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ABSTRACT - Magneto-rheological (MR) fluids viscosity can be varied by changing the magnetic 2525:5: EELOUE;( 2020
field intensity. Therefore, they can improve structural rigidity and damping property. The current Revised: 215t Jan 2022
study presents a free vibration analysis of a multilayer rectangular plate with two layers of MR fluid Accepted: 24" Jan. 2022
and a flexible core layer, rested on a Winkler-Pasternak foundation based on exponential shear

deformation theory (ESDT). In this theory, the exponential functions are applied in terms of KEYWORDS

thickness coordinates to include the effect of transverse and inertial rotational shear deformation. Vibration;

The flexible core displacement is modeled via the second-order Frostig model. The Hamilton's Magneto-rheological fluid
principle is used to derive the equations of motion. These equations are solved using the Navier plate;

method to obtain the natural frequencies of the plate. The accuracy of the derived equations is exponential shear deformation
validated, and the obtained results are compared with a specific case. Finally, the results show that theory;

by applying and increasing the magnetic field intensity, the natural frequencies and loss factor Winkler-Pasterak foundation

increase. With the increase in the mode number for each specific magnetic field intensity, the
natural frequency increases and the loss factor decreases. The natural frequencies and loss factor
decrease with the increase of the MR layer thickness to overall thickness ratio and the flexible core
layer thickness to overall thickness ratio. The natural frequencies increase when the parameters
of the foundation increase.

INTRODUCTION

Although the plates have been studied from various aspects such as vibration, stability, etc., they are still a
controversial topic for new studies [1]. The sandwich structures have been broadly used in many engineering fields such
as transport, civil construction, marine and aerospace because these structures contain advantageous features (e.g. high
strength to weight ratio and low maintenance cost). Given this, studying the behavior of these structures is very important
to predict accurately critical loads and natural frequencies [2, 3]. In addition, they play a key role in controlling the
vibration of structures. Since it is vital to achieving a way to control the vibration with higher efficiency and short time
response, some of the researches notice the use of multilayer structures with smart fluids layer or flexible core or a
combination of them. The smart fluids such as electro-rheological (ER) and magneto-rheological (MR) fluids have
controllable rheology [4, 5].

The excellence of MR fluids on ER fluids is that they have more significant changes in their characteristics. Magneto-
rheological fluids are a mixture of tiny magnetic particles in a carrier liquid. They alter rapidly from a liquid to a nearly
solid state when in presence of a magnetic field [6] because magnetic particles are arranged in the direction of the
magnetic field and give rise to a chain-like structure [7, 8]. Therefore, their yield stress changes over a few milliseconds
as the magnetic field intensity changes [9, 10]. Sandwich structures coupled with controllable magnetic field yield
continually vary stiffness and damping properties, and thereby could provide enhanced vibration isolation in a wide
frequency range. Due to its outstanding features, various high-performance MR fluid devices have been designed and
tested [11-17].

According to reported researches, it is found that the sandwich structures have been studied from different aspects
which illustrate the following. Yeh and Shih [18] analyzed the dynamic features and instability of the structures
containing magneto-rheological fluid under buckling loads. Rajamohan et al. [19] derived the formulations for a sandwich
beam with a magneto-rheological fluid layer, and presented their validity via experiments on a cantilever sandwich beam.
It was indicated that the natural frequencies rise with an increase in the magnetic field. Mohammadi and Sedaghati [20],
investigated the nonlinear vibration behavior of sandwich shell structures with a constrained ER fluid.

Yeh [21] studied the vibration of the sandwich plate with a magneto-rheological fluid core by the FEM method.
Rajamohan et al.[10] studied the dynamic features of a sandwich beam with the magneto-rheological fluid internal core
between the two layers of the continuous elastic structure. Yeh [22], investigated the vibration features of an orthotropic
sandwich plate with a rectangular shape and magneto-rheological fluid core and constraining layer.
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Hoseinzadeh and Rezaeepazhand [23], studied the dynamic behavior of composite laminated plates under the
influence of external ER dampers. Eshaghi et al. [24], studied analytical and experimental free vibration of sandwich
annular circular plates comprising the magneto-rheological fluid core. Payganeh et al. [25] studied the free vibration of
sandwich panels with flexible core and magneto-rheological fluid layers. Eshaghi et al. [26], investigated the free
vibration of a cantilevered sandwich plate partially treated with a magneto-rheological fluid core. Arani and Soleymani
[27], studied a size-dependent vibration analysis of a rotating MR doubly-tapered sandwich beam in supersonic airflow.

The analysis of elastic foundations is required in applications such as, roads, airports, building foundations, docks,
tanks and more structures. Winkler presented a linear one-parameter model for the force and energy of an elastic
foundation for the first time. In this model, the foundation reaction force is assumed to be a proportional relationship
between pressure and deflection of the foundation. Winkler model is simulated with the normal springs and does not
consider shear deformations [28]. Pasternak presented a two-parameter model to describe the foundation behavior. This
model consider shear deformation in addition to normal deformation [29]. It is widely accepted to describe the mechanical
behavior of the foundations.

Huang et al. [30], investigated the exact solution of FGM thick plate resting on the winkler-pasternak foundation.
Atman et al. [31], studied the vibration of FGM plates resting on the winkler-pasternak foundation using new shear
deformation theory.

Here, the free vibration of a sandwich panel with a flexible core and magneto-rheological fluid layers is studied. The
displacement of the core is modeled using Frostig’s second-order model. In this model, the displacement is thought to be
in the form of a polynomial with unknown coefficients. The displacement of the sheets is modeled via ESDT. In this
theory, as in theory used by Benferhat et al.[32], there is no need for shear correction factors compared to first-order shear
deformation theory. The studied plate is rested on a Winkler-Pasternak foundation. Hamilton’s principle is used to obtain
motion equations. The simple support for all edges are considered as boundary conditions. Derived equations are solved
via the Navier method.

THEORETICAL FORMULATION

The studied sandwich panel is shown in Figure 1. It is a rectangular panel that it’s length, width and thickness are
named with a, b and h, respectively. It has a flexible foam core that is denoted by ‘c’ index in this text. There are two
sets at both top and bottom of the flexible core. Each set contains an enclosed MR layer by two composite sheets. The ‘t’
and ‘b’ indices are used for upper and lower layers, respectively. Additionally, the ‘1’ index is used for face composite
sheets, similarly ‘2’ for MR layers and ‘3’ for the nearest layers to the flexible core.

(1%)
MR fluid (2
I
Flexible core

(3
MR fluid (2b)
(1)

Figure 1. Schematics of the sandwich plate with two MR fluid layers and a flexible core resting on elastic foundation

Displacement and Strain Fields

The displacement field of the face sheets is modeled by exponential shear deformation theory shown below [33]:

owi(x,y,t)

u;(x,y,2,t) = uj(x, y, t) — I +f(2z)9'(x,y,t) (1)
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vi(x%,y,2,t) = vi(x,y,t) = ZW + fE)P (%, y,t) (1b)

wi(x,y,2,t) = wy(x,,t) (1c)

Zi

2
Where i = 1t,3t,3b,1b and f(z) =z (e_z(h_i) ) Also, u;, v; and w; are displacements in the x, y and z

directions, respectively. The mid-plane displacements are shown by u}, v5 and w¢. ! and 1! are the rotation functions
along the x and y axes, respectively. Unlike the FSDT method, this theory does not require the use of shear correction
factors, similarly the used theory in [32]. According to the Frostig’s second model, the displacement field for the flexible
core is as below [34]:

u.(x,y,2,t) = u§(x,y,t) + zuf(x,y,t) + zZus(x, y, t) + z2u§(x, y, t) (23)
ve(x,y,2,t) = v§(x,y,t) + 2,05 (x,y, ) + z2v5 (x, y,t) + 22v5(x, y, t) (2b)
we(x,y,2,t) = wi(x,y,t) + z.wf (x,y,t) + 22wl (x, v, t (2c)

The linear strains in the upper and lower sheets (i = 1t, 3t, 3b, 1b) based on Von-Karman strain assumptions are as
below [35]:

g)icx = u(i),x - Ziwé,xx + f(Zi)QD,l;c (33)

gjizy = v(i),y - Ziwé,yy + f(Zl)l,bly (3b)

Viy = 2eky = by + by — 22Wh ey + f(2DQY + f @)Y (3c)
. . df(z) .

vy =26, = L0y (39)
) . df(z;) .

i, = 26l = Ly (3

Also the linear strains in the core layer based on Von-Karman strain assumptions are as below [35]:

Exx = Ugx T Z Uy + Zczuz,x + Z?u&x (43)

gy = Voy + ZcV1y + 200y, + 2303, (4b)

&5, =wy +2z.w, (4c)

Yoy = Uoy + ZeUyy + Z2Upy + Z3Usy + Vo i + Z0Vy 5 + 22V, + 2303, (4d)
Vi = Uy + 22Uy + 322us + Wy, + ZoWy y + Z2W, (4e)

Yoz = V1 + 22,0, + 32203 + Wy, + 2wy, + 22w, (41)

Relations of Magnetorheological Layer

The relationship between transverse strains and stresses in MR layers can be expressed as:
W =6r, (=tb) (52)
2 =6  (G=tb) (5b)

According to the geometrical relationships between displacement components and rotation functions in layers 1 and
3, and also the assumption that a no-slip condition exists between sheet layers and magnetorheological fluid layers, the
components of strain in MR layers can be given as:
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2 2

R § B b , j (M _ hs;)

vH = ow; +u0 Uy 0wy t+hy @ hy e 2<2h2j> —hye Z(thj (6a)
*z ox h2] ox 2h2] 2h2] J J
. . 2 2
cow, v —vY owhy +hy Y —z(ﬂ) —2(ﬁ>
2j i Yo 0 iy 3j 2hy; 2hy;

_Y hdd} h, 2j) —h,. 2j 6b
yyz ay + hzl + ay 2h2] + 2h2] 2Je 21‘3 ( )

The magnetorheological fluid shows the viscoelastic behavior in the pre-yield range, that is described in terms of the

complex modulus G*.
G* =G +iG" ©)

Here, G' and G"' are the storage modulus and the loss modulus, respectively. They are described as [25]:

G' = —3.3691B% + 4.9975 x 10°B + 0.893 x 10° (8a)

G" =—-0.9B% + 0.8124 x 103B + 0.1855 x 10° (8b)

Here, B represents the magnetic field intensity in Gauss.

Relations of the Foundation

The two parameter Winkler-Pasternak model is used to model the elastic foundation. This model considers transvers
shear deformations in addition to vertical deformations. In this model, the elastic foundation reaction force per unit of

area is introduced as:

*w ’w

fe=kWW_kng_ gya_yz )
Where k,, , kg and kg, are dimensionless parameters of the elastic foundation which in isotropic foundations,

kgx = kgy. Since the foundation is in contact with the bottom layer, the vertical displacement of this layer affects the

foundation. So, the strain energy of the elastic foundation is considered as:

Ur =erwbds (10)

EQUATIONS OF MOTION

To extract the equations of motion, the Hamilton’s principle is employed as below:

tz
(8U +6V — 86T +Up) =0 (11)

t1

Where 6, U, V, T and Uy are the variation operator, the strain energy, the work done by external forces, the Kinetic
energy and the elastic foundation energy, respectively. In the current research, V is zero, and:

= ioed Ioed i i Iy ioei
U = Z -[ (O-XX §£XX + O-J’J’ 55}’)’ +TXY 5}/ xy + szdy Xz +TJ/Z§V }’z) dVi
i=1t,3t,3b,1b \ V,
i i i i
+ Z I(TXZ§VXZ +TyZ§yyz)de (12)

i=2t,2b \ v,

+ j(ac Ol +7€ 6vC +7¢ 8y +0C 05 +0° 05 +76 SyS )dv
7z " zz xz 7 xz yz ' yz xx T xx vy oy xy 7 xy c
v,
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a b
0

i=1t,3t,3b,1b L

¢ b . . . .
) { /] (pjhjwjawj+1MR(V';Z<SV',£Z+y';zay'yfz))dxdy} 13)
0

i=2t,2b \q
a
b
- f f pe he (U8, + 0,00, + W0, )dxdy
0
0

Where, p is the mass density, dot-over script convention index illustrates the derivation of variables over time. Also,
it is assumed that there is no normal stress in MR layers (2t and 2b). By using Eq. (11) and considering the stress
resultants, forces and momentums which are defined in Eqgs. (14a)-(14i), the equations of motion are derived.

hi

2
{NL., N}, NL,QL, Q.3 = f {0l 0}y, 1L, Tl Tl }dz, (i = 1t,3t,1b,3b,¢) (14a)
hl

2

— NI

{Mmi, M, ML} = | z{ol, o}, 1i,}dz (i = 1t,3t,1b,3b) (14b)
hi
2
hi
2
{ngx' Mrclyyr Mrclxy: Ménxz: Ményz} = J Z?{O}gx: U;ytfiytfiz: T;z}dzc (14C)
hi
2
hi
2
wems) = [ (120305 (14d)
My
2
h;
2
(0 0h) = [lehnthaddn (=2620) (140)
hi
2
h
2
I = f zl'p;dz; i =c,1t,3t,1b,3b n=012,.. (147)
hy
2
hi
2
. . . 2 .
Us i 15} = J pilf (2, zif (2), (f (z) Yz { =1t,3t,1b,3b (149)
hi
2
hi
2
(RL,RL, L)} = f (O ol T} (z)dz i = 1t,3¢,1b,3b (24h)
hi
2
h;
H d
. . . . Z; R
{PL B} = j (Tl ths) ];(Z ) dz; i = 1t,3t,1b,3b (14i)
i
hi
2
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Since the derived equations of motion are too long, they are presented only for layer “1t” in Egs. (15a)-(15c). The
other layers have the same equations approximately, that aren’t presented here.

e
1 1t T N3t 1 1 1 15a
Nt + Nijy + 71— Q3 — 43" + 10, — J'9" + = 134" = W 18t o IR — o — 13, = 0 (152)
2t 2 2t 2t 2t
6U1t
o -
1t 1t 2t 1t 551t 1t t 1t "t h1t+h3t 2t,),t Zt Zt 2ttt — 15b
Nyyy+nyx+h_ yz — 10 Vo + 11 WO,y _]0 1!’ th I l/) 1 1 0 Io WO,y =0 ( )
Swit:
MY+ M3 + MY+ M3+ MYy M3y = T M e = 3 M e = 5 My = 53 My +
XX,XX XX,XX Xy, Xy XY, Xx yy.yy yy.yy 2XX,XX h3 3xx,xXx 2yy,yy h3 3yy.yy
4h. 2h 6h 2h 6h
c c F3t 3t 3t 3t 3t
_Rz + _zMz M3xy Xy + ( _)Mlezx + ( )MQszx + ( + )MQlyzy + ( F)MQZyz,y +
ity 4 8h3t15 8h3t15 2hglf 8h3t16 2h3t14 1t _ t _ 4h3 1€
szx + Qyzy 1 Upyx (Il - e - 13 - ] + - nZ ) + I né -
4h3 IS | hachaplf R3S ..t 4hschspl§ h3th3b14 3t 4h3JE  ahff  h3JE\ L. ¢
h5 + e & 0,xx + Ré + ( Wo,xx + WO yy) + 12 né RS & WO,yy + (150)
4‘h3t16 4h3 S -1 h3If 4’13:’131715 1 h3th3b14
( +J3¢ ez+h—2e2 i (<px+1/)y)+ ez — =1 (<px+1/)y)+
1t 3ty 1t 1t 3t 8hall  8hgdf  2half 3: 8h3t15 4hgd§  2hgdS h3t12
(=it =15 )Wo + 11 Yoy t (11 TThe R h4 y T + T (qu + vOy) +
8halé  AhglE  2hgelf h3t13) ( 414 ) ( 414 413 12) t (814 413 21§ If) . c
- - % - -t 3w —t=—=5—)w§ -
( h5 + h“ h3 ( 1x+ 1y)+ + 0+ + E h2 0+ h2‘+h§ h? he 0
hatthse 2t 21t 2t::3t 2t 2tp3t =
I§twg + (I8' @ + I34D5) — —Igtiigh, + =13 gt — 1§ WG e — I§TWG __10 0y 10 ox =0
2h hat hae

SOLUTION METHOD

The Navier technique has been used to solve the derived equations as below, considering simply supported boundary
condition for all edges, [33]:

i

uO N Umn Jot
— 3 w
u§ ¢ = E E UG ( COS X Sinfy e (16a)
uf n=1m=1 ugmn
W) & [ .
j— 3 w
v (= E E Vimn ( SINAX COS LY € (16b)
vlc n=1m=1 vlcmn
. (o] .
j j
w, w, ) )
0ol — mn Jwt
{ C} = E { T }sm ax sinfy e (16c)
Wo Winn

{p/} = i iw:;m} cos ax sin By e/t (16d)
.

n=1
@) =) > (Wha} sinaxcosfy e/t (16e)
n=1m=1
In the Egs. (16a) to (16e), i = 1,3, j=t,b, @ = % and 5 = — . By substituting Eqgs. (16a)-(16€) in derived

equations of motion, the simplified equation of motion can be prowded as follow:
{[K] — [M]w?}[4] =0 17

Where K, M and A are the stiffness matrix, mass matrix and displacement vector, respectively and A can be defined
as:

t b c c c [4 c T
{4} = {umnr umn: umnr umn: vmnr vmnr an' an' Wmnr Wmnf (pmn: (pmn: Wi Y Womns Uimns Yomns Vimns Womn) (18)

To solve Egs. (18), the determinant of ([K] — w?[M]) must be zero. The calculated eigenvalues of this equation are
in the complex form. So, the natural frequencies, w* and modal loss factor, n, are calculated as follow:
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w* = /(Re(w))? + (Im(w))? (19)
_Im(w)
"= Re(w) (20)

RESULTS AND DISCUSSION

The accuracy verification of the current approach relies on the comparison of the obtained natural frequencies of the
panel in the present study with the results of reference [25]. For this purpose, the foundation is neglected and the
mechanical and geometric properties of the panel are designated as Table 1 and Table 2.

Table 1. Mechanical properties of the sandwich panel [25]

Property  E; (Gpa) E, (Gpa) E;(Gpa) Gi; (Gpa) Gy3 (Gpa) Gi3 (Gpa) Iy 913 23 p (kg/m?
Face Sheets 2451 7.77 7.77 3.34 3.34 1.34 0.078 0.078 0.49 1800
F(I‘?Oxr!sele 0.1036 0.1036 0.1036 0.05 0.05 0.05 0.036 0.036 0.036 130

Table 2. Geometric properties of the sandwich panel [25]
hyp (mm) hy, (mm) hyp, (mm) h3, (mm) hj, (mm) h./h h/a

hye (mm)
1 1 1 1 2 2 0.88 0.1

To compare results of this method with reference [25], the density of used material in MR layer for a square sandwich
panel, the magnetic field intensity and the arrangement of layers are considered as p = 3500 kg/m? , B=150 Gauss and
(0/90/MR/0/core/0/MR/90/0) respectively. Also four dimensionless frequencies are derived based on:

__wd® |p
_ 21
©=="|E (21)

The results shown in Table 3 are close to the results of reference [25]. The reason for the difference between the results
of the present study and reference [25] is the transverse shear stresses at the top and bottom surfaces of the plate are zero
in ESDT while in FSDT, the correction factor is necessary because of the lack of control of shear stresses at the top and
bottom surfaces of the plate. Therefore, it is concluded that the used theory can simulate the vibrational behavior of the
plate better than FSDT.

Table 3. Comparison of dimensionless frequencies w between present study and reference [25]

Mode number (1,2) (1,2) (2,1) (2,2)
Reference [25] 20.54 13.72 33.22 23.31
Present study 18.75 12.69 32.55 20.51

Effect of the Magnetic Field Intensity Variations on the Natural Frequency and Loss Factor

To examine the influence of the magnetic field intensity on the natural frequency and loss factor, a plate with presented
properties in Tables 1 and 2, is considered. Also, the foundation parameters are; k,, = 10° and kg = 105 . The results,
in four modes of vibration, using Egs. (19) and (20), are shown in Figure 2 and Figure 3. The increase in the magnetic
field intensity causes the complex shear modulus of the magnetorhelogical fluid increases. Thus, the structure stiffness
will increase. For this reason, it is observed from the results in Figure 2 that, the natural frequencies increase by applying
and increasing the magnetic field intensity. Also, the results show that the larger mode number, the higher natural
frequencies of the sandwich plate for each specific magnetic field intensity.
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Figure 2. Effect of variations in the magnetic field intensity on the natural frequency

The variations in the loss factors for different magnetic field intensities are shown in Figure 3. It can be concluded
that the loss factors increase with the increase in the magnetic field intensity. But this increase is greater at first, and as
the magnetic field intensity increases, the increase in the loss factor will be smaller especially in the fundamental mode.
Also, the loss factor decreases with the increase in the mode number for each specific magnetic field intensity.

0.11

H =———Made (1.1}
0.1 H=== Mode (1,2)
F— - -Made (2.1)
[+ 2+ ¢« Mode (2.2)

n

=

=]
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!

Loss factor,
o
=
-
.

0 200 400 600 800 1000
Magnetic field intensity, B (Gauss)

Figure 3. Effect of variations in the magnetic field intensity on the loss factor

Effect of the Magnetorheological Fluid Layer Thickness on the Natural Frequency and Loss Factor

In Figure 4, the effect of the magnetorheological fluid layer thickness on the natural frequencies can be observed. The
analysis conditions are similar to before section, except that the magnetic field intensity is considered 400 Guass. It is
found when the MR layer thickness to overall thickness ratio increases, the natural frequencies decrease. It is attributed
that the mass and stiffness of the structure both increase when the thickness of the MR layer increases, but increasing the
mass of the structure is more than increasing the stiffness of the structure. Also it is observed the reduction in the natural
frequencies is more significant in higher modes.

3150

———Maode {1.1)
300+t === Mode (1,2}
— - -Mode (2.1)

--..‘..,._“." ssssslode (2,2)

0
tre st snsnsas

[ SV Y]
= O
= n
[ =T

2950 + T —

2900 £ T ————

R —
-
e
-
-

2850 +

Natural frequency, w ' (Hz)

2800

o780 F e e e
0.015 0.02 0.025 0.03 0.035 0.04

hyp/h
Figure 4. Effect of variations in the MR layer thickness to overall thickness ratio on the natural frequency
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The effect of the magneto-rheological fluid layer thickness on the loss factors is shown in Figure 5. It is illustrated
that the loss factors decrease with the increase of the MR layer thickness to overall thickness ratio. Also, the variations
of the loss factors in higher modes are less than those compared to the lower modes.

Loss factor, i

0.09
— o de (1,1)
0.08 === Mode (1.2)
— . =Maode (2.1)
007 §
S LR TR Made (2,2)
0_05-:.,,“
"\.
0.05 S~
. ~
004+ T D
003 £ LT T .._"“"""‘"-"-“ T ———
002 — — — }
0.015 0.02 0.025 0.03 0.035 0.04
hygr/h

Figure 5. Effect of variations in the MR layer thickness to overall thickness ratio on the loss factor

Effect of the Flexible Core Layer Thickness on the Natural Frequency and Loss Factor

The effect of the flexible core layer thickness on the natural frequencies is investigated at a magnetic field intensity
of 400 Guass in Figure 6. The other analysis conditions are similar before section.

()

Natural frequency, w”

3300 ¢

3250
3200
3150
3100
3050

3000 £

2950
2900
2850

e [ 0 (1,1)
=== Mode (1,2)
— - -Mode (2,1)

2800 +—

0.9
h./h

Figure 6. Effect of variations in the core layer thickness to overall thickness ratio on the natural frequency

It is observed that the natural frequencies decrease when the flexible core layer thickness to overall thickness ratio
increases, but the range of this decrease in not large. It is attributed that the mass and stiffness of the structure both increase
when the thickness of the flexible core layer increases, but increasing the mass of the structure is more than increasing

the stiffness of the structure.

The variations of the loss factor with the increase of the flexible core layer thickness to overall thickness ratio are
presented in Figure 7. According to Figure 7, the loss factors decrease with the increase of the flexible core layer thickness
to overall thickness ratio. Also, the variations of the loss factors in higher modes are less than those compared to the lower

modes.
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Figure 7. Effect of variations in the core layer thickness to overall thickness ratio on the loss factor

Effect of the Foundation Parameters on the Natural Frequency

The effect of variations in the foundation parameters on the natural frequencies is presented in Table 4. The magnetic
field intensity is considered 400 Guass and the other analysis conditions are similar to before. It can be realized from the
results that the natural frequencies increase when K, and K, increase in each mode. The reason of these observations is
that increasing the foundation parameters increases the foundation stiffness. Also, when the mode number increases, the
increase in the natural frequency is obtained.

Table 4. Effect of the foundation parameters on the natural frequency and loss factor

K, K;=0 K, =10
W(1,1) W(1,2) W(2,1) W(2,2) W(1,1) W(1,2) W(2,1) W(2,2)

0 2400.38 4595.79 5485.26 8287.99 2574.39 4754.35 5935.94 8509.13
10° 2400.41 4596.79 5486.36 8302.99 2839.24 4909.14 6014.21 8536.11
1010 2532.36 4715.91 5493.33 8473.06 2934.39 5022.31 6135.94 8609.14
1015 2615.88 4755.40 5589.65 8644.03 3135.40 5254.37 6496.94 8699.86
1020 2775.44 4856.02 5635.39 8719.18 3212.41 5356.02 6527.18 8769.34
10%5 2864.45 4856.02 5835.43 8749.22 3375.36 5521.12 6644.48 8821.51

CONCLUSIONS

The free vibration analysis of a multi-layer rectangular plate with both MR fluid layers and a flexible core was
presented while the plate was rested on a winkler-pasternak foundation. The applied theories for displacement fields in
sheet layers and flexible core layer were exponential shear deformation theory and Frostig’s second model, respectively.
Hamilton’s principle was used to solve the equations of motion and the Navier technique was used to solve them. It can
be concluded from the obtained numerical results that the natural frequencies and loss factor increase with increasing
magnetic field intensity. The increase in the MR layer thickness to overall thickness ratio causes the natural frequencies
and loss factor decrease. Similarly, the increase in the core layer thickness to overall thickness ratio conduces the decrease
in the natural frequencies and loss factors. The increase in the foundation parameters leads the increase in the natural
frequencies.
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NOMENCLATURE
Parameter Definition
B Magnetic field intensity
E\, E, E; Young’s modulus in directions of layer material
Giz, Gy3, Gy Shear modulus in directions of layer material
G'and G" Storage modulus and loss modulus, respectively
h Thickness of the plate
ML, M, ML, Moment resultant for the i*" layer
My s Myyy, Myy, MGnxz Mgy My Moment resultant for the flexible core layer
Niy Niy, Niy, Qiz0 Q5 Force resultant for the it" layer
RS Force resultant for the flexible core layer
u,v,w Displacement component in the x-, y-, and z-direction, respectively
GREEK SYMBOLS
Parameter Definition
&ij Strain on i-j plane
Yij Shearing strain on i-j plane
n Loss factor
Vi, V13, V2,3 Poisson’s ratio in directions of layer material
p Mass density per unit volume
o, P Rotation components about the x- and y-direction, respectively
W Natural frequency
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