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Abstract: This study analyses eccentrically stiffened sandwich thick plates with the core layer made
of negative poisson material. The analytical method based on the first order shear deformation theory
(FSDT) is applied to analyse dynamic response and vibration of the plates. The numerical results of
the study have been compared with other studies to evaluate the reliability of the calculation. The
analysis results of the nonlinear dynamic response and the vibration show that the elastic foundation
and the graphene volume ratio positively impact the behavior of the plates. On the other hand,
imperfection and thermal environment have a negative effect on the behavior of sandwich plates.
Research has also been performed to evaluate the effect of blast load, axial load and shape on the
dynamic response of the plate.
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1. Introduction

Composite materials have been applied widely in advanced industries in the world such as aviation,
aerospace, ship building, machinery, construction, etc. because composite materials have got more
unique advantages such as light weight, high modulus of elasticity, high heat-insulation, high sound
isolation than conventional metals. Composite materials are combined from two substances with
different properties, whereas homogeneous elasticity substances are attached together to improve
mechanical behavior of materials. Recently, the sandwich structures have been studied by many
scientists. Sandwich structures combined with new materials are a matter of great interest.
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Recently, structures with layers of auxetic materials have received special attention. Nam et al. [1]
investigated the behavior of the auxetic honeycomb sandwich plate using the finite element method
based on higher-order shear deformation theory, the plate model has meshed with the polygon element.
Sandwich plate with layer core made of auxetic 3D was studied by Chong Li et al., post-buckling
behavior and vibration were examined [2,3]. Mohammad et al. [4] researched the dynamic response of
the plate with two faces layer made of composite reinforced by carbon nanotubes. Research on the
mechanics of plate structures with auxetic layers has been interested in recent years by other authors [5,
6].

Currently, FSDT has been commonly used to investigate sandwich plates. Thai et al. [7] investigated
bending, buckling and free vibration of the functionally graded sandwich plate using an analytical
method based on FSDT. Phuong et al. [8] examined buckling and vibration of sandwich plate with both
homogeneous hardcore and softcore and functionally graded faces based on FSDT. Amir et al. [9]
analyzed buckling of sandwich plate with flexoelectric face layers and carbon nanotubes reinforced
composite core using FSDT. Duc et al. [10] investigated vibration and nonlinear dynamic response of
FGM plate with top layer made of piezoelectric material.

The aim of this research is to analyze nonlinear dynamic response and vibration of eccentrically
stiffened sandwich thick plates with auxetic honeycomb score and GPL-RC face layers based on the
first order shear deformation theory. Using FSDT, this research considers the effect of geometric
parameter, material properties, foundation parameter, mechanical and thermal loads on the dynamic
response of the thick plate.

2. Analytical Solution
2.1. Model of Plates and Material Properties

This study considers plate models with two face layers made from graphene platelet reinforced
composite (GPL) and an auxetic core layer.

The reaction—deflection relation is given by
q. = Kyw—K,V?w (1)

with V is Laplace operator, w is the deflection, K,, and K, are Winkler foundation stiffness and
shear layer stiffness of Pasternak foundation, respectively.
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Figure 1. Eccentrically stiffened sandwich plates with auxetic honeycomb core model.
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hAY  The thickness of auxetic core  hS  The thickness of stiffeners ~ t,,  The thickness of cell wall

Graphene platelet —reinforced composite face sheets
The functions of non — dimensional thickness coordinate:

2
GRA _ A\GRA _ —GRA GRA GRA _ ,,GRAGRA ~GRA _ ~GRA ~GRA _ ~GRA ~GRA _ ~GRA
1 T N2 T E /[1_(V12 ) :|, o =V U U = G12 1N T G23 1855 = Gl3 : (2)

in which, the Halpin - Tsai model is selected to calculate the elastic modulus of the GPL layer. The
material properties E,a,v, p are the Young’s modulus, the thermal expansion, the Poisson coefficient

[

and the mass density, respectively. The symbol with ‘cp.’ and ‘m’ represent graphene material and
matrix, respectively. V - the volume fractions, agp, ,bgp, . Nge, - the average length, width and thickness

graphene.
B = E./8/ (1_ 1M Ver )[377|_ (1/ M+ 286p Ve [ hgp ) +57; (1/ M+ 20gp Ve, 1 Ngpy )]'

= hGPL (EGPL - Em ) / ( EGPLhGPL + Em ZaGPL )v = hGPL (EGPL - Em ) /(EGPLhGPL + 2bGPL Em ) (3)

The mass density and Poisson’s ratio of the GPL layer are calculated by applying the rule of mixture
as follows [12]:
Vl(;RA = VzelRA =V, (Vm ~VerL ) +Veprs Vop =1-V,,,

aleRA — O!SRA = (VGPL EGPL(ZGPL + Emam _VGPL Emam ) / (VGPL EGPL + Em _VGPL Em ) (4)
Auxetic honeycomb core

The functions of non — dimensional thickness coordinate and elastic modulus of the auxetic layer
are calculated by [13,14]

1 =E,n; (17, —sin 0)/[(:053 6'[1+(tan2 0 +n, sec’ 9)7731(1—V12UV;1U )J
AU Emng’/[cose(m—sin 0)(tan” 0+ 73 ) (1- vy vy )J A = v QaY QA =G, 1, cos @/ (17, —sin 8);

AU —
Qs 2cos0

Qi =E s /[ m (1+2n,)cos0 vy =—sin@(1-n )/ (tan® 0+ ) | (m, —sin 0).

G.1, {nl—sine ;71+2sin29} o —sind(1-nf)(m -sin6)

+ - Vip = ;
1+2n, 2(n=sin0) | ™ cos® 01+ (tan’ 0+ sec’ O, ) |

®)

w_ twon(hy+2L,) o, €SOy _ t,, (hy +1,,sin6)

2, cosO(hy, —1,sing)" 1 "sinG+m 2 "l (2hy, +1,)c0sO’

2.2 Problem solving

In this reseach, the basic equations are established according to FSDT. The strain-displacement
relations and the stress-strain relations with the effect of thermal environment are defined as [11]

The stress component for stiffener is described by the formula [10]:

S
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The force and moment resultants of eccentrically stiffened sandwich plates with auxetic honeycomb
core and GPL-RC face layers are expressed as

(Ni,Mi)ZZ(NiGRA,MiGRA)+(NiAU’MiAU)_,r_(NiS,MiS), i =X, Y, XY,

(Q)=2(Q%)+(Q™). i=xy, g
The A, @, ®,,@,,®,1,,1,,1, coefficients are obtained after calculating the Eq.(7)
Expression of blast loads are shown below
P=18P, 1-t/T e™"s (8)

The geometrical compatibility equation for an imperfect plate is written as [10]
o’y N s, _ yy [ O*w ’ _d'wotw . o'w o'w watw o'wow
oy>  ox®2 oxoy \oxoy ) oxP oy oxdy oxdy  oxt oyt oy? ox? )

According to FSDT, the motion equations of the sandwich plates on elastic foundation are written

N,y + Ny =loUgy + LBy (10a)
Noyx + Ny, =1Vou + 1,8, 4 (10b)
Qu +Qyy + Ny (Wo W )+ 2N, (W, + W )+ N (Wy + W) 100
-Kw, +K, (WOYXX + W, ) +q=1l,Wg,

M, + Mgy —Q =18 + Loy, (10d)
Myx+M,, —Q, =18, + 1V, (10e)

The Airy’s stress function f (x, y,t) is introduced to simplify the problem as [12].
N="f, N=Ff N=F,, (11)

Two cases of boundary conditions are carried out in this study.

Case 1: The imperfect plate edges are simply supported and freely movable (FM);
Case 2: The imperfect plate edges are simply supported and immovable (IM).
The analytical solutions are assumed to have the form as [12]

w(x,y,t)=W (t)sin(ax)sin(By);
é (X, y,t) =D, (t)cos(ax)sin(By); (12)
¢, (x,y,t)=, (t)sin(ax)cos(Sy),
For initial imperfection, assume that the function w" has the same form
W (X, y,t)= phsin(ax)sin(By),
Where a =mz/a,=nz/b, and W(t),®,,®, - the amplitudes which are functions dependent on

time. u (0< u<1) is a quantity that is characteristic of the structural imperfection.
The form of stress function is obtained as

XX
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f(x,y,t) =T, (t)cos(2ax)+T,(t)cos(28Y)+T, (t)sin(ax)sin(By)+ N,,y* / 2+ N x* / 2 (13)

—(W? +2W uh)(AB° 327,07 ), T, =—(W? + 2W uh)(Aa® [32A,,8° ), T, = D,®, + D,®,,
Where A= A A —ALAL
D, :K(Aﬁeg—A2A23)+@jaﬂz+(eles—AzAg)as},{iaugﬁa_(Au Ay, j“ 5 }
A A A A31

A Ay A A
DFH(%Az‘;—AmAm Aszjﬂ o (A= AA) s HAM Yy (Au A, ]aﬁ}
A A, A A A A,

Through transformations, and by applying the Bubnov - Galerkin method, the new equations for the
imperfect plate are rewritten as follows:

h,W+h,®, +h;®, +h, (W+uh)®, +h, (W+ﬂh)® +hyg (W+eh),
+h W (W+uh)(W +2uh)+ F (W+uh)+hgg =1 W,,
(14)

h21q)>< + hZZCDy + h23 (W+ )+ h24W (W + Z/Jh) = |: 2 _( 12/|0):|q)x,tt7

@, + hy®, -+ g (Wegth ) + bW (W +2,h) =(1, = (17 /1, ) )@
With h;; are given in Appendix.
Nonlinear dynamic analysis with effect of pre-loaded axial compression
Assume that the plate is loaded under uniform compressive loads P, and P, (Pascal) on the edges

=(0,a) and y=(0,b) (FM case) with: N,, =—B,h, N, =-P.

Nonlinear dynamic analysis in thermal environment

The effect of temperature on the structure will be considered in case 2 (IM), corresponding to the
condition: the plate with all edges which are simply supported and immovable. Under the influence of
thermal load, the condition expressing the immovability on the edges is satisfied in an average sense as

” Zdxdy =0, ”—dxdy 0. (15)

In accordance with this average sense, the respective force components are calculated as follows:

Nyo =C; P, +C, Py +014W2 +CsWuh+ @, (16)
Nyo = Cpy®@, +Cpp®, +Coy W2 + CpsWith + D,

With c;j; coefficients obtained after calculating the Eq.(16).

3. Results and Discussion

To evaluate the reliability of the calculation, we compare the natural frequency values of the
isotropic plate. The natural frequency of the first mode and second mode are shown in Table 1. The
natural frequency values of the two modes in this study are very close to the results of the solutions of
Hashemi et al. [15,16]. It can be seen that the obtained results in this study are very reliable.
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Table 1. Comparison study of natural frequency g = (a)az/h)./pc/EC for isotropic plate.
Material First mode Second mode
h/a h/a
0.05 0.1 0.2 0.05 0.1 0.2

Fully Present 5.9317 5.8117 5.3957 14.677 13.98 11.941
ceramic [15] 0.177% 0.639% 1.859% 0.417% 1.348% 2.807%
[16] 0.174% 0.634% 1.856% 0.417% 1.341% 2.798%
Fully Present 3.0192 2.9581 2.7463 7.4704 7.1158 6.0778
metallic [15] -0.45% 0.02% 1.28% -0.21% 0.76% 2.29%
[16] 0.18% 0.64% 1.85% 0.41% 1.35% 2.80%

Geometrical parameters of eccentrically stiffened sandwich plates with auxetic honeycomb core and
GPL-RC face layers selected for the investigation are as follows: a/b=21a/h=25h"" =0.5h,
h' =h®*=0.5h"", b =b, =h*,d, =d, = 2h*. Material parameters used to investigate are as follows:

Vgp, =0.11, E., =1010GPa, E,, = 69GPa, v, =0.186,v, =0.33,a¢,, =5x10°K ™, ¢, = 23x10°K ™,
Pep. =1062.5kg / m®, p, = 2700kg / m®. Geometrical parameters of graphene platelets used to
investigate are as follows: tg,, =1.5nm,wg, =1.5um, 1, =2.5um.

The results below evaluate the influence of elastic foundation, geometrical parameters, material
parameters, load and temperature environment on the dynamic response and natural frequency of
eccentrically stiffened sandwich plates with auxetic honeycomb core and GPL-RC face layers under
blast loading. Figures 2 and 3 demonstrate the impact of the geometric parameters on the behavior of
eccentrically stiffened sandwich plates with auxetic honeycomb core and GPL-RC face layers under
blast loading. In Figure 2, we keep parameter a and change estimation of parameter b. It can be seen that
the amplitude of the dynamic response decreases when the proportion a/b rises . It is obvious from
Figure 3 that the plates have critical change when the length to thickness proportion of the plate changes,
and that the ratio a/h increases leads to reduction in the capacity of plates.

¥ ——a/h=25

Wim)
W(m)

-6
0 0.005 0.01 0.015 0.02 0 0.005 (:((s))] 0.015 0.02

Figure 3. Influence of ratio a’h

Figure 2. Influence of ratio a/b

Figures 4 demonstrates the impact of GPL volume fraction on the behavior of the plate. GPL causes
the amplitude of the deformation-time curve of the plate to decrease. The amplitude of the deformation-
time curve increases when the imperfection coefficient increases. Figures 5 demonstrates the impact of
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the Winkler and Pasternak foundation on the dynamic response of the plate. From figure 5 we can see
that the modulus of the elastic base has a positive effect on the nonlinear dynamic response. On the other
hand, it is clearly seen that Pasternak foundation has bigger impact on nonlinear dynamic response than
Winkler foundation. The stiffeners make the plate more resistant, which is shown in Figure 6. Table 2
shows that the stiffeners and the foundation also increase the natural frequency of eccentrically stiffened
sandwich plates with auxetic honeycomb core and GPL-RC face layers. Figure 7 shows that the
temperature environment has an adverse effect on the performance of the structure. Figures 8 and 9
show the influence of amplitude of blast load and compression load on the dynamic response of the
sandwich plates. Apparently, the amplitude of blast load (Ps) and compression load (Px) decrease, which
leads to reduction in the amplitude of the dynamic response of the sandwich plates.

----- Without foundation
—K_ =0.1GPa/m, Kp=0

5= -KW=0.1GPa/m, Kp=0.01GPa.m

W(m)

Wim)

0 0.005 0.01 0.015 0.02
t(s)

0 0.005 0.01 0.015 0.02

Figure 4. Influence of GPL volume fraction. Figure 5. Influence of foundation.
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----- Stiffened
4r o = Unstiffened | |

W(m)

3 ‘ ‘ ‘ ‘ 0.005 0.01 0.015 0.02
0 0.002 0.004 0.006 0.008 0.01 1(s)
t(s)
Figure 6. Influence of stiffeners. Figure 7. Influence of temperature.
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Figure 8. Influence of blast load. Figure 9. Influence of compression load.

Table 2. Effect of pre-loaded, foundation and stiffeners on natural frequencies 3, = wxhx./p, / E, /a°.

Foundation Mode P.(MPa)
0 100 200 300 500

K, =0 Stiffened 0.0192 0.0181 0.0171 0.0159 0.0133
K,=0 Unstiffened 0.0181 0.0171 0.0159 0.0147 0.0118
K, =0.1GPa/m Stiffened 0.0216 0.0207 0.0198 0.0188 0.0167
K,=0 Unstiffened 0.0207 0.0198 0.0188 0.0178 0.0155
K, =0.2GPa/m Stiffened 0.0334 0.0328 0.0322 0.0316 0.0304
K, =0.03GPam Unstiffened 0.0328 0.0322 0.0316 0.0310 0.0297

4. Conclusion

This paper investigated the nonlinear dynamic response of eccentrically stiffened sandwich thick
plates with auxetic honeycomb core and GPL-RC face layers under blast loading on elastic foundation
based on the first order shear deformation theory and Airy stress function. The numerical results for the
dynamic response of the plates were obtained by Runge-Kutta method. More specifically, in the study,

*The natural frequency results were compared with other studies;
* The foundation and stiffeners had positive impact on time-amplitude response curves of the plates;

* The temperature field had significant impact on the nonlinear dynamic response of eccentrically
stiffened sandwich plates with auxetic honeycomb core and GPL-RC face layers. In addition, the
temperature increment had negative effect on the amplitudes of the plates; and

* The shape parameter, imperfection coefficient, and external loads were considered.
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Appendix

hy =-Ky —Kp (e + 8°),h, ==Aya, hy =-A,B.h, =3208/(3ab)D,, |, =323/ (3ab)D,,

he =—(Aua’ + AyS°) by = a*Al (16A, )+ A1 (16A,), hy =16/ (aBab), F =(=N,.a” —N o),
My = (A (A = ApA ) I At A (AvAg — AuAL) | At Ay )a® =Dy (AgA, I A= AA T A)a® — A,

=D, (AP | A= APy I A=Ay I Ay )aBt (A, = Ay | Ay) B2 Dy = -8B ALA, — AgA ]/ (3abA, ),

M = = (A (AAs = Aohoe )| At Ay (A = AuAg) T A+ Ay + Ay = Ay | A ) B

—DZ(ABA12 /A—ABAH/A)(Z?’ - DZ(AZSAZl/A—ABA22 TA-A, T An)az,[fz,h23 =-A,0.

hy = (A (A As = AsA) | At Ay (AR = AuAL) At Ag) B2 =Dy (A Ay | A=Ay, 1 A) B2 = A,

D, (AP | A=Ay Ay T A=Ay | Ay)a®B—(Ay = AL 1 Ay ) B2 Ny, = —8a [ Ay Ay, — A A, ] 1(38DA, ),

by == (Ao (A As = An A ) | At Ay (AuAy = Ap A ) A+ Ay + A, = Ay 1A ) pa

Dy (A A= AgA, I A) =D (A, | A=Ay A T A=Ay | Ay ) fhy = A .



