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Abstract: This paper develops a two-scale asymptotic homogenization method for periodic composite
Kirchhoff plates. In this method, a three-dimensional (3D) periodic plate problem is simplified as a
Kirchhoff plate problem, which is governed by a fourth-order uniformly elliptic partial differential
equation (PDE) with periodically oscillating coefficients. Then, a two-scale solution in an asymptotic
expansion form is presented for the PDE, and it is found that the first-order perturbed displacement
in the asymptotic solution is zero. Additionally, periodic boundary and normalization constraint
conditions are proposed to determine the unique solution to unit cell problems. Moreover, standard
finite element formulations for calculating the perturbed displacements are derived from the principle
of virtual work. Physical interpretations of the influence functions are presented by analyzing the
properties of self-balanced quasi-load vectors used for solving the influence functions. Numerical
comparisons show that the present method is physically acceptable and highly accurate.

Keywords: composite plate; asymptotic homogenization method; unit cell problem; physical

interpretation

1. Introduction

The development of modern technology is inseparable from composite materials.
Composite material structures have been extensively used in various engineering fields
in the past few decades. However, the heterogeneity of microstructures brings high com-
putational costs to the modeling and simulation of composite structures. Since composite
structures have various scale characteristics in nature, multiscale homogenization methods
are an important tool for the analysis of composite structures from the point of view of
accuracy and efficiency.

In recent decades, many multiscale homogenization methods have been proposed to
deal with composite structures, such as the two-scale asymptotic homogenization method
(AHM) [1-3], the multiscale eigenelement method (MEM) [4-6], the heterogeneous mul-
tiscale method (HMM) [7,8], the variational asymptotic method (VAM) [9,10], and for
many other multiscale homogenization methods referred to [11,12] and the references cited
therein. Among the above numerical homogenization methods [1-10], the AHM [1-3]
is one of the most representative ones with a rigorous mathematical foundation and has
been widely used in the homogenization analysis of periodic composite structures for stat-
ics [13-18] and dynamics [19-22]. However, the AHM [1-3,13-22] was mainly confined to
coping with structural problems with omnidirectional periodicity, such as two-dimensional
(2D) plane or three-dimensional (3D) solid problems, where the governing equations are
second-order elliptic partial differential equations (PDEs) with periodically oscillating
coefficients. Whereas, studies about the transverse homogenization of composite plate
structures with only in-plane periodicity are still inadequate. A unique property of this
kind of problem is that the plates deform in the thickness direction, which is perpendicular
to the direction in which the periodicity exists. To realize the transverse homogenization
of periodic plates, we have to choose one of the plate theories, which are briefly reviewed
below, before reviewing the works related to the homogenization.
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The Kirchhoff plate theory [23] is the simplest plate theory in which only deflection is
the independent variable. Brunelle et al. [24] pointed out that the Kirchhoff plate theory is
not suitable for moderately thick plates or those with a large ratio of elastic modulus to
shear modulus, since the Kirchhoff plate theory ignores the transverse shear deformation.
To improve the accuracy of the Kirchhoff plate theory, Reissner and Mindlin et al. [25,26]
constructed the first-order shear plate theory by introducing two additional independent
angles to describe the transverse shear deformations, but it cannot capture warping de-
formation, so the shear correction coefficient was introduced to update shear stiffness.
Furthermore, several higher-order shear plate theories [27-34] were proposed by expand-
ing in-plane displacements into higher-order power functions of thickness coordinates,
one representative of which is the third-order shear deformation theory [32]. Additionally,
layer-wise theories [35-38] provide a powerful tool to simulate the stress distribution of
laminates, achieving higher accuracy compared with single-layer plate theories [39,40].

However, the existing plate theories [23-40] were developed for homogeneous plates
or laminated composite plates. For composite plate structures with periodic microstructures,
these plate theories cannot be used directly, and they should be used together with the
solutions of the unit cell problem to effectively fulfill the static and dynamic analyses of the
periodic plates.

To deal with periodic thin plate structures, some work focused on the simplification of
3D periodic thin plate problems to 2D homogenized Kirchhoff plate models in analytical
manners. Libove et al. [41] were one of the earliest researchers to investigate the homoge-
nized properties of sandwich plates and state that the sandwich panel can be transformed
into an equivalent homogeneous panel with elastic constants. Briassoulis et al. [42] held
that corrugated thin plates composed of anisotropic materials could be equivalent to ho-
mogenized orthotropic thin plates, and derived the analytical expressions of the effective
bending stiffnesses in accordance with force-distortion relationships. Richard et al. [43],
Samanta et al. [44], and Kress et al. [45] achieved the analytical results of effective stiffnesses
of sinusoidal, trapezoidal, and circular corrugated plates. Based on the principle of strain
energy equivalence, Xia et al. [46] established a homogenization-based analytical model
to obtain the explicit expressions of effective in-plane tensile stiffness and out-of-plane
bending stiffness for various sandwich plates. As for periodic moderately thick plate
structures, transverse shear effects cannot be neglected, so the Reissner-Mindlin plate
model should be considered in the process of stiffness predictions. According to the re-
lation between force and deformation, Libove et al. [41] derived the effective bending
stiffness and transverse shear stiffness of corrugated sandwich plates. Following the work
of Libove et al. [41], Lok et al. [47,48], Fung et al. [49-51], and Leekitwattana et al. [52]
derived the effective properties of some periodic, moderately thick plates in accordance
with force-distortion relationships.

However, the abovementioned analytical approaches [41-52] to effective constant
predictions may encounter difficulties when addressing periodic plates with complex
microstructures. Hence, numerical homogenization methods may be a necessary choice
in such situations. For composite plates with only in-plane periodic microstructures,
Nasution et al. [53] used the AHM to achieve the in-plane effective properties by relieving
the periodicity in the thickness direction. Nevertheless, the traditional AHM [1-3,13-22]
cannot well capture out-of-plane deformations produced by transverse loads due to few
or no repeated unit cells in the thickness direction. To achieve the out-of-plane effective
stiffnesses of periodic thin plates, some work [54-57] simplified 3D plate problems to
2D homogenized Kirchhoff plate problems by assuming the behaviors in the thickness
direction. However, these works [54-57] required the solution of complex 3D unit cell
problems and were difficult to achieve the micro deformations under real loads.

Different from previous work, the main purpose of this work is to develop a homog-
enization method for composite thin plates with in-plane periodicity by combining the
Kirchhoff plate theory with the two-scale AHM to predict the effective bending stiffness
and achieve two-scale displacements. To the author’s knowledge, few studies have been
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conducted on the homogenization of the 2D periodic Kirchhoff plate. Kolpakov [58] applied
the AHM to deal with the 2D inhomogeneous periodic plate with initial stresses. Recently,
Faraci et al. [59] held that the two-scale AHM could be used to analyze sufficiently thin
periodic plates based on the Kirchhoff plate theory, and the first two-order asymptotic solu-
tions were presented. However, the above references [58,59] did not involve the solutions
of higher perturbed terms or their physical interpretations.

In this work, we focus on the two-scale asymptotic solutions of 2D periodic Kirchhoff
plates. The main novel contributions to this work are listed as follows:

(1) The asymptotic expansion solutions of the fourth-order PDE with rapidly periodic
oscillating coefficients were presented, and the accuracy of high-order perturbed
terms was investigated quantitatively.

(2) Constraint conditions for the unit cell problem were given and elaborated physically.

(38) The influence functions were interpreted physically for a better understanding of the
two-scale AHM.

(4)  The explicit analytically homogenized stiffness for periodic plates with layered struc-
tures was presented.

The rest of this paper is organized as follows: In Section 2, a 3D periodic plate
problem is simplified as a 2D Kirchhoff plate model, and then the process of asymptotic
homogenization for the 2D Kirchhoff plate model is presented; Section 3 provides the
solutions for unit cell problems; in Section 4, the physical interpretations of influence
functions are presented; in Section 5, numerical experiments are conducted to verify the
proposed method; and conclusions are drawn in Section 6.

2. Asymptotic Homogenization of the Periodic Composite Plate

In this section, a 3D composite plate structure with in-plane periodicity is equivalent to a
2D composite plate according to the Kirchhoff plate theory, as shown in Figure 1. Then, the
two-scale asymptotic homogenization method is employed to solve the 2D periodic Kirchhoff
plate problem, i.e., a fourth-order elliptic PDE with periodically oscillating coefficients.
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Figure 1. 3D periodic plate and its corresponding 2D Kirchhoff plate. (a) 3D periodic plate with
multi-inclusion; (b) 2D periodic plate with multi-inclusion and its unit cell.
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2.1. Dimensional Reduction to Composite Kirchhoff Plates with in-Plane Periodicity

According to the assumption of Kirchhoff plate theory, the displacement field of the
plate for bending problems can be determined as:

e _ ow®

1/[1 = _x3aix%

us = —x39% 1
[

M3 = w

where uf (i = 1, 2, 3) are the spatial displacements, and w* denotes the transverse displace-
ment on the reference surface.
The elastic strain field can be evaluated from the displacement field as follows:

T 92wt 2wt 2wt 1T
N e — |y, 0twt o 0Twt
e=1[ & 1) = { B9 T8 2x3 axlaxJ 2)

where €] and &5 denote the tensile strains along the x; and x; directions, respectively; 71>
represents the shear strain of the plate.
The generalized strain vector x° is defined as:

T Pwt 0%w* Pwt 1T
£ __ s s € — | — — —
= [y Ky 26,] = [ ax2 a3 9x19x7 &)

where x{; and x5, respectively represent the bending curvatures around the x, and x; axes,
and «{, stands for the torsional curvature. From Equations (2) and (3), it shows that the
elastic strain field depends on the generalized strains as follows:

& = x3x° 4)

The constitutive equation has the form as

of = Ef¢f (5)
where .
of = [of, 05 of] (6)
The definitions of internal moments are
M = / x30°dxz = D¢ (7)
oh
where T
M= [Mil M3, Miz] ®)
Df = / 2Edxs )
oh

The equilibrium equations of an infinitesimal element of the plate with all the out-of-
plane forces and externally applied loads, as shown in Figure 2, take the forms as:

0Q1; | 9Q%

=23 =0i 10

1 + 9 +g=0inQ (10)
OMyy  OMy e

P v, Qi3 =0in O (11)
OMj,  IMy ,

_ — O 12

P + s Q5 =0in (12)

where both Qf; and Q5; denote the transverse shear forces along the x3, but they are
defined in the cross sections perpendicular to the x; and x;, respectively, as shown in
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Figure 2; () denotes the domain of a 2D plate. Combined with Equations (10)-(12), the
equilibrium equation of the Kirchhoff plate can be expressed as:

oMy in O (13)
ox;0x; q

where i, j as well as the following k and ! assume values 1 and 2. Note that the summation
convention is assumed for repeated indices throughout this paper. With Equation (7), the
equilibrium Equation (13) can be rewritten as:

e ( . Pur

dx;0x; \ ikl axk8x1> =qinQ 14

X3

aM§
M5, + —2dx;
- dx

s o OME 7
M + 50k

Figure 2. Forces acting on an infinitesimal element of the plate.

Here, ijkl denotes the bending stiffness tensor. For periodic Kirchhoff plates, ijkl
oscillates periodically in the plane, implying that the solution of Equation (14) is also
oscillating. Hence, the following is to employ the two-scale asymptotic homogenization
method to solve the fourth-order elliptic equation for periodic Kirchhoff plates.

2.2. Two-Scale Asymptotic Homogenization Method for 2D Periodic Kirchhoff Plates

Taking into account the small periodic configurations of Kirchhoff plates, this sub-
section first establishes a two-scale model with macroscopic variable x and microscopic
variable y =x/¢. Here, the small parameter ¢ is the separation scale, and x gives the position
of a point in (), while y denotes the position in a unit cell domain Y.

In the two-scale asymptotic homogenization method, the actual displacement w*, or
the solution of Equation (14), has an asymptotic expansion form with two scales as:

' (x) = wo(x) +ewi (x,y) +wa(x,y) +Ews(x,y) + - (15)

where wy(x) denotes the homogenized displacement; w,(x, y) (n =1, 2, - - -) represents
the perturbed displacements caused by the heterogeneity of microstructures.
Let ¥ = ¥(x, y) be a function depending on two scales and then we have:

x
€ — —
Pi(x) = ‘F(x, e) (16)
Note that oy - Loy
x x
=5 () o5, (%) (17)
02ye ¥ x\ 202/ x\ 1%/ «x
G =5 (v ) ¢ 9%y () *?W("';) (18)
Substituting Equation (18) into Equation (14) results in the following;:
1 2 1 2 N
gA0+gA1+€7A2+EA3+A4 w'(x) =gqin O (19)

where
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Ag = aylay] ( ijkl 9 jkay,>

Ap = ax By] ( ijkl Bykay;) + aylay] (ijkl%zyJ

Ay = ax % ( ikl aykay,) + 8y?;y] (Df]kz axizax,> + afaaZy] (ijklﬁzayJ (20)
Az = ax Bx] ( ijkl axkayl) + axlgy] ijkl ax%xl

Ay = ax dx; ( f]kl axkax,)

By substituting Equation (15) into Equation (19) and equating the power-like terms of
¢, a series of governing equations for unit cells are obtained as follows:

o(s—‘*) . Agwo =0 in Q 1)

0(5*3) . Agwy = —2A1wp in Q (22)

o(sfz) L Agws = —2A1w; — Aswy in Q (23)
o(sil) © Agws = —2A Wy — Aswy — 2A3wp in Q) (24)
O(1): Agwy =g —2A1w3 — Aywy — 2A3w1 — Agwp in Q (25)

O(e") 1 Agwpis = —2A1Wny3 — AoWyyp — 2A3W, 1 — Agwwy, (n>1) inQ (26)

from which the unknowns w,, can be determined successively. The spatial periodicity of
material configuration indicates the same periodicity for w,(x, y) (1 =0,1,2,---)inY
as follows:

wn(x, y) = wa(x, y+Y) (27)

With the in-plane periodicity of ijkl in y and Equation (27), one can find from
Equation (21) that wy is independent of y, showing the rationality of taking wy as the
homogenized term in Equation (15), that is wy = wp(x). Then Equation (22) can be simpli-
fied into the same form as Equation (21), as

Aowl =0inQ (28)

It follows from Equation (28) that w; can only be a linear function of y. However, ijkl
and wj are periodic in y, so one can infer that w; must be independent of y. Note that in
the asymptotic expansion expression (15), wy(x) represents the homogenized deformation,
while wy, (x, y) (n =1, 2, - --) denotes the perturbation displacements. Thus, we have
the following:

wi(x, y) =0 (29)

By substituting Equation (29) and wy into Equation (23), we have the governing
equation concerning w as:

82 e azZUQ 82 e asz .
Y9y (Dijkl aykayl> T Oyidy; (Dijkl axkaxl) n 0 (30)

The separation-of-variable method is employed to w, as follows:

82w0
0X;,,0X;,

w2 (¥ y) =xz" (y) (31)

where x7""" denotes the second-order influence function with symmetry on indices m and 7,
and we denote xo = [x3! x3* x3°] following the symmetry.
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By substituting Equation (31) into Equation (30), the governing equation for x5 is

obtained as follows:

2

2 (pe Px8") 0 Dy (32)
dyidy; \ M ydy, dyidy;

Similarly, w3 in Equation (24) can also be expressed in a separation-of-variable form
as follows:

w
_ mnp 0
w3(x, y) = T 33
3( 4 y) X3 (1/) axmaxnaxp ( )
where the third-order influence function x3 ' is governed by:
2 32 mnp 20D¢ 2, mn 2 mn
d ijk} X3 _ ipmn 20 Dfpk, o X2 - 20 (ijkp a)(z ) inY (34)
9yidy; YKy i 9Yi YKy 9yidy; Yk

which is obtained by combining Equations (24), (29), (31), and (33) and wy. Note that )(gmp
also has a symmetry on indices m and n, i.e., x3 = [)(%11 X321 AH X312 3% X%ZZ] following
the symmetry.

By integrating Equation (25) over the domain Y, one has

1

1
m/onwz;dY = m/y (g —2A1w3 — Aywy — 2A3w1 — Agwp)dY (35)

where |Y| is the area of a unit cell of a 2D plate. Following the periodicity of w, in
Equation (27), and with Equations (29) and (31) together, Equation (35) can be simplified

as follows:
axiax]' ijkl axkaxl

):qinQ (36)

where the homogenized stiffness Dzl'?kl is as shown:

pH _ 1y Dt ., + Dt LXIEI dy (37)
ijkl — |Y| Y ijkl ijmn aymayn

It follows from Equation (37) that DinIkl depends on the second-order derivative of X’ﬁl

and also the material distributions within the unit cell. The x4 can be obtained by solving
the unit cell problems with the proposed constraint conditions in Section 3. After that, the
homogenized solutions can be achieved with the obtained homogenized stiffness. Note
that the well-posedness and convergence of the homogenized solution to the fourth-order
PDE can be proved by the Lax-Milgram theorem and the two-scale convergence method,
refer to [60-63].

3. Solutions for Unit Cell Problems

In this section, constraint conditions are first proposed to determine influence func-
tions which are used to calculate the homogenized stiffness in Equation (37) and the
two-scale solution in Equation (15); then, the analytical homogenized stiffnesses are pre-
sented for periodic layered structures; finally, finite element formulations are provided for
unit cell problems.

3.1. Constraint Conditions for Unit Cell Problems

A key factor for obtaining the influence functions x, (1 = 2, 3) is to determine the
constraint conditions for unit cell problems (32) and (34). Since the perturbed term w, (x, y)
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(n=1,2,---)is periodic in Y, implying that x, (n = 2, 3) has the same periodicity in y
as follows:

Xnlav, = Xnlay,, (38)
Xnlay,. = Xnlay,,

where dY71 and 9Y, 4 respectively represent two pairs of periodic boundaries, as shown in

Figure 3:

oYy,

o%- ‘ Y1+

Figure 3. Periodic boundaries of a unit cell of a 2D plate.

Equation (38) implies the continuity conditions of the interface displacements. Like-
wise, to satisfy the continuity conditions of normal rotation angles, normal bending mo-
ments, as well as equivalent shear forces, another three periodic conditions concerning x
(n =2, 3) is required as follows:

%Xn — an
Y1 Y1
X _ Oxn
W2 |ay, W2 [ay,,

92
_ — __1NE Xn
Mt lay, = Mﬁ'l\ayHr My, = —Diyy

Y0
M M M - 0
22|3Y2_ - 22‘3Y2+’ 22 — _D22kl YAy
— _ Mp 2 Pxn 2 (pe P
VTS'E)Y], - V'fs\ayH/ Vi = Qs + a%;z - o (Dilkl aygay,> oy <D§2kl aygayl) (41)
_ _ h 9 9 Xn 20 9 Xn
Vasloy, = Vasloy,r Vi = Qi+ 52 = —5; <D§2kl 8}/kay1) ~ oy (Dizkz Tkay,)

It is worth noting that periodic boundary conditions (38) eliminate the rigid rotation
modes with respect to the ¥, and y; axes. In order to remove the remaining rigid translation
mode along the transverse direction, x, (n = 2, 3) is required to satisfy the following
normalization constraint condition:

1
i /Y xndY =0 42)

According to the Kirchhoff plate theory, C! continuity is supposed to be satisfied at
the interface of unit cells for the periodic plate, and thus, another two periodic conditions
are used to ensure the continuity of tangential rotation angles as follows:

aan — a)(n

a2 on, 43)
9xn — 9%n

W1 gy, M [ay,,

With the proposed constraint conditions (38)~(43), one can solve the unit cell problems (32)
and (34) by analytical methods for simple structures or by the finite element method (FEM) for
general structures. It is worth noting that the perturbed displacements w;, (n = 2, 3) are defined
as the products of the influence function x, and the corresponding n-th derivative of wy. Here,
Xn reflecting the inhomogeneity of unit cells, is the solution of the unit cell problems (32) and
(34), while wy is the homogenized (macroscopic) solution to the global problem (36) depending
on the obtained homogenized stiffness D?kl and the external load 4. As a result, only wy meets
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the boundary conditions of the plate, whereas w;, cannot in general due to the use of periodic
boundary conditions.

3.2. Analytical Homogenized Stiffnesses for Periodic Layered Plates

This section presents the analytical solution of homogenized stiffness for periodic
layered plates, where the material properties change only in the y; direction, refer to
Figure 4b as an example. Hence, ijkl is the function of y;, that is

Diiy(y1,y2) = Dijjy(y1) inY (44)
1 1 Inclusion
] Matrix
L,
Line A
[e——] a
a,/3
X, Y2 1
j—> X1 - M1 |
L a
(a) (b)

Figure 4. 2D periodic layered plate and its unit cell. (a) 2D periodic layered plate. (b) 2D unit cell.

Taking into account the constraint conditions (38)—(43) and the distribution of ijkl as
Equation (44), the solution of the cell problem (32) is assumed as a function of y;, and has
the following form:

X2 =x2(y1) inY (45)

By substituting Equation (45) into (32), the unit cell problem (32) becomes a fourth-
order ordinary differential equation as follows:

d2 dZan dZDs )
s (o ) =~y 4o
1 1 1

Inserting Equation (45) into Equation (37) results in:
1 d2 Xkl
H 2
Dijy = M/Y (ijkz + Diin & dy (47)

Thus, the homogenized stiffness can be achieved if d* x5!/ dy? is determined. With the
periodic conditions (39) and (40), d? X’él / dy% can be obtained from Equation (46), as

dZan 1 D¢ /De ]
E % = = < 131811 _%111> — D&y inY (48)
Y1 1111 < 1111 >

where (-) = ‘17| fy -dY.
By substituting Equation (48) into Equation (47), one can obtain the explicit expressions
of D}}Ikl as:
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Dfiy; = <Di11171>71

H _ /Duyp e —1\71
Diin = Dim <D1111 >
D _1\—1
D = iﬁ (Din 1)
DH = — D2211 Dilzz <D£ 71>*1 + { Dt _ Dy Diyp (49)
2222 — ;111 ;111 1111 2222 1
H D2211 D1112 e -1 Doo11 Dt
Dyrin = yn glll <D1111 > + D2212 t1
D D Dj,, D
DH _— [Zin 112 \(pe. - —1 + (Dt 12111112
1212 Di;1; Di11 < 111 > 1212 7 Df

It can be seen from Equation (49) that Dll-?kl depends on the proportions of materials of
layered structures in a highly nonlinear way.

3.3. Finite Element Formulations for Solving Unit Cell Problems

This section aims to provide the finite element formulations of the boundary value
problems for x, and x3. The Lagrange multiplier method [64] was used to consider the
normalization constraint condition (42), and the master-slave method [65] was employed
to deal with the periodic boundary conditions (38), (39) and (43).

It follows from the governing equations of x, and x3 in Equations (32) and (34) that the
right-side terms are actually self-balanced quasi-loads depending on the material constants.
According to the principle of virtual work and the Lagrange multiplier method, the unit cell
problems (32) and (34) with the normalization constraint condition (42) can be respectively
written as:

%X 925 x 925
pe, S X2 2dY+/Df IO gy 4 A /5 dY+6A/ "dy =0 (50
/;( ijkl aylay] aykayl ijmn ay ay X2 2 X (50)

2P 25 9dx3 985 02U 28)x, oy
E A3 3 € € “UA3 2 € - "A3 2
Jy Diju oy, o AY + [y (2D 53> — 2D5p 5> aycdu + 25y iy, ) dY

+A5"7 [y 5x5dY +8As [y x5 PdY =0

(51)

where A" and A" denote the Lagrange multipliers.
Considering the symmetric property of ijkl and the arbitrariness of the virtual dis-

placements 02 and 83, Equations (50) and (51) can be respectively discretized in matrix

form as: T
K C'[X]  [R
e ol -[¢] )
K C'[X3] [F;
e SJ[]-19] )
where
K=Y / BIDB,dY (54)
e=1"Y*
c=) s NdY (55)
X =Y X5, X3=) X§ (56)
e=1 e=1
A= [AML A2 ALY (57)
/\3 — [A;’ll /\%21 /\%21 /\%12 /\522 /\:1322] (58)
F,=-Y" | BID'dY (59)
e=1 Ye

P = ; /Y e (23{ DS +2BT [D§BoXS DB, XS] — 2B] [DSB; XS D;leg})dy (60)



Aerospace 2022, 9, 751

11 of 26

N
2
o a
Bi= || Bo=| 53 (61)
by 2
9xz 20°N
axlaxz
&€ & € € &€ &€
D = { Dijyn Diiy Ding Dioiy Dl Diopp } (62)
t) & € € &€ &€
Din1 Dizy Dina Dy Dy Do
&€ € € € &€ &
D§ = [ Di1 Diip Dinng } D = { Diziy Dizgy Diop } (63)
& € € el £ Il
Dis1 Dixmy Dip D311 Dioy Dippp
€ &€ & €
. D%m D%nz . D%nz Dglzz
Dy = | Dy Dy | Ds= | Dy Doy (64)
€ &€ € €
Dis1 Diop Disn  Dimy

where K denotes the global stiffness matrix of the microscopic unit cell model; Y* is the
domain of the element e in the unit cell model; N represents the shape function row vector;
F, and Fj3 stand for the second-order and third-order quasi-load matrices, respectively.
Since the node parameters of the plate elements contain deflection and two rotation
angles, the periodic conditions (38), (39) and (43) can be implemented by the master-
slave method to make the node parameters (X, 0x»/0y1,0xn/0y2) for n = 2, 3 on slave
boundaries be identical to those on the corresponding master boundaries. Then, the nodal
degrees of freedom on the slave boundaries are eliminated by applying the multifreedom
constraints such that
X, = TX, (65)

X; = TX; (66)

where T represents the transformation matrix. By inserting Equations (65) and (66) into
Equations (52) and (53), one has

T'KT T'C'|[X,] [T'F,
NS )
T'KT T'C'|[X3]  [T'F3
N )

By solving Equations (67) and (68) in conjunction with Equations (65) and (66), X, and
X3 are finally achieved. With the obtained X, and Equation (37), the numerical result of the
homogenized stiffness matrix of a periodic Kirchhoff plate is achieved as follows:

1
DH — m; /Y (D + DByX5)dY (69)

Then for a static problem (14) of the periodic plate, one can easily figure out the
homogenized solution by using the finite element methods. For clarity, the finite element
formulations for this problem are given as follows:

Kiw, = FH (70)
where
K=Y / BIDMB,dO (71)
e=1 Qe
Fl=-y / NTgdQ (72)
=170

Wo= Y W (73)
e=1
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where K and F!! denote the global stiffness matrix and global load vector of the macro-
scopic plate model, respectively; W, represents the element nodal displacement vector; ()°
is the domain of the plate element e.

After solving W from Equation (70), the asymptotic solution perturbed to the third
order in the plate element e can be determined in a matrix form as follows:

ws = NW§ + €2 (NX5) " Ba WS + 3 (NX5) T Bs W (74)

where

9°N/0x3

93N /9x10x3
203N/ ax%axz
9’N/ ax§ax2
°N/ axg
20°N/0x; ax%

(75)

It follows from Equation (74) that the accuracy of the asymptotic solutions depends
on the accuracy of the homogenized displacements and their derivatives if the unit cell
problems are solved accurately.

Here, a new method is introduced for calculating higher-order derivatives of the
homogenized displacements whose order is beyond the order of the shape functions.

Without loss of generality, take an example of the four-node rectangular element with
nodal parameters (w;,, 0Wy,/dxy, —0Wy,/0dx1) (n =1 ~ 4), denoted as ACM12. The form
of Wj containing twelve nodal parameters is as follows:

e e e e
oWy, _me 0wy, _8w04

T = e .. €
(Wo)" = |@or, o o B Ty (76)
According to the property of the shape function N, one has
Wo, = N(x,)Wj (77)
owg,  ON(x,)
E)xz - axz Wg (78)
owg,  ON(xy)
axl - 8x1 W8 (79)

where N(x,,) represents N| _ ., and the same interpretations are also true for other similar
expressions. Substituting Equations (77)—(79) into Equation (76) results in:

(W) = [N wp, Dy, N

5 sz 5 8x1 (80)
N, N
N Wy, Biwg, — e w |
Then, the first-order derivative of w{, can be computed by:
Jwy  ON
= —Wj 1
axl- axi 0 (8 )
7 o W
“o 0
=N 2
axi E)xi (8 )
where

aWwi\T  TaN(x) PN(x;) PN(x;)
( ax,p) = |: axil Wg’ axiaxlz WS’ - ax,-axll Wg’ B (83)

E)N(x4) E)zN(x4) aZN(JC4)
aX,‘ WB’ ax,-axz WS’ - axiaxl WS
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Note that above 0Wj /dx; is not the direct derivative of the node displacement vector,
but the column vector of the nodal displacement partial derivative concerning x;. The same
interpretations are also true for the following higher-order terms in Equations (84)—(86).

oIWg .
— yields:
ax].

Replacing W in Equation (81) by

Wi \T _ [aN(x) 0 'Wg @N(x) @ 'W5  BN(x) 9 IWE
axi - axi ax}'*l 4 ax,’aXZ ax/r_*l 4 axiaxl ax’f*l 4 4

84
ON(xy) W 92N(xy) 9 "Wy 3°N(xy) 9 "W (®4)
0x; axjf*1 7 0x;0x ax;f*l 7 0x0x ax]H
Here, if r = 0, we define
J'W§
0 _

1

By using Equations (82)—(85), one can calculate any high-order derivatives of w{, by:

Iwh _ ONITIWG (86)
ax; axi ax;_l

4. Physical Interpretation of AHM

For a better understanding of the present work, this section aims to interpret the AHM
for plates from a physical point of view. In the AHM, the actual (or two-scale) displacements
are the superposition of homogenized displacement wy and the perturbed displacements
wy (x, y), which are the products of x, and the n-th derivatives of wy. Therefore, the
physical interpretation [17] of the AHM is essentially equivalent to that of the influence
function x;, or more specifically, the quasi-load F;, for solving x.

It can be seen from the unit cell problems (32) and (34) as well as their finite element
formulations (59) and (60) that F,, (n = 2, 3) completely depend on the material constants
and also the microstructure of the unit cell. In other words, F;, independent of external
forces, are caused by the inhomogeneity of the unit cells. Hence, F, is called quasi-load
in the present work, and its values are zero for homogenized structures. Note that F;, is
self-balanced in a unit cell, implying the zero mean value of F,, in Y.

For clarity, a unit cell with a single inclusion, as shown in Figure 5, is used to demon-
strate the physical interpretation of the AHM. The unit cell is 1 cm in height, and its
in-plane size is a1 X a; = 3 cm X 3 cm with a square inclusion at its center. Both the matrix
and the inclusion are isotropic, with the same Poisson’s ratio of 0.3, and Young’s moduli
Ey = 10 GPa for inclusion and Ep; = 100 GPa for the matrix, respectively. The unit cell is
modeled by 15 x 15 four-node cubic Hermite rectangular elements here.

IHZ/B a,
a,/3

2
hgt h -
T

a,

[ Inclusion
I Mmatix

4

Figure 5. 2D unit cell with single inclusion.

Figures 6 and 7, respectively, present the diagrams of each column of F, and F3, where
Q3 denotes the nodal shear forces along the thickness direction, M, and Mi; represent the
nodal bending moments around the y; and y, axes, respectively. Some conclusions can be
drawn from Figures 6 and 7, as follows:
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(b)

(0

Figure 6. Diagrams of the three columns of F, for the unit cell with single inclusion. (a) mn = 11;
(b) mn = 22; (c) mn = 12.

@ (b)

(0) (d)

Figure 7. Cont.
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(e) )

Figure 7. Diagrams of the six columns of F3 for the unit cell with single inclusion. (a) mnp = 111;
(b) mnp = 221; (c) mnp = 121; (d) mnp = 112; (e) mnp = 222; (f) mnp = 122.

(1) The quasi-shear forces are zero for F;! and F52, and the quasi-bending moments for
F}? is equal to zero. Compared with F,, F3 has nonzero quasi-bending moments and
nonzero quasi-shear forces, and their distributions are more complex than those of F5.

(2) F,is self-balanced in the unit cell, and has nonzero values only at the interfaces of
the matrix and inclusion as well as the boundaries, implying that F, is caused by
the discontinuities of materials. Additionally, the simple distributions of F» shows
that F; is the most fundamental quasi-load reflecting the inhomogeneity of unit cells,
implying that w, is the primary perturbed term. Since F3 at all nodes is not zero,
F5 captures more microscopic information compared with F,. In general, the AHM
perturbed to the third order is accurate enough.

(3) The unit of F, is N-m, demonstrating that F, behaves as a moment. In fact, the first two
columns of F, are the quasi-bending moments caused by the unit bending curvatures
around the ¥, and y; axes, and the third column of F, denotes the quasi-torsional
moment attributable to the unit torsional strain. Accordingly, x» represent three
fundamental deformations caused by F,. Since w, is the product of x, and the second
derivative of wy, see Equation (31), thus, the second derivative of wy acts as the modal
coordinates in the superposition method.

(4)  The unit of F3 is N-m?. Since the six columns of F; are independent, thus, x3 denotes
six independent microscopic deformations accordingly, and the third derivative of wy
acts as the modal coordinates.

5. Numerical Examples

This section uses several dynamic and static problems of periodic composite plates with
different boundary conditions to illustrate the validity and accuracy of the present method.

5.1. Free Vibrations

Two free vibration problems are employed to show the accuracy of the present homog-
enized elastic constants and the applicability of the Kirchhoff plate theory in the analysis of
periodic composite thin plates. For comparison, the 3D FEM results are taken as reference
solutions, which are obtained with ABAQUS, and the twenty-node quadratic hexahedral
element (C3D20R) is employed. The ACM12 element is used for 2D plates and also unit
cell problems.

Example 1: Free Vibration of a CCCC Single-Layer Periodic Plate

Consider a fully clamped single-layer plate with a size of L; X Ly X h = 30 cm X
30 cm x 1 cm, as shown in Figure 8. The plate with in-plane periodicity consists of two
isotropic materials, where Young’s moduli and Poisson’s ratio of the matrix and soft
inclusion are the same as those in Section 4, and the mass densities are p; = 1142 kg/m?
and py; = 2774 kg/m3, respectively.
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\// Th
X T ‘ .
= I~
\ I \
(a) (©

Figure 8. Single-layer periodic plate and its unit cell. (a) 2D periodic plate with single inclusion;
(b) 2D unit cell; (c) 3D representative unit cell.

According to Equation (9), one can obtain the stiffness matrix of the inclusion and the

matrix as follows.
9.1575 2.7473 0

Df = (27473 91575 0 | x10°N-m (87)
0 0  3.2051
9.1575 2.7473 0
Di; = |27473 91575 0 | x10°N-m (88)
0 0  3.2051

In this case, the 2D unit cell model is divided into 30 x 30 ACM12 elements. Figures 9 and 10
present the deformations of the x> and x3 of the periodic plate, respectively. It can be seen that x3
captures more microscopic properties compared to x2, refer to the interpretations in Section 4.

: X
R SR

X 0%
S "l,/ /7

AN
RO KR XK »«iiﬁﬁl’il)‘A IR
RS2 SRR " s S
) N " NNy, - S /M \\ NS5
\ e R LR,
2 Z o SN / 2
| N W
Bl
2 . et S
2 G ,
B 2
¥, (em) ‘\\\ /‘/

Figure 9. Second-order influence function x; of the CCCC single-layer periodic plate. (a) mn = 11;
(b) mn = 22; (c) mn = 12.

The homogenized stiffness matrix D' can be obtained by Equation (69) as:

74706 1.8731 0
D= 18731 74706 0 | x10°N-m (89)
0 0 28352

The homogenized density p!! is determined by the volume average of both materials
over the 3D unit cell domain V as:

oH = |17| / pdV = 2.5927 x 10°kg/m’ (90)
1%
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Figure 10. Third-order influence function x3 of the CCCC single-layer periodic plate. (a) mnp = 111;
(b) mnp = 221; (c) mnp = 121; (d) mnp = 112; (e) mnp = 222; (f) mnp = 122.

Tables 1 and 2 show the first five-order natural frequencies and mode shapes, respec-
tively, where relative error = (other method—3D FEM)/3D FEM x 100%. Hereinafter,
‘HOM'’ represents the homogenized results obtained by the AHM, ‘3D FEM’ stands for
the reference results via ABAQUS, and ‘2D FEM’ denotes the FEM’s results based on the
Kirchhoff plate theory. The 3D periodic plate is modeled by 24,300 C3D20R elements, while
the 2D periodic and homogenized plate models are discretized by 22,500 and 400 ACM12
elements, respectively. It can be seen that the homogenized eigen solutions based on the
Kirchhoff plate theory agree well with the 2D and 3D FEM’s results.

Table 1. First five-order natural frequencies of the CCCC single-layer periodic plate.

Order Frequency/Hz (Relative Error)

3D FEM 2D FEM HOM
1 1.0610 x 103 1.0861 x 10® (2.36%)  1.0787 x 103 (1.67%)
2 2.1466 x 103 2.2181 x 10% (3.33%)  2.1981 x 10® (2.40%)
3 2.1466 x 103 2.2181 x 10% (3.33%)  2.1981 x 10® (2.40%)
4 3.1377 x 103 3.2773 x 10% (4.45%)  3.2296 x 103 (2.93%)
5 3.8046 x 10° 3.9821 x 10% (4.67%)  3.9392 x 103 (3.54%)

Table 2. First five-order mode shapes of the CCCC single-layer periodic plate.

Order

3D FEM

HOM




Aerospace 2022, 9, 751

18 of 26

Table 2. Cont.

Order 3D FEM HOM

@ <

e -

6.
i

Example 2: Free vibration of an SSSS four-layer periodic plate

Consider a four-layer periodic plate with a size L1 X Lp x h =30 cm x 30 cm x 1 cm.
The plate consists of 10 x 10 unit cells with a size 47 X ap = 3 cm X 3 ¢cm, as shown in
Figure 1. Material properties are listed as follows:

Inclusion: Young’s modulus E; = 10 GPa; Poisson’s ratio vy = 0.3; Density p; = 1958 kg/ m3.
Matrix: Young’s modulus Eyy = 100GPa; Poisson’s ratio vy = 0.3; Density
oM = 2366 kg/m3.

In accordance with Equation (9), one can obtain the stiffness matrix of materials 1 and
2 as follows:

1.9460 05838 0
Di = 05838 1.9460 O ]><103N-m 1)
0 0 06811
8.1273 24832 0
Di, = |2483%2 81273 0 ]><103N-m (92)
0 0  2.8446

In this case, the 2D unit cell is discretized into 30 x 30 ACM12 elements for achieving
X2, x3, and DY, of which:

45384 1.0667 0
DM = |1.0667 45384 0 | x10°N-m (93)

0 0 1.8528
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and p is calculated as:
1
H I3 3
= — [ 0fdV =2162kg/m 94
SV /Vp 8/ ©4)

To further validate the effective properties obtained by the AHM, the free vibration
problem of the fully simply supported (SSSS) plate is investigated. Tables 3 and 4 provide
the first five-order natural frequencies and the corresponding mode shapes, respectively,
where the 3D model consists of 352,800 C3D20R elements, and the 2D periodic and homog-
enized plates are discretized by 22,500 and 400 ACM12 elements, respectively.

Table 3. First five-order natural frequencies of the SSSS four-layer periodic plate.

Order Frequency/Hz (Relative Error)

3D FEM 2D FEM HOM
1 4.9631 x 102 5.0970 x 102 (2.70%) 5.1159 x 10% (3.08%)
2 1.2399 x 10° 1.2682 x 10 (2.28%) 1.2722 x 10® (2.61%)
3 1.2399 x 103 1.2682 x 10 (2.28%) 1.2722 x 10® (2.61%)
4 1.9512 x 103 2.0382 x 10% (4.46%) 2.0389 x 103 (4.49%)
5 2.4534 x 103 2.5262 x 103 (2.97%) 2.5349 x 103 (3.32%)

Table 4. First five order mode shapes of the SSSS four-layer periodic plate.

Order
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It can be observed from Table 3 that the frequencies of the 2D models (2D FEM and
HOM) match well with those of the 3D models. Additionally, the first five-order mode
shapes of the 2D and 3D models shown in Table 4 agree well, implying that the Kirchhoff
plate theory is physically suitable for describing the transverse deformation of periodic
composite thin plates. Hence, in the following static problems, the 2D FEM displacements
obtained with ACM12 elements are regarded as the reference to validate the accuracy of
the AHM.

5.2. Static Problems

Two static problems are investigated to further show the accuracy of the homogenized
elastic constants and the importance of higher-order perturbed terms in the two-scale
asymptotic solutions. In all comparisons, ‘FEM’ represents the referenced results achieved
by 2D FEM based on the Kirchhoff plate theory, and ‘AHM?2" and ‘AHM3’ denote the AHM’s
results perturbed up to the second and third orders, respectively. For easier comparison,
nodes by nodes, wy and its derivatives are calculated with the same fine grids as those
for obtaining referenced solutions or FEM’s solutions with fine meshes, but wy and the
derivatives with the same accuracy can be obtained with coarse grids. Additionally, in
order to evaluate the accuracy of the AHM's results for different orders, a dimensionless
residual sum of squares (DRSS) is defined as:

V/ Joo (AHM — Ref)%d0

DRSS = maxgq (Ref)

(95)

Example 3: Static problem of a CFCF periodic layered plate

This example considers the static problem of the periodic layered plate as shown in
Figure 4, whose material properties remain constant in the x; direction. This layered plate
has two clamped opposite sides (x; = 0 cm and x; = 30 cm) and the other two sides
are free, denoted by CFCF here. In addition, this plate shares the same size and material
parameters as those in Example 1.

The 2D unit cell of 3 cm x 3 cm is also divided into 30 x 30 ACM12 elements.

Figures 11 and 12 present x» and )3 of the periodic layered plate, where x12, x1?!, x112,

and X222 are zero. It follows from Figures 11 and 12 that x» and x3 are independent of v,
which is consistent with Equation (45).

\\\\\\

[
\\\\\\\\\\\\\\\\ 7
\ LA
\\\\\\\\\\\\\\\\\\:\\\\\ i

! (m?)
\“:3 (m?)

\\\\
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\\\\
WY

iy
Uiyl
I{,I,III{/II/I;;I,;/I””'II
N \\\\\

7, (cm)

Figure 11. Second-order influence function x» of the CFCF periodic layered plate. (a) mn = 11;
(b) mn = 22.
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Figure 12. Third-order influence function x3 of the CFCF periodic layered plate. (a) mnp = 111;
(b) mnp = 221; (c) mnp = 122.

After achieving x>, D' is obtained with Equation (37), as:

22894 0.6868 0
D" = 06868 60394 0 | x10®°N-m (96)
0 0 22436

Note that D! in Equation (96) is completely the same as the analytical result obtained
with Equation (49). Here, the CFCF layered plate is subjected to a uniform transversely
distributed load g = 10° N/m?. Figure 13 compares the deflection w and its derivative
dw/0dx; of Line A, and dw/dx; is not considered because of the symmetry of the load
distribution and structural configuration. Hereinafter, the error in comparisons is defined
as follows:

(AHM — Ref)
max iy, (Ref)

Error =

(97)

Error (%)

Error (%)

(c) (d)

Figure 13. Deformations of the CFCF periodic layered plate along Line A. (a) w; (b) Error of w;
(c) ow/9xq; (d) Error of 0w /0dx.
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It can be seen from Figure 13 that w and ow/dx; of the AHM match well with the
referenced results. Additionally, it can also be observed from Figure 13 that the results of
both AHM2 and AHM3 do not satisfy the displacement boundary conditions, since the
influence functions are solved with periodic boundary conditions rather than the plate
boundary conditions. In order to evaluate the global accuracy of the AHM'’s results, Table 5
compares the DRSS of w and dw/dx;. It can be concluded from Table 5 that there are no
significant differences between w achieved by the HOM, AHM?2, and AHMS3, but apparently,
the higher the perturbation order, the higher the accuracy of dw/dx;. This is because higher-
order perturbation terms can capture more information about microstructures, thus, AHM2
and AHM3 can achieve more accurate results than HOM.

Table 5. DRSS for the CFCF periodic layered plate.

Perturbed Terms w ow/oxy
HOM 2.6404 10.0475
AHM2 2.5986 2.7112
AHM3 2.6003 1.4978

Example 4: Static problem of an SFSF four-layer periodic plate

This example shows the static behavior of the SFSF four-layer periodic plate with two
opposite edges (x; = 0 and x = L) simply supported and the other two edges free, see
Figure 1, of which the free vibration has been discussed in Example 2. Here, the plate is
subjected to a distributed load g = 107 sin(3mx; /L) sin(47x, / Ly)N/m?.

Figures 14 and 15 compare the displacements along Line A and Line B, respectively.
Table 6 shows the DRSS results for w, dw/dx; and dw/9dx, up to different orders. The same
conclusions as those in Example 3 can be achieved. It follows from Figures 14 and 15 and
Table 6 that the results of AHM2 and AHMB3 match better than the homogenized solutions,
especially for the rotation angles (dw/9dx; and dw/9dx,). In addition, it is worth noting that
as the power of the external distributed load function increases, the deformations of the
plate become more complex, and thus, the second-order or even higher-order perturbed
displacements are more necessary for ensuring accuracy.

x10* .
34

—Oo— HOM
—— AHMZ2|
[—4— AHM3|

Error (%)

x10? -
1.5 16

Error (%)

[—4— AHM3|

Figure 14. Cont.
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Figure 14. Deformations of the SFSF plate along Line A. (a) w; (b) Error of w; (c) 0w /dxy; (d) Error of
ow/9dxy; (e) dw/dxq; (f) Error of dw/dxy.
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Figure 15. Deformations of the SFSF plate along Line B. (a) w; (b) Error of w; (c) ow/0dxy; (d) Error of
dw/dxy; (e) dw/dxq; (f) Error of ow/0dxq.
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Table 6. DRSS for the SFSF four-layer periodic plate.

Perturbed Terms w dw/dx; dw/dxy
HOM 0.6897 4.1701 2.5050
AHM?2 0.5457 2.0187 1.8187
AHM3 0.5603 1.8169 1.6351

6. Conclusions

This paper proposes a two-scale method by combining the Kirchhoff plate theory
with the two-scale asymptotic homogenization method to deal with the static and dynamic
problems of 3D periodic thin plates. In this work, the solutions of the fourth-order elliptic
PDE with periodically oscillating coefficients were given in an asymptotic expansion form,
where perturbed terms were the multiplications of influence functions and the derivatives
of homogenized displacements. To determine the influence functions from the unit cell
problems, periodic boundary and normalization constraint conditions were given and
elaborated physically.

It was found that the first-order perturbed term of the asymptotic expansion solution
of the fourth-order PDE with periodically oscillating coefficients should be zero. The
reason for this phenomenon is that the first-order perturbed terms cannot reflect the
microdeformations. In addition, with the physical interpretation of the AHM, it was shown
that the second-order influence functions are the fundamental terms for capturing the
microscopic information, since the second-order quasi-loads for solving the second-order
influence functions are simple line loads, with nonzero values only along the interfaces of
matrices and inclusions as well as boundaries.

Finally, the free vibrations and static problems of several periodic composite plates
with different boundary conditions were investigated to validate the effectiveness of the
proposed method, showing that the present AHM’s solutions are meaningful and physically
acceptable. Additionally, it has been shown that homogenized displacements play a
significant part in the prediction of microscale solutions and that second-order or even
higher-order perturbed displacements are necessary for achieving accurate rotation angles
for periodic plates. This work lays the foundation for the study of moderately thick
periodic plates.
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