layers were characterized by the same

value of Vi = 0.6, whereas their thickness was assumed as 2.5 X 10~3 m for thin plates and as 2.5 x
1072 m for the thick ones. The mechanical properties of the constituents (Carbon fibers and epoxy
resin) are listed in Table 2.

Table 2. Mechanical properties of the layer constituents.

Constituent Young’s Moduli Shear Moduli Poisson’s Ratios Density

EF. =230 GPa vE =020

E]élz =15GPa vi =025

Epoxy resin EM =327 GPa - vM = 0.38 pM = 1200 kg/m3

Carbon fibers sz = 50 GPa pf = 1800 kg/m?
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3.1. Convergence and Accuracy

The convergence analysis was performed by increasing the number of discrete elements up to
256, which means 16 elements along each principal direction. The results of this test are presented in
Table 3 for a thin plate and in Table 4 for the thicker ones, in terms of the first ten natural frequencies.
A very good accuracy was obtained by using only eight finite elements per side, for both cases under
consideration. In particular, the percentage error for the first mode shapes was lower than 0.4%
if 64 elements were used. Therefore, the formulation and the numerical approach were validated.
Only the bending mode shapes were considered in the analyses.

Table 3. Convergence features of the numerical approach and comparison of the first ten natural
frequencies (Hz) with the semi-analytical solutions provided by Reddy [23] for a simply-supported
thin plate with a through-the-thickness uniform distribution of the reinforcing fibers. CLPT: classical

laminated plate theory.
4 Elements 16 Elements 64 Elements 256 Elements
Mode  CLPT Ref. [23] Niofs=125 Niofs=405 Niofs=1445 Niofs=5445
1 43.9262 44.4153 43.9592 43.9284 43.9265
2 123.1041 135.1515 124.3804 123.1900 123.1096
3 123.1041 135.1515 124.3804 123.1901 123.1096
4 175.6547 192.6267 177.6096 175.7865 175.6632
5 265.0021 505.8042 278.5590 265.9668 265.0653
6 265.0021 505.8084 278.5590 265.9668 265.0653
7 300.0618 533.0928 313.2389 300.9965 300.1230
8 300.0618 533.0928 313.2389 300.9965 300.1230
9 395.0350 751.5685 415.3231 396.4841 395.1299
10 465.3946 838.4999 515.4317 470.6168 465.7466

Table 4. Convergence features of the numerical approach and comparison of the first ten natural
frequencies (Hz) with the semi-analytical solutions provided by Reddy [23] for a simply-supported
thick plate with a through-the-thickness uniform distribution of the reinforcing fibers. FSDT: first-order
shear deformation theory.

4 Elements 16 Elements 64 Elements 256 Elements
Mode  FSDT Ref. [23] Niofs=125 Niofs=405 Niofs=1445 Niofs=5445
1 397.3772 400.9285 397.6161 397.3928 397.3782
2 939.4637 987.3930 946.0547 939.9116 939.4924
3 939.4637 987.3930 946.0547 939.9116 939.4924
4 1285.7309 1295.8113 1293.1889 1286.2465 1285.7646
5 1640.7304 2202.4349 1687.2607 1644.1525 1640.9552
6 1640.7304 2219.9298 1687.2607 1644.1525 1640.9552
7 1869.3853 2219.9298 1905.9136 1872.1146 1869.5668
8 1869.3853 2224.7306 1905.9136 1872.1146 1869.5668
9 2313.9852 2486.7150 2349.5762 2316.8723 2314.1827
10 2372.3369 3354.9399 24429101 2385.5578 2373.2355

For completeness, the convergence features of the proposed approach are presented in graphical
form in Figure 4, where the relative error ¢, = f;;/ fuexact — 1 was computed for increasing values of the
degrees of freedom (Ny,fs). The graphs are presented in logarithmic scale. It can be observed that a
good convergence was reached for both thin and thick plates.
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Figure 4. Convergence graphs for thin (CLPT) and thick (FSDT) laminated plates in terms of natural
frequencies: (a) first frequency; (b) second frequency; (c) third frequency; (d) fourth frequency; (e) fifth
frequency; (f) sixth frequency.

3.2. Natural Frequency Analysis of Functionally Graded Orthotropic Plates

In this section, four different through-the-thickness fiber distributions are analyzed. These four
schemes, as well as the functions f(¥) employed in each layer, are summarized in Table 5. The layers
were numbered from the bottom to the top surface of the plate. As far as the mechanical and geometric
features of the plates are concerned, the same values of the previous section were used. Due to
the results of the convergence analyses, the plates were discretized by using ten finite elements
per side. The first fourteen natural frequencies of a simply-supported thin plate for the various
through-the-thickness distributions of the reinforcing fibers specified in Table 5 are presented in Table 6,
whereas Table 7 collects the same results for a simply-supported thick plate. Finally, the first six mode
shapes are also depicted in graphical form. In particular, Figure 5 presents the mode shapes related to
the thin plates, whereas the same results for the thick plates are shown in Figure 6. Note that the mode
shapes assumed different aspects by varying the through-the-thickness distributions of the fibers in the
four layers, keeping their orientation constant. Analogously, the values of natural frequencies were
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affected by the non-uniform distribution of the fibers along the thickness of the structures, for both
thin and thick configurations.

Table 5. Definition of the through-the-thickness distribution of the reinforcing fibers.

Scheme Layer 1 Layer 2 Layer 3 Layer 4
1 2 3 4
Scheme 1 L(Il’:)’ félé fl(%)) fb(lé
Scheme 2 f(() ) f(() f(() ) f(()
Scheme 3 f(l) f(z) f(3) f(4)
Scheme 4 Vl) 321; z:‘g 1)54)

Table 6. First fourteen natural frequencies (Hz) of a simply-supported thin plate for several
through-the-thickness distributions of the reinforcing fibers.

Mode Scheme 1 Scheme 2 Scheme 3 Scheme 4
1 43.9271 33.5339 35.0923 34.5204
2 123.1397 93.9281 97.6817 96.4943
3 123.1397 93.9281 97.6817 96.4994
4 175.7093 134.1367 140.3692 138.0894
5 265.4059 202.3576 209.7406 207.6677
6 265.4059 202.3576 209.7406 207.6780
7 300.4527 229.2791 239.2330 235.8151
8 300.4527 229.2791 239.2330 235.8250
9 395.6415 302.0350 316.0631 310.9587
10 467.6067 356.4637 368.9774 365.6794
11 467.6067 356.4637 368.9774 365.6944
12 494.2235 376.9847 392.0326 387.3268
13 494.2235 376.9847 392.0326 387.3477
14 565.8001 431.8446 451.1608 444.3823

Table 7. First fourteen natural frequencies (Hz) of a simply-supported thick plate for several through-the-
thickness distributions of the reinforcing fibers.

Mode Scheme 1 Scheme 2 Scheme 3 Scheme 4
1 397.3836 306.5341 318.4900 319.8942
2 939.6493 734.9017 753.9989 780.5089
3 939.6493 734.9017 753.9989 780.5337
4 1285.9465 1008.8635 1036.0206 1077.1948
5 1642.1651 1300.8952 1322.6235 1405.6371
6 1642.1651 1300.8952 1322.6235 1405.6638
7 1870.5349 1480.8980 1510.3561 1600.6668
8 1870.5349 1480.8980 1510.3561 1600.6865
9 2315.2138 1839.1055 1872.3302 1997.7076
10 2377.9654 1899.9655 1921.4452 2077.7168
11 2377.9654 1899.9655 1921.4452 2077.7322
12 2545.0693 2031.1334 2059.3510 2219.4198
13 2545.0693 2031.1334 2059.3510 2219.4394

14 2888.3228 2306.5360 2339.2521 2523.7454
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Figure 5. First six mode shapes for a simply-supported laminated thin plate with different fiber
distributions: (a) Scheme 1 (uniform); (b) Scheme 2; (¢) Scheme 3; (d) Scheme 4.
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Figure 6. First six mode shapes for a simply-supported laminated thick plate with different fiber
distributions: (a) Scheme 1 (uniform); (b) Scheme 2; (c) Scheme 3; (d) Scheme 4.
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4. Conclusions

A FE formulation was presented and implemented to investigate the natural frequencies of
functionally graded orthotropic thin and thick plates with cross-ply layups. The layers of the structures
were modeled as fiber-reinforced materials with orthotropic features. The fibers were characterized
by a gradual variation of their volume fraction along the thickness of the plates. Toward this aim,
several functions depending on the thickness coordinate were introduced. Their effects on the
free vibrations were discussed. The research proved that the natural frequencies, as well as the
corresponding mode shapes, were affected by the non-uniform placement of the fibers in the thickness
direction. In particular, the dynamic response of laminated plates could be changed by varying the
through-the-thickness distributions of the volume fraction of the reinforcing fibers, keeping the fiber
orientation and the thickness of the various layers constant. The same considerations were deduced
for thin and thick plates.
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Appendix A

The following definitions are required to compute the terms of the element stiffness matrix K(¢)

introduced in Equation (31). Recall that the operator at issue is symmetrical. The submatrices Ki(;) for
i,j=1,2,...,5 assume the following aspects:

Ki = ff(Ba{(Alle + AléBy) + B;(Ame + A66By))dxdy
Xy

Kua = [ f (BE(A12By + AsgB) + B} (AagBy + AcsB) iy
xy

Ki3 =0 (A1)
Ky = ff(Bz(Blle + B16By) + B;(Bme + B66By))dxdy
Xy
Kis = ff(Bz(B12By + BléBx) + B§<BZ6By + B66Bx))dxdy
Xy
Ko = Kfz
Kz = ff(Bg(AﬂBy + A26BX) + BZ(A%By + A66Bx))dxdy
Xy
Ko =0 (A2)
Koy = ff(Bg(Bqu + B26By) + B£<3163x + BééBy))dxdy
Xy
Kos = ff(Bg(BZZBy + BZéBx) + B£<stBy + B66Bx))dxdy
Xy
K1 = K1T3
o K
Kas = [ [ (BI(<AwBx + kAssBy) + BJ (cAssBx + kAssBy ) Jdxdy
| (A3)

y
Kz = ff(BI(KA44N) + B§<KA45ﬁ))dxdy
x

y
Kss = ff(Bz(KA@N) + B§<KA55E))dxdy
xy
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Ky = K1T4

Ky = K;;L

Ky = K?EL

K44 = ff(BZ(DllBJe( + D16By) + B;(D16Bx + D66By))dxdy + ffﬁTKA44Ndxd]/ (A4)
xy Xy

K45 = ff(BI(Dlsz + D16Bx) + B;(D%By + D66Bx))dxdy + ffﬁTKA45Ndxdy
Xy Xy

Ks1 = K1T5

Ksp = K2§5

Kss = Ky A5

Koy 1 (A5)

K55 = ff(B;(Dzsz + Dz(,Bx) + BI(D%By + D66Bx))dxdy + ffﬁTKA55ﬁdxdy
Xy Xy

Analogously, the following definitions are needed to evaluate the terms of the element mass
matrix M(©) introduced in Equation (32), which also turns out to be symmetrical. The submatrices

M@, fori,j=1,2,...,5 assume the following aspects:
B

M11 = ffNTIoﬁdxdy
Xy

T — (A6)
M14 = ffNTllNdxdy
Xy
M22 = ffNTIoﬁdxdy
T (A7)
Mys = [ [N'Ndxdy
Xy
M33 = ffNTloﬁdxdy (A8)
Xy
My = Mﬂ .
M44 = ffﬁ Izﬁdxd]/ (A9)
Xy
Ms; = M), .
M55 = ffﬁ Izﬁdxdy (AlO)
Xy
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