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tive (CoFe;04) matrix forming magneto-electro-elastic or multiferroic smart composite. A
three-dimensional finite element model of such fiber reinforced magneto-electro-elastic
plates integrated with the active constrained layer damping patches is developed.
Influence of electro-elastic, magneto-elastic and electromagnetic coupled fields on the
FRMEE composite vibration has been studied. The Golla-Hughes-McTavish method in time domain is
Multiferroic composite employed for modeling a constrained viscoelastic layer of the active constrained layer
Active constrained layer damping (ACLD) damping treatment. The von Karman type nonlinear strain-displacement relations are
Geometrically nonlinear vibrations (GNV) incorporated for developing a three-dimensional finite element model. Effect of fiber vol-
ume fraction, fiber orientation and boundary conditions on the control of geometrically
nonlinear vibration of the fiber reinforced magneto-electro-elastic plates is investigated.
The performance of the active constrained layer damping treatment due to the variation
of piezoelectric fiber orientation angle in the 1-3 Piezoelectric constraining layer of the
active constrained layer damping treatment has also been emphasized.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

A novel class of multiphase composite made of ferroelectric material BaTiOs (barium titanate) and ferromagnetic material
CoFe,04 (cobalt ferrite) is generally called as multiferroic or Magneto-electro-elastic (MEE) composites. Because of the dis-
tinct prosperities, multiferroic composites have received significant attention in the field of micro-electro-mechanical sys-
tems (MEMS). The ability of MEE composites can be visualized as a process of transfer of energy among the magnetic
domain, mechanical domain and the electric domain exhibiting the coupling between electro-mechanical, magneto-
mechanical and electromagnetic fields. The superior properties of MEE composites may be utilized for various smart struc-
tural applications apart from aeronautical industries. Such as sensors, actuators, transducers, spintronics, micro-electro-
mechanical systems, ultrasonic image devices etc. Studies concerned with multiferroic effect and/or MEE structures have
been received more attention from the researchers. Pan [1] was the first to study the exact solutions MEE plates while
Pan and Heyliger [2] studied the free vibration analysis of MEE plates using modified Stroh formalism and propagator matrix
method. Buchanan [3] computed the natural frequencies of vibration for MEE layered infinite plate and compared with
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multiphase composite plates. Large deflection in thin flexible structures is an important factor which needs an extra care in
the design of thin flexible structure used in the aerospace, automotive, medical image devices and precision instruments.
Considerable research is being devoted to studying the large deflection of MEE plates recently. Xue et al. [4] proposed the
analytical solutions for the large-deflection model of rectangular MEE thin plate under the action of a transverse static
mechanical load. They observed that coupling effect on the deflection is negligible for the MEE plate made of different vol-
ume fractions of the piezoelectric and piezomagnetic phases. Sladek et al. [5] proposed the meshless local Petrov-Galerkin
method to analyze the large deformation of MEE thick plates under the static and time-harmonic mechanical load and sta-
tionary electromagnetic load. Alaimo et al. [6] proposed an equivalent single-layer model for the large deflection analysis of
multilayered MEE laminates by finite element (FE) method. Milazzo [7,8] analyzed the large deflection of MEE laminated
plates using von Karman stress function approach. Kattimani and Ray [9,10] studied the active control of large amplitude
vibrations of MEE plates and doubly curved shells using 1-3 piezoelectric composites. Chen and Yu [11] developed the geo-
metrically nonlinear multiphysics plate model and analyzed the MEE laminated composites by applying the variational
asymptotic method. Shooshtari and Razavi [12] studied the nonlinear vibration of a transversely isotropic simply supported
MEE thin plate based on the thin plate theory. Zhou and Zhu [13] used the third-order shear deformation theory to analyze
the vibration and bending of multiferroic rectangular plates. Geometrically nonlinear vibration analysis of multiferroic com-
posite plates and shells has been studied by Kattimani [14]. Further, effect aspect ratio on the nonlinear amplitude ratio and
central deflection has been investigated. The backbone curves depicting the nonlinearity in the multiferroic composite plates
and shells for different stacking sequence has been studied.

The magneto-electro-elastic effect in the composite can be obtained by combining the piezoelectric and the piezomag-
netic components either in a single layer with functionally graded materials or multilayered with a combination of piezo-
electric and piezomagnetic materials. In addition, the MEE effect can also be achieved by the piezoelectric fiber reinforced
in the piezomagnetic matrix [15]. Among the few materials which possess the piezoelectric/piezomagnetic properties, the
composite made of barium titanate (BaTiOs) and cobalt ferrite (CoFe;0,4) exhibit significantly high electromagnetic coupling
effect in comparison to individual constituents [16]. The MEE composite in which the substrate layer is composed of piezo-
electric/piezomagnetic fiber reinforced in the piezomagnetic/piezoelectric matrix is commonly referred as fiber-reinforced
magneto-electro-elastic (FRMEE) composites. If the fibers are made of a piezoelectric (BaTiO3) material, the matrix is piezo-
magnetic (CoFe,04) and vice versa. The effective material properties of such composites (FRMEE) are expressed by different
volume fractions of the piezoelectric constituent (BaTiO3) in FRMEE composites [17]. The micromechanics methods of deter-
mining the effective material properties of such composites have gained the remarkable attention of the researchers/scien
tist/engineers in recent years [18-22]. In addition, the behavior of the crack in the magneto-electro-elastic medium has been
studied by Wang and Mai [23]. Fracture analysis of cracked 2D planar and axiymmetric problems of magneto-electro-elastic
material is studied by Li et al. [24] using meshless local Petrov-Galerkin (MLPG) coupled with finite element method (FEM).

A structure can be made to possess a self-sensing and self-controlling capabilities by incorporating a very thin layer of
smart materials within the structure or bonded on the surface of the structure. It is due to the fact that the inherent property
of piezoelectric/piezomagnetic smart materials which exhibit electro-elastic or magneto-elastic coupling. The structures
integrated with such smart materials and showing a self-sensing and self-controlling capabilities are conventionally called
as smart structures or intelligent structures. It may be noted that the properties of monolithic piezoelectric materials can be
improved significantly by forming composite made with the piezoelectric fibers reinforced in an epoxy matrix. Such com-
posites are generally called as active damping piezoelectric composites. However, in order to enhance the controlling capa-
bility further, the active constrained layer damping (ACLD) treatment has been developed [25]. In a typical ACLD treatment,
the low stiff constrained viscoelastic layer is sandwiched between the substrate (host structure) and the 1-3 PZC active con-
straining layer to produce high shear deformation, resulting in improved damping characteristics. To improve the perfor-
mance of the piezoelectric materials to control the vibrations of structures, they are employed as constraining layer of
the ACLD treatment rather than directly attached to the host structures. Further, the ACLD treatment works as a passive con-
strained layer damping (PCLD) treatment in the absence of applied voltages. Thus, the ACLD treatment provides both passive
and active damping simultaneously when under operation [26,27]. In recent decades, a great deal of work has been carried
out on demonstration of the effectiveness of ACLD treatment for attenuating the vibrations of light-weight flexible structures
[28-35]. Ray et al. [34] experimentally and theoretically analyzed the ACLD of the cylindrical shell. Datta and Ray [36] devel-
oped a three-dimensional fractional derivative model for active constrained layer damping of composite plates. Kundalwal
and Ray [37] investigated the smart damping of fuzzy fiber-reinforced composite plates using ACLD. Lim et al. [38] developed
the closed loop finite element modeling of ACLD for time domain analysis.

In this paper, geometrically nonlinear vibration control of multiferroic fibrous composite plate i.e., piezoelectric (BaTiO5)
fiber reinforced magneto-electro-elastic (FRMEE) plate using the constrained layer damping has been investigated. The con-
strained viscoelastic layer of the ACLD treatment is modeled by using Golla-Hughes-McTavish (GHM) method in time
domain. Incorporating the von Karman type nonlinear strain-displacement relations and layer-wise shear deformation the-
ory, a three-dimensional finite element (FE) model of the overall FRMEE plate integrated with the ACLD patches has been
developed. The influence of electro-elastic, magneto-elastic and electromagnetic coupled fields on the vibration has been
studied. Furthermore, effects of various parameters such as the effect of piezoelectric fiber volume fraction (Vy), fiber orien-
tation angle in the substrate, variation of the piezoelectric fiber orientation in the 1-3 PZC constraining layer and the bound-
ary conditions on the control of geometrically nonlinear vibrations of the multiferroic fibrous plate or FRMEE plates has been
investigated.
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2. Problem description

A schematic diagram of multilayred FRMEE composite plate integrated with a patch of the ACLD treatment on its top sur-
face is illustrated in Fig. 1(a) while Fig. 1(b) illustrates a layer of the FRMEE plate. Although one patch is shown in Fig. 1(a),
the FE model is derived for a multiple number of patches. The length, the width and the total thickness of the FRMEE plate
are a, b and H, respectively. The thickness of the constraining PZC layer and the constrained viscoelastic layer of the ACLD
treatment are h, and h,, respectively. Each layer of the FRMEE plate composed of the piezoelectric fibers embedded within
the piezomagnetic matrix. The effective material properties of the FRMEE composites with different fiber volume fractions
have been considered from the open literature [17]. Since both the piezoelectric and the piezomagnetic constituents are pre-
sent in each layer of the FRMEE plate, hence all layers of the FRMEE plate exhibit the piezoelectric and piezomagnetic effects
unlike the MEE plates studied by Kattimani and Ray [10] wherein the individual layers exhibit either piezoelectric or mag-
netostrictive effect.

2.1. Kinematics of deformations

The kinematics of deformations of the undeformed transverse normal in the xz- and the yz-planes are illustrated in Fig. 2
(a) and (b), respectively. The thicknesses of the substrate plate, substrate layer, piezoelectric layer and viscoelastic layer are
represented by H, h, hy, and h,, respectively. The rotations of the portions of the normal lying in the substrate plate, the vis-
coelastic layer, and the piezoelectric layer are represented by 0y, ¢, and y,, respectively in the xz-plane, while 0y, ¢, and 7,
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Fig. 1. (a) Schematic representation of a FRMEE plate (b) layer of FRMEE plate.
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Fig. 2. Kinematics of deformations of the FRMEE plate integrated with the ACLD patch (a) Transverse cross section parallel to xz-plane, (b) transverse cross
section parallel to yz-plane.

Transverse Section

represent the same in the yz-plane. Consequently, the axial displacements u and v of any point in the overall plate along the
x- and y-directions, respectively, can be written as:

U(X,y, t) = Uo(X,y, t) + ﬁl (Z)ex(xvyv t) + ﬁz(z)%(xvy’ t) + ﬂ3(z)yx(x,y, t) (13)

U(X,y, t) = Z/o(X,y, t) + ﬁl (Z)Uy(xv% t) + ﬁZ(Z)(py(xmyv t) + ﬁ3(Z)')/y(X,y, t) (1b)

where f,(2) =z — (z—h/2), f,(2) = (z— h/2) — (z— hn,1) and B5(2) = (z— h/2) — (z— hy.).

It may be noted that the overall composite plate consists of different continua consisting of the substrate piezoelectric
and magnetostrictive material, viscoelastic material and the constraining PZC material. Consequently, to ensure the continu-
ity of the displacement field at the interface between the viscoelastic layer and the PZC layer or between the substrate plate
and the viscoelastic layer, the appropriate singularity functions B(z), B2(z) and B3(z) are defined in Eq. (1). In order to utilize
the vertical actuation by the active constraining layer of the ACLD treatment and to achieve the accurate results, a higher
order transverse deformation theory has been assumed for the overall plate. Accordingly, the transverse displacement at
any point in the overall plate can be expressed as

W(X,y.Z,t) = Wo(X, Y, t) + 20;(X,y,t) + 22 ,(X,y. t) (2)

In Egs. (1) and (2), variables ug, 7o and wy are the translational displacements at any point on the mid-plane (z = 0) of the
substrate along x-, y- and z-directions, respectively, with 0, and ¢, are the generalized rotational displacements. To facilitate
the computation, the rotational variables {d,} are separated from the translational displacement variables {d,} as follows:

{(d}=[uo vo wol and {d;}=[0x O 0 & &y & % W] 5

2.2. Strain-displacement relations

Since the FRMEE plate integrated with ACLD patches is a thin structure, the shear locking problems should be alleviated
by employing the selective integration rule in a straightforward manner. To facilitate this task, the state of strain at any point
in the overall FRMEE plate is expressed by the strain vector {¢&,} containing in-plane strains and transverse normal strain and
the vector {&s} of transverse shear strains as follows:

ar={& & & &z} (4)

in which, g, €, and ¢, are the normal strains along x-, y- and z- directions, respectively; &, is the in-plane shear strain, €,
and gy, are the transverse shear strains. Employing the von Karman type geometrically nonlinear strain-displacement rela-
tions the strain vectors {&f} representing the state of in-plane and transverse normal strains at any point in the FRMEE plate,
the viscoelastic layer and the piezoelectric actuator layer, respectively, can be stated as:

{eYy = {ep} + [Z1){em)} + {&mm}; k=1,2,3,...,N

{e5} = {en} + Za]{em} + {ewn):

&y} and {&} = {&x

k=N+2 (5)
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Here, k designates the layer number starting from the bottom layer of the overall plate. Analogously, the strain vectors rep-
resenting the state of transverse shear strains at any point in the substrate, the viscoelastic layer, and the piezoelectric actu-
ator layer, respectively, can be stated as follows:

{e} = {es} + Zal{en): k=1.23....N (&} = {&s} + [Zal{és}: k=N+1and

{e} = {es) + [Zsl{en); k=N+2 (6)

The transformation matrices [Z;] - [Zs], the generalized strain vectors ({&y}, {€:}, {€n}, {€rs}) and the generalized nonlinear
strain vector ({&u,}) appearing in Egs. (5) and (6) are presented in the Appendix A. Analogous to the representation of the
state of strains given in Eq. (5), the state of stress at any point in the overall FRMEE plate can be written as follows:

T T
{op} =[0x Gy 0, Oy]| and {05} =[0x O0y] (7)
in which oy, 0, and o, are the normal stresses along x-, y- and z-directions, respectively; gy, is the in-plane shear stress; oy,
and o, are the transverse shear stresses.

2.3. Constitutive relations

The applied electric and magnetic fields are considered to act along the z-direction only. Thus the coupled constitutive
relations for FRMEE layers with respect to the principal material coordinate axes are given by

{04} = [CE{ek} — {eF}E, — {q!}H, and {0*} = [C¥|{e"}
D, = {ek} {ek} + €E, + dx3H,

B, = (g5} (&5} + dasE, + ppsH, k=1,2,3 (8)

where k=1, 2, 3,...,N, D, and B, are the electric displacement and the magnetic induction (i.e., magnetic flux), respectively,
along the z-direction; E, and H, are the electrical field and the magnetic field, respectively, along the z-direction; [C] and
[C¥] are the transformed elastic coefficient matrix; €%, and pi,; are the dielectric constant and the magnetic permeability con-
stant, respectively; {ef}, {g¥} and ds; are the piezoelectric coefficient matrix, the magnetostrictive coefficient matrix, and the
electromagnetic coefficient, respectively. The various matrices of material properties appearing in Eq. (8) are given by

k k k
Gy, G Gy O €31 q3q

k k k k
TR Dl < B Rl IR B il SR )
Gy G G 0 G €33 33
0 0 0 Ck €36 ES

while with respect to the laminate coordinate system, the elastic coefficient matrices [CK] and [C¥], the piezoelectric coeffi-

cient vector {e*}, the dielectric coefficient vector {¢¥} and the magnetic coefficient vector {q*} of the off-axis FRMEE lamina
are to be augmented as follows:

Ch Ch, Ci; Cle

oy |G G O Ol g {Cés Cﬁs}
G 5 O Cis Cis
(s Ch Ch Chs

{ey} ={es1 ex e @3}, {&} ={es3} and

(@5} =181 @ 3 Gs6} (10)

The constitutive relations for the 1-3 PZC constraining layer of the ACLD treatment adaptable with the present method of
finite element formulation are given by

{0k} = [Ch){ek} — [Cosl{} — {@b}Es,
{05} = [Cus] " {€l} + [C}]{e") — {@)E: and

D, = {ey} {ek} + {&;} {e} + €xE, (k=5) (11)
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In Eq. (11), the forms of the transformed elastic coefficient matrices [C¥] and [C¥] are similar to those of [C¥] and [C¥],
respectively. However, the constitutive relations reveal that the inclination of the piezoelectric fibers in the vertical xz- or
yz-plane is responsible for the coupling between the transverse shear strains and the in-plane stresses. The corresponding
coupling elastic constant matrix [C3,] is given by

_ _ _ T — T
(A e I oA P I (12)
0 0 0 Cu Cu Cu 0 Ca

according to as the fibers are coplanar with the xz- or the yz-plane, respectively. If the piezoelectric fibers are coplanar with
both the xz- and the yz-planes (A = 0), the coupling matrix of Eq. (12) transforms into a null matrix. Also, the piezoelectric
constant matrices {ef} and {e¥} appearing in Eq. (12) involve the following transformed effective piezoelectric coefficients
of the 1-3 PZC:

(e} ={e3 ex €3 e} and {&}={e5 e} (13)

The present analysis of the overall MEE plates will be carried out in the time domain. Consequently, the Golla-Hughes-

McTavish (GHM) method has been implemented to model the viscoelastic material. For time domain analysis, the constitu-

tive equation for the linear, isotropic and homogeneous viscoelastic material is expressed in stieltjes integral form and is
given by

o(&) _
T dr, k=4 (14)

ot
(@, = [ G-
Jo
where G(t) is the relaxation function of the viscoelastic material.
2.4. Electric field-potential relations

Using Maxwell’s electromagnetic equations, the transverse electric and magnetic fields are considered for deriving the FE
model. It is also to be noted that the transverse magnetoelastic and piezoelectric constants for all the FRMEE layers are equal.
Hence, same functions for the distribution of the transverse electric field and the magnetic field are considered for deriving
the model. Thus the transverse electric field and the transverse magnetic field in any FRMEE lamina can be related to the
electric potential and the magnetic potential, respectively as follows:

o N
E,=——and H,=-— 15
z oz z oz (15)
in which E,, H,, ¢ and y are the transverse electric field, the transverse magnetic field, the electrical potential function, and
the magnetic potential function, respectively. The electric and the magnetic potential functions can be written as
zZ— h] - zZ— h] -
= and = 16

¢ ="fpdand y ="y (16)
in which, H is the total thickness of the substrate, h; is the z-coordinate of the bottom surface of the bottom layer of the
substrate.

3. Finite element model of FRMEE plate integrated with ACLD patches

Considering that the FRMEE plate is composed of N number of FRMEE layers of different fiber orientation angles, the prin-
ciple of virtual work employed to derive the governing equations of the overall FRMEE plate is given by

n+2

N-+2

> [ ot (otyant > [ ety (ohaet + [ (84651 103} + o) (03} a2

= Qk = Qk QS

- / SEV2DN 242 _ / SE,D,dQ — / SH,B,dQ — / 5{d) {f1dA (17)
QN+2 Qk Qk A
N+2 .

Y / 5{dey pH{d1dQt = 0
k=1 "+ o

where p is the mass density of the kth layer, Q“ (k=1, 2, 3, ..., 5) indicates the volume of the relevant layer, {f} = [0 0 p]" is
the externally applied surface traction vector acting over a surface area A with p being the transverse step load and § is the
symbol of the first variation. The overall FRMEE plate integrated with the ACLD patch is discretized by eight noded isopara-
metric quadrilateral elements. The generalized displacement vectors {d;} and {d,;} associated with the ith (i=1,2,3, ..., 8)
node of the element can be written as

{da} = [uor voi woi|' and {di} = [0 Oy Ou du by ¢ Y Vyi}r (18)
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while the electric potential vector {¢} and the magnetic potential y at any point within the element can be expressed in
terms of the nodal electric potential vector {¢°} and the nodal magnetic potential vector {i)°}, respectively, as follows:

{#} = [NsJ{¢°} and ¢ = [N,]{y"} (19)
in which,

(6 =1o1 2 - - - Gl Wr=[d b0 . . . U]

INJ=[m n, . . . ng]"and [N,] =[N, (20)

where n; is the shape function of natural coordinates associated with the ith node, ¢; (i=1, 2, 3,.. ., 8) are the nodal electric
potential degrees of freedom and y; (i =1, 2, 3,.. ., 8) are the nodal magnetic potential degrees of freedom. [N,] and [N, ] are
the (3 x 24) shape function matrices. Using Eqgs. (15), (16) and (19), the transverse electric field E, and the transverse mag-
netic field H, can be expressed as

E, = _%[N(p]{df} and H, = —%[Nw]{fbe} o

Now, using Egs. (5), (6) and (21), the strain vectors at any point within the element can be expressed in terms of the nodal
generalized displacement vectors as follows:

{en} = Bol{d}, {ew} = [Bal{d]}, {ewn}= % [B1][B2){d},

{ex} = [Bs){d;} and {&} = [Bs]{d}} (22)
in which the nodal strain-displacement matrices [By], [Bis], [Bs], [Brs], [B1] and [B;] are explicitly presented in the Appendix
A. Now, by substituting Eqgs. (5), (6), (10), (21) and (22) into Eq. (17), the elemental equations of motion for the FRMEE plate
integrated with the ACLD treatment obtained are presented explicitly in Appendix B. The elemental equations of motion are

assembled in a straightforward manner into the global space to obtain the open-loop coupled global equations of motion of
the overall smart FRMEE plate integrated with the patches of the ACLD treatment as follows:

MY + KalX) + KX + K@)+ KuJf9) + Keol [ Gt =0 2 (X)de + Kl [ 66~ )2 (X )t

= {F} = > _({Fp} + {Flu )V (23)

j=1

[Ker] (X} + [Kn] {X} + [Krrsvf/o Gt - T)%{X}df+ [Krm»]/o Gt - T)%{Xr}df+ [Krp { @} + [Kry {9/}

- _zq:{ng}vf (24)
j=1

[Keo) {X} + [Krg) {Xr} — [Kps]{®@} = O (25)

[Key) {X} + [Kny ] {X0} — Kyl {0} = 0 (26)

where [M] is the global mass matrix; [K¢], [Ke], [Kir] [Keso], [Kaso] and [Keas, ] are the global elastic stiffness matrices, [K;,] and
[K:,] are the global electro-elastic coupling stiffness matrices, [K,] and [K;,] are the global magneto-elastic coupling stiff-
ness matrices, [K,,] is the global electrical stiffness matrix, [Ky, ] is the global magnetic stiffness matrix, {Fy} and {F,} are the
global electro-elastic coupling vectors; {F} is the global nodal mechanical load vector, respectively, {X} and {X;,} are the global
generalized nodal displacement vectors, {®} and {y/} are the global nodal generalized electrical potential and magnetic
potential vectors, W is the applied control voltage to the jth ACLD patch. In the absence of the applied control voltage,
the coupled global equations derived above also govern the passive (uncontrolled) constrained layer damping of the MEE
plate. After standard condensation of {®} and {\}, invoking the boundary conditions and taking the Laplace transform of
Eqgs. (23) and (24), the following global equations in the Laplace domain are obtained:

SIMI{X e} + LK (X} + [K2){Xe}) + [KesolSG(S){X e} + [Kuso]SG(S){X,} = {F} — i{F{p}Vf -1 (i{F{,m}vf> (27)
j=1

j=1

L(K3){X:}) + [Ka{X:} + [Kurso] 'SG(S){X¢} + [Krrso)SG(8){X,} = —Zq:{ng}\”/f (28)
j=1
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in which, the augmented matrices are given by
(K1) = [Kee] + [Ke ] [Kog) " [Kes]" + Koy (K] Key]"
[K2] = [Ku] + [Kes] K9] [Kro]" + Ky ) (K] K]
[K3) = [Kre] + [KrglKipo) " [Kpe]" + (K [Kyy) ™ Kel
[Ka] = [Kir] + Krg) K ps] " [Krg]" + (K] K] Ky (29)
where L is the Laplace operator while {X;}, {X,}, {F} and V/ are Laplace transforms of {X.}, {X,}, {F} and V/, respectively.
3.1. Implementation of the GHM method
Although, the implementation of the GHM method in time domain is analogous to one studied by Kattimani and Ray [10]

for the MEE plate, for the sake of clarity the method is presented here again. Using the GHM model for the viscoelastic mate-
rial in time domain, the material modulus function can be expressed by a series of mini-oscillator terms [40] as follows:

_ N 2 s oA
SGls) = G |1+ o > 2k (30)

=1 s2 4+ kad)ks + (bﬁ

in which, the term sG(s) is referred to as a material modulus function of the viscoelastic material in the Laplace domain. G* is
the equilibrium value of the modulus i.e. the final value of the relaxation G(t). Every mini-oscillator term is a second-order
rational function consisting of three positive constants oy, @, and &.. These constants influence the shape of the modulus

function in the complex s-domain. Taking into consideration of a GHM material modulus function with a single mini-
oscillator term [40] i.e.,

. 24 2%
§G(s) = G |14 oS 2605 (31)
2 4+ 2E0S + 2
the auxiliary dissipation coordinates Z and Z; are introduced as follows [46]:
SG($){Xe} = G*[(1 + 0){Xe} — aZ(s)] and sG(s){X,} = G*[(1 + ) {X;} — aZy(s)] (32)
5 o? 5 o?
Z(s)=———— Xt and Zi(s) = ——————{X} (33)
$2 4+ 2E0s + ? $2 4+ 2E0Ss + ?

where Z(s) and Z,(s) are the Laplace transforms of Z and Z,, respectively. Using Egs. (31) and (32) in Egs. (27) and (28), it can
be written that

S IMI{Xe} + LK X} + [K2[{X0}) + G [Kuso[(1 + o) {Xe} — 02(5)] + G [Kuso][(1 + ) {X} — 02 ()]

_(E S L (i{F{pn}vf> (34)
j=1 j=1
L(IK3]{Xc}) + Kal{Xr} + [Kirso] SG(){X0} + [Krrso]SG($){X} = —i{Fip}Vf (35)
=

Taking inverse Laplace transforms of Egs. (33)-(35) and condensing the global degrees of freedom {X,} from the resulting
equations in time domain, the following equations are obtained:

. 9 L
MI{Xe} + K {Xe} + [KHZ(0} + [Kal{Ze} = {F} = > _{F}V/ (36)
j=1
{Z} + 2E0{Z)y + *{Z} — &*{Z} =0 (37)
{Z:} + 26042y + 0 [Ks]{Xe} — @’ [Ke[{Z} — @’ (K7 {Z/} = fi{F{;z}vf (38)
j=1

The various global stiffness matrices and force vectors appearing in Eqgs. (36)-(38) given in Appendix. C. Now, Eqs. (36)-
(38) are combined to obtain the global open-loop equations of motion in the time domain as follows:
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. . a. ..
MT{X} + [CHX} + [K'H{X} = {F'} + Z{F{,}VJ (39)
j=1
where
M 0 O 0 0 0 K] K] K]
M]=|0 I 0|, [C]=]0 20 0 |, K]=| —-&? o? 0
0 0 I 0 0 20 @*Ks] —@?[Ke] @?[K]
{F} {F,’;} {Xe}
{F}=5 0 5, {F}= 0 ,, X}=4 Z (40)
0 {F;;Z} Z

4. Closed loop model

The control voltage V for activating the constraining layer of each ACLD patch is supplied according to a simple velocity
feedback control law. Thus, the control voltage for each patch can be represented in terms of the derivatives of the global
nodal degrees of freedom as follows:

Vi = —Kawo(x;,y;) = —Ka[UI]{X} (41)

where Ky is the control gain for the jth ACLD patch and [U/] is the unit vector for expressing the transverse velocity of a point
(x;, ¥;) in terms of the time derivative of the global nodal generalized translational displacements. Eventually, substituting Eq.
(41) into Eq. (39), the final global equations of motion governing the closed-loop dynamics of the MEE plate integrated with
the ACLD system can be obtained as follows:

MUY + [CaHX) + KX} = {F'} (42)

in which, [C}] is the active damping matrix and is given by

q :
(€3l = [C]+ ) _Ka{F}}{U]) (43)
=1

5. Results and discussions

In this section, numerical results are presented to demonstrate the control of the geometrically nonlinear transient vibra-
tions of the FRMEE plates using the ACLD treatment. The FE model derived in the preceding section is employed to derive the
numerical results. The FRMEE plate considered for computing the numerical results is integrated either with a single ACLD
patch at the center of the plate as shown in Fig. 1(a) or two identical patches placed at the opposite edges of the plate as
shown by the shaded area in Fig. 1(a). The total volume of the two patches equals the volume of the single patch. Fig. 1
(b) illustrates the schematic diagram of a layer of FRMEE plate. A layer of the obliquely reinforced 1-3 PZC material in which

Surface Surface
Z Electrode

Fig. 3. Schematic representation of the ACLD patches with vertically/obliquely reinforced 1-3 PZCs in which (a) piezoelectric fibers are coplanar with the
vertical xz-plane, (b) piezoelectric fibers are coplanar with the vertical yz-plane.
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the piezoelectric fibers are coplanar with the xz-plane with their orientation angle A with the z-axis is illustrated in Fig. 3(a).
The piezoelectric fibers can be coplanar with the yz-plane while the orientation angle with the z-axis is A as shown in Fig. 3
(b). In the case of the obliquely reinforced 1-3 PZC, the orientation angle (1) is nonzero while it is zero for the vertically rein-
forced 1-3 PZC. The length and the width of the single ACLD patch are a/2 and b/2 while that of the patches placed on the
edges are a/2 and b/4, respectively. The material of the constraining layer of the ACLD treatment is PZT-5H/spur epoxy com-
posite with 60% piezoelectric fiber volume fraction. The elastic and the piezoelectric properties of this constraining 1-3 PZC
layer are as follows [28]:

C}; =929GPa, C},=6.18GPa, Cj,=6.05GPa, Ci,=3544GPa, Ch; =C",

Ci4 = 1.58 GPa, CI;S =1.54GPa, e3; =—-0.1902C/m?, e33 = 18.4107C/m?

The thicknesses of the constraining 1-3 PZC layer and the viscoelastic layer are considered to be 250 um and 250 um,
respectively. Unless otherwise stated, the aspect ratio (a/H) of the FRMEE plate is considered to be 200 and the controlled
responses are computed using the vertically reinforced 1-3 PZC (i.e. A = 0°). The substrate plate is modeled by N layers of
equal thickness (h = 0.001 m). The material properties of the substrate FRMEE plate for different volume fractions (BaTiO3/
CoFe,0,) are given in Table 1 [3,17]. In order to consider single term GHM expression, the values of o, & and @ are used as
11.42, 20 and 1.0261 x 105, respectively [40]. The shear modulus (G™) and the density of the viscoelastic material (p,) are
used as 1.822 x 106 Pa and 1140 kg/m>, respectively [40]. The boundary conditions employed for computing the numerical
results are given in Table 2. In all cases, the electric and magnetic potentials at the boundaries are assumed to be zero. The
open-loop and the closed-loop responses of the plates have been examined by the frequency response functions for the
transverse displacement at the mid-point (a/2, b/2, H/2) of the substrate. A uniformly distributed transverse pulse load
(p) is applied to set the overall plate into motion.

5.1. Validation of the GHM implementation

The implementation of the GHM method for modeling the ACLD treatment is validated with the methodology proposed
by Lim et al. [38]. The viscoelastic material has been modeled by employing the conventional complex modulus approach
and the GHM method separately to determine the linear frequency responses for the transverse displacement of the FRMEE
plates. The first few modes of the FRMEE plate have been excited by applying a time-harmonic load of amplitude 1 N at the
point (a/2, b/2, H/2). The frequency response functions obtained by the standard complex modulus approach as well as by
the GHM method for the simply supported cross-ply (0°/90°/0°) FRMEE plate with 50% fiber volume fraction (V¢ = 0.50) have
been illustrated in Fig. 4. It may be observed from this figure that the frequency response curves obtained by both the
approaches are almost indistinguishable. Consequently, it may be concluded that the present approach of modeling the vis-
coelastic material by the GHM method accurately evaluates the damping characteristics of the overall FRMEE plates in time
domain.

Table 1

Material constants for FRMEE multiphase composites as percentage of piezoelectric [3,17].
Material properties with Units 25% BaTiOs3 (V¢=0.25) 50% BaTiO3 (V¢=0.50) 75% BaTiO3 (Ve=0.75)
Ci1=Ca (10° N/m?) 245 215 186
Cio (10° N/m?) 144 112 90
Cy3=Cy3 (10° N/m?) 144 112 90
Cs3 (10° N/m?) 235 210 181
Cas (10° N/m?) 46 50 51
Ces (10° N/m?) 51 52 48
€31 =€3 (C/m?) -15 -2.8 -3.8
es3 (C/m?) 42 8.7 132
[SYET (C/m?) 0.0 0.2 0.3
Qs1=0q3 (N/Am) 380 220 90
Qs3 (N/Am) 475 290 135
Q24=0q15 (N/Am) 335 180 75
W11 = 122 (1076 Ns?/C?) —3.55 —-2.00 —~0.90
133 (107 Ns2/C?) 1.20 0.80 0.45
€11=€x (107° C2/Nm?) 0.1 0.25 0.5
€33 (107° C2/Nm?) 3.2 6.3 9.4
di (10712 Ns/VC) 3.1 5.3 6.8
dss (102 Ns/VC) 2350 2750 1800

(

p kg/m?>) 5425 5550 5675
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Table 2
Boundary conditions employed for the analysis of MEE plate.
Type Atx=0and a Aty=0and b
Simply Supported (SS1) Vo =Wo =0y = ¢y Up = Wo = Ox = ¢y
:Vy:ol:(f)zzo :yx:()2:¢z:0
Clamped-Clamped (CC) Ug = Vo =Wo =0x =0y Up =0 =W =0x =0y
:‘bx:(/’y:yyzez:d’z:o :¢x:¢yzyyzgz:d’z:0
2
10 r T
=+=* Complex modulus approach
0 t —— GHM approach
10 \4 .
m 10_2 K A A
=~ o
z N
-4
10 Y
-6 M
10
0 200 400 600 800 1000

Frequency (Hz)

Fig. 4. Linear frequency responses for the center deflection of a simply supported symmetric cross-ply (0°/90°/0°) FRMEE plate obtained by the GHM
method and the complex modulus approach.

5.2. Validation of the FE model

It is noteworthy to mention that to the authors’ best knowledge, the research relevant to the geometrically nonlinear
vibrations of the FRMEE plates is not yet reported in the open literature. However, the FRMEE layers can be replaced by
the layers of the conventional composite. Hence, the load-deflection curve of the laminated composite plates presented
by Sarangi and Ray [39] has been considered for the validation of the present FE model. Consequently, the variation of
the non-dimensional vertical displacement w/H with respect to the load at the center of the cross-ply (0°/90°/0°) laminated
plate integrated with the inactivated ACLD patches of negligible thickness has been computed by the present FE model and
subsequently compared with the results reported by Sarangi and Ray [39] for the identical plate as shown in Fig. 5. It may be
observed from this figure that the results are in excellent agreement.

5.3. Backbone curves and nonlinear dynamics

The open-loop and the closed-loop responses of the plates are examined by the frequency response functions for the
transverse displacement at the mid-point (a/2, b/2, H/2) of the substrate. A uniformly distributed transverse step load (p)
is applied to set the overall plate into motion. The magnitude of the exciting step load which causes the geometrically non-
linear deflections is determined by the backbone curves demonstrating the variations of the frequency ratio (®p/®;) with the
non-dimensional transverse deflection (Wnax/H). Fig. 6 illustrates such backbone curves for a simply supported antisymmet-

1.6

1.4
1.2 oy

1 /

0.8 /

0.6 /

0.4

0.2 / —&— Present |
0/ =®=Sarangi and Ray (2011)

0 200 400 600 800 1000
Load (N/m?)

w/H

Fig. 5. Load deflection curves for a simply supported symmetric cross-ply (0°/90°/0°) square substrate plates.
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Fig. 6. Backbone curves for the simply supported antisymmetric cross-ply (0°/90°/0°/90°) and angle-ply (—45°/45°/—45°/45°) FRMEE plates for different
volume fractions (V).

ric cross-ply (0°/90°/0°/90°) and antisymmetric angle-ply (—45°/45°/—45°/45°) FRMEE plates for different volume fractions
(Vy). It may be noticed from these figures that for causing substantial geometrical nonlinearity (®p/®; > 1) in the uncon-
trolled responses, the arbitrary applied step load should be such that the value of (wy,ax/H) is greater than 0.2.

5.4. Active damping analysis

The control voltage supplied to the ACLD patch is negatively proportional to the velocity of the point (a/2, b/2, H/2) on the
top of the substrate. The values of the control gain (Kq) are chosen arbitrarily while maintaining the acceptable control volt-
age (V <300V). The nonlinear transient responses of a simply supported antisymmetric cross-ply (0°/90°/0°/90°) FRMEE
plate with 50% volume fraction (BaTiO3/CoFe,0,) is illustrated in Fig. 7 while Fig. 8 illustrates the same for the clamped-
clamped antisymmetric cross-ply (0°/90°/0°/90°) FRMEE plate. The uncontrolled and controlled transient responses pre-
sented in these figures (Figs. 7 and 8) are corresponding to the cases when the patch is passive (Kq = 0) and active (K4 #
0), respectively. In both the cases, the plates are set into undergoing nonlinear vibrations with a same maximum amplitude
of uncontrolled response (Kq = 0). It may be observed from these figures that the damping characteristics of the FRMEE plates
have been substantially improved due to the active ACLD treatment and it has a significant effect on the control of geomet-
rically nonlinear vibrations of the overall plates over the passive damping. Fig. 9 illustrates the corresponding control volt-
ages required for the active control of responses presented in Figs. 7 and 8. It may be observed from this figure that the
control voltages are within the nominal range (max (V) =275 V).

Since the control voltage is proportional to the velocity of the center of the plate; the transient decay of the control volt-
age presented in Fig. 9 represents that the velocity at any point of the overall plate also diminishes with time. The phase plots
illustrated in Fig. 10(a) and (b) for the simply supported and clamped-clamped boundary conditions, respectively, confirm
the same demonstrating the stability of the plates. Figs. 11 and 12 illustrate the comparison of geometrically nonlinear tran-
sient vibration responses of simply supported symmetric cross-ply (0°/90°/0°) and antisymmetric angle-ply (—45°/45°/
—45°/45°) FRMEE plates, respectively, with the piezoelectric (BaTiO3) fiber volume fractions of 25%, 50% and 75% in the sub-

12
by ——K,=0,V,=050
1 K, =500,V,=0.50
0.8 J
=06
P
0.4
02 u I
yux
0 005 00 015 02 025 03 035 04

Time' (sec)

Fig. 7. Nonlinear transient responses of a simply supported antisymmetric cross-ply (0°/90°/0°/90°) FRMEE plate undergoing ACLD (a/H = 200,a=b,p=1.8
kN/m?).
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Fig. 8. Nonlinear transient responses of a clamped-clamped antisymmetric cross-ply (0°/90°/0°/90°) FRMEE plate undergoing ACLD (a/H=200,a=b, p=
1.8 kN/m?).

strate plate. It may be observed from these figures that the damping characteristic of the FRMEE plates increases with the
decrease in the piezoelectric fiber volume fraction. Fig. 13 demonstrates the influence of lamination schemes on the nonlin-
ear transient responses of simply supported FRMEE plates with 50% fiber volume fraction. It may be noticed from this figure
that the antisymmetric angle-ply (—45°/45°/—45°/45°) FRMEE plate exhibits significantly higher stiffening effect than the
antisymmetric cross-ply (0°/90°/0°/90°) FRMEE plates and the performance of the ACLD patch is significantly improved
for attenuating the geometrically nonlinear vibrations. The transverse actuation by the 1-3 PZC layer of the ACLD patch
mainly contributes significantly to enhancing the damping characteristics of the FRMEE plates as illustrated in Fig. 14.

5.4.1. Effect of piezoelectric fiber orientation angle

The FE model developed here is also capable of investigating the influence of variation of the piezoelectric fiber orienta-
tion angle (1) in the obliquely reinforced 1-3 PZC constraining layer of the ACLD patches on their potential of attenuating the
geometrically nonlinear vibrations of the FRMEE plates. To quantify the performance of the ACLD patch for controlling the
large deflections of the FRMEE plate, a performance index (I4) for computing the control authority of the obliquely reinforced
1-3 PZC constraining layer is defined as follows:

[ _Wi(a/2, b/2, H/2) —wio(a/2, b/2, H/2)
4= wi(a/2, b/2, H/2)

% 100 (44)

in which, w; and w;o are the magnitudes of the maximum amplitude at the first peak and the 10th peak, respectively. I4
measures the percentage suppression of the amplitude at the point (a/2, b/2, H/2) of the overall FRMEE plate undergoing
nonlinear transient vibrations. For a particular value of the mechanical load and the maximum control voltage, Figs. 15
and 16 illustrate that the control authority (i.e. the performance index I) of the ACLD patch varies with the variation of
the piezoelectric fiber orientation angle (1) in the xz-plane while becoming maximum at A = 0° for simply supported as well
as clamped-clamped with antisymmetric cross-ply and antisymmetric angle-ply FRMEE plates, respectively. It may be

——.88,K =500,V =050
—CC,K,=500,V,=050

WW‘ ~
v

Control Voltage (volt)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (sec)

Fig. 9. Control voltages required for the ACLD of nonlinear transient vibrations of the simply supported and clamped-clamped antisymmetric cross-ply (0°/
90°/0°/90°) FRMEE plates (a/H =200, a=b, p = 1.8 kN/m?).
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Fig. 10. Phase plots for a (a) simply supported and (b) clamped-clamped FRMEE plates when the ACLD patch controls the nonlinear vibrations of the plates
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Fig. 11. Effect of fiber volume fraction (V¢) on the nonlinear transient responses of a simply supported symmetric cross-ply (0°/90°/0°) FRMEE plate
undergoing ACLD (a/H = 200, a = b, p = 1.8 kN/m?, max(V) = 275 V).
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Fig. 12. Effect of fiber volume fraction (V) on the nonlinear transient responses of a simply supported antisymmetric angle-ply FRMEE plate undergoing
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Fig. 13. Nonlinear transient responses for a simply supported cross-ply and angle-ply FRMEE plates (a/H =200, a =b, p = 1.8 kN/m?).
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Fig. 14. Contributions of in-plane and transverse actuations by the PZC layer in the controlled response of the FRMEE plate undergoing geometrically
nonlinear vibrations (a/H = 200, a = b, Kg = 500, p = 1.8 kN/m?).
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Fig. 15. Effect of variations of the piezoelectric fiber orientation angle (1) in 1-3 PZC constraining layer of the ACLD patch on the control of active damping
of geometrically nonlinear vibrations of the antisymmetric cross-ply FRMEE plates when the piezoelectric fibers are coplanar with the xz-plane (V¢ = 0.50, p
=1.8 kN/m?, max (V) =285 V).

observed from these figures that the performance of the ACLD patch is independent of the sign of the piezoelectric fiber ori-
entation angle (1) in the 1-3 PZC constraining layer.

5.4.2. Effect of coupled fields
The effect of the electro-elastic and magneto-elastic coupled fields on the control of geometrically nonlinear transient
vibrations has been studied by setting the corresponding matrices i.e., [K¢], [K44] and/or [Ke ], [Kyy] to null matrices.
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Fig. 16. Effect of variations of the piezoelectric fiber orientation angle (1) in 1-3 PZC constraining layer of the ACLD patch on the control of active damping
of geometrically nonlinear vibrations of the antisymmetric angle-ply FRMEE plates when the piezoelectric fibers are coplanar with the xz-plane (V¢= 0.50, p
= 1.8 kN/m?, max (V) =285 V).
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Fig. 17. Comparison of coupled and uncoupled controlled nonlinear transient responses of a simply supported cross-ply FRMEE plate undergoing ACLD (a/
H =200, a=b, K4 =500, V¢=0.50, p = 1.8 kN/m?).

Fig. 17 demonstrates the effects on the controlled responses of a simply supported FRMEE plate. It is evident from this figure
that the coupled fields cause a marginal stiffening effect on the FRMEE plate. It may also be noticed from this figure that the
contribution of magneto-elastic coupled fields is higher than the electro-elastic coupled fields in contrary to the B/F/B and
the F/B/F (B stands for BaTiO3 and F stands for CoFe,0,4) MEE plates studied by Kattimani and Ray [10] wherein the domi-
nance of electro-elastic coupled fields has been observed. It may be due to the presence of both piezoelectric and piezomag-
netic effect in each the layer of the FRMEE plate.

6. Conclusions

Control of geometrically nonlinear vibrations of the FRMEE plates integrated with the ACLD patch/patches has been inves-
tigated by deriving a three-dimensional FE model. The vertically/obliquely reinforced 1-3 PZC materials are considered as
the candidate materials for the constraining layer of the ACLD treatment while the constrained viscoelastic layer is modeled
by adapting the GHM approach in time domain. The FRMEE plates exhibit hardening type nonlinearity. The numerical results
reveal that remarkable enhancement in the active damping characteristics of the FRMEE plates by the ACLD treatment over
the passive damping for controlling the geometrically nonlinear vibrations has been achieved. The performance of the single
ACLD patch placed at the center of the top surface of the FRMEE plates is significantly larger than that of the two patches
placed at the opposite edges of the plates. The in-plane actuation by the 1-3 PZC layer for controlling the geometrically non-
linear vibrations is negligible while the vertical actuation of the vertically reinforced 1-3 PZC layer is mainly responsible for
the active damping. The damping characteristic of the FRMEE plates increases with the decrease in the piezoelectric fiber
volume fraction. The antisymmetric angle-ply FRMEE plates exhibit greater nonlinearity than the symmetric/antisymmetric
cross-ply FRMEE plates.

The boundary conditions and the variation of the piezoelectric fiber orientation angle (1) in the constraining layer signif-
icantly influence the performance of the ACLD patch for controlling the geometrically nonlinear vibrations of the FRMEE
plates. The control authority of the patch becomes maximum for the vertically reinforced 1-3 PZC (i.e. A = 0°) in the con-
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straining layer of the ACLD patch. The electro-elastic and the magneto-elastic coupling exhibit marginal increase in the stiff-
ening effect of the FRMEE plates while their contributions on controlling the nonlinear transient vibrations are negligible.

The influence of the magneto-elastic coupled field is greater than that of the electro-elastic coupled field on the stiffening
effect of the FRMEE plates.

Appendix A.
A.1. Transformation matrices

The transformation matrices [Z;] — [Zs] appearing in Egs. (5) and (6) are given by

Z)=[z 0 0], Z)=[2 hb (z-4-h)L] Z]=[1 0 0 Z],

Zi=[0 T 0 Z] Z]=[0 O T Zs] (A1)
where

Zz 000 0 10000
_lozoo ol . nlo1tooo|l ., [z02 0], . -
7, = Z == Z; = Zs=7
100012222000%%2’3{02022}453

0020 0 0010 0

dug  dvg oug | dvp " owg  owg | T
{3br}:[w a 0 WJFW] 7{8rs}:[w J_y:|

A a0 L 90, . 09

P A L
my— o, 00 7 oy, O )

1 2 2 2 '
tean) =3 | ()" ()" 0 2()" ()] ane
{esk=[0c O & & % 0 % % G %] )

A.2. Submatrices

The nodal strain-displacement matrices [By], [Bis], [Bss), [Brs], [B1] and [B2] appearing in Eq. (22) are given by

Bw) = [Bw1 Bwz . . . Buwsl, Bw]=[Bwm1 Bwm2 . . . Bugl,
[Bts} = [Btsl BtsZ EEE Btb8]7 [Brs] = [Brs] BrsZ EEEES BrsB]a
T
o0 900
[Bi] = dwy  dwo . [B2]=1[Bx1 B . . . Bus] (A3)
dy  Tdx
The various submatrices [Bw;], [Brbil, [Btsi] and [Brsi] (i=1, 2, 3,..., 8) are as follows
1 00
1 00 10 1 00 00 010
1:010,7:{01},&010,7:00 22000
0 0 1 0 0O 01
0 0 1
Mmoo o0 B 8 8 0
X b 0 0 0
0 3 0 00 01 0 0
[Btbi} = w [Brsi]: 0},): y [Brbi]: — A _ and
0 d o 00 e 0 0 By O
ooy g 0 0 0 By
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P00 m g
~ _ X on,
0 0 I|. .. : on, A x 00
[Brsi] = ~ ~ —~ mn Wthh, [Brbi] = 0 ()_y| 5 [Brsi] = | on: (A4)
O By 0 o on 0_';'1 00
(_)T Brsi O 8_}" a_Xl

where 0, 0, 0, 0 and O are the (3 x 3), (3 x 2), (2 x 2), (4 x 2) and (3 x 4) null matrices, respectively.

Appendix B

[Me]{df} + [KE{de} + [KE{d7} + [K5,) / G(t—1) {de}dr + [Kfs,) /Ot G(t — ’L')(%{di}d‘r + [K‘;d)]{(pe} + [de,]

x{y°}
={F} —{F:}V — {Fu}V (B1)
e e e t 8 e
(K5 {d5} + (K5 1{ds} + (K, / Gt—t *{d tdT+ [Krrsy]/o Gt — 7) 5 Adi T + (K5 { ¢} + K,y
= —{F,}V (B2)
[KE ;Y + [K?,) {5} — (K, ){¢} =0 (B3)
[KE ;Y + (K1 {d5} — K, {y} =0 (B4)

The various stiffness matrices appearing in Eqs. (B1)-(B4) are

(Kt = [Kip) + (K] + (K] + [Kisp] + K] + (K],

[Ktr - [Kfrb] + [Kfrbn] + [Kfrs] + [Kfrbp} + [Ktrbpn] + [Kfrsp}

[Krt - [Kfrb] +5 2 [Ktrbn} [ trs] + [Krtbp] + [Kitbpn} + [Ktrsp]

[Krr - [Ke b] + [ rrs] [Kfrbp] + [Krrsp [ tdj [Kt(/)l] + [Kt(/m]

(K, = Kyl + (K5l (K] = (K0 + [Kmm] (K5, = [Kgy)" +5 [Knpn]
be Qe
{Fop} = {Fi} + {Fips}t {F5} = {Fop} + {Fs ) {Ftpn}f/ /0 [B2]" [B1]" [Fuspldxdy,

be ae
e\ T
(F) = / / INJT{f dxdy, (B5)

The elemental stiffness matrices appearing in Eq. (B5) corresponding to the bending stretching deformations are

ae be
= [ [ ol pam Iy (k) = [ [ Ba DNy
ae be
K] = / / 1By [B]" (D1 ][Ny, [KS, ] = / / [B)" {Dyy } [Ny Jdxdly,
Ke,) = / / B.s] {Diy } [N, Jdxdy, [KS,.] = / / 1B [B]" {Dyy } Ny Jdxcly,

ae be
5= [ DNy k5 = [ [ Dy
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IKE,] / / (By|T[Des) [Bo)dxdy, [KC,, _/ / (Bus) (D) [Brs)dxdly.

K= [ " BT DBy, €] = / " | BB DBy,

IM¢] — / / N[N Jdxdy and m — Af /h:k”pkdz

Kyl = / [ (5ol 31132 + B2 81 D] B+ B2 81 D] B 2] )y
K= [ " (Bl [D2) B + 2[B]" (D2, Bi)dcy,

Kag) = [ | (Bl ID71B0] + Bl 1058 + 8ol 1D Bol vy,

Kol = [ / (1Bus)"[D2) [Bro) + 2[Br0] (D%, [Brs) .

rle be
Fy = [ [ Bor sy By = [ [ a0} ey (86)

and those associated with the transverse shear deformations are

be de
K= [ / Bl 1Dl Balddy. (K5 = [ [ B 1Des By
~be Qe
Kol = / / [BrS]T[Dm][BrS]dxdy, Kfsp / / Bts] [DV][Bes)dxdy,
JOo JO

[Ktrsp / / BfS] trs [BTS dXdy rrsp / / 1’5 [ rrs] TS]dXdy )
be ae

[Ktsv _h / / [BfS}T[BfS]dXdy7 I<esy] —/ / [Bts] Dtrsy rs]dXdy
0 0

Ky = / [ BT DBy 87)

The various rigidity matrices and rigidity vectors appearing in Eqs. (B6) and (B7) are given by

B 3 hiiq _ 3 3 hyiq ok B 3 hiiq —

Dol =3 /h CILNEDS /h Gl dz ] =3 /h 2713 2]z
Do =S [ e bl =S [ (e 2tz =S [ ) 20

[m]—;/hk C)dz, | 1—k§j/h ) (Z3)dz, | }—,Z/h 2,71 Z3)dz,

he hg
0= [ etz 02,1 [ ez 02 = [ @ e
hg _
D2 = /,, (C?)dz, (D7) = / (C?][Zs)dz, [D2,] = /h 12,]7(C?)(Z5)dz

rhs chs hs _
Diss] = A [C?)dz, [Diss] = A [CYZ4]dz, [Disy] = / AU A

hy
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hg B
D%, —/h (Cosldz, (D2 —/h (CosllZ5)dz, D] —/h 2] [Cosldz,

he
Dl = [ @l (Culizaitz D) = [ ey D) = / Sl ez

5

1 |
D= [ a0 = [ s o) - [ ez
hy hy
Do) = [ eyl 0z [(erglo 1z
h3 hy
(0} = [ 2 g ez D) = [ e g1 Oldz+ [t 1
[Dys] = %3 [:) ?] +[Dyy] = %ﬂ33~ (B8)

Appendix C
The various global stiffness matrices and force vectors appearing in Egs. (36)—(38) are given by

(K = [Ke] = Ke)[Kor] ™ K], [K2] = 2G™ (Ko ][Kor] " [Kirsa]” — 0G™ [Kise],
[Ker] = 06 K] K] ™ [Kirsa] — 4G [Kiral, [Kee] = [K1] + G™(1 + ) [Kiso],
[Ker] = [Ka2] + G (1 + 0)[Kusy], [Kie] = [K3] + G (1 + o) [Krrs]

(K] = [Ka] + G*(1 + 0)[Kumss], [Ks] = [Kir] ' K],

(K] = 06 K] ™ [Kirsa]", [K7] = Lr = G [Kir] ™ [Kirs]

{F3} = —[K][Ka] ™ {Flp} + {Fh} + {Fhu} {F L} = 02 K] {F),
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