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ABSTRACT

This paper introduces isogeometric analysis (IGA) based on higher-order shear deformation
theory (HSDT) for vibration analysis of sandwich plates resting on Kerr foundation (KF). The
sandwich plates include the ultra-light of an auxetic honeycomb core layer and are reinforced by
two laminated composite three-phase skin layers. The governing equation is derived from
Hamilton's principle. The Newmark- method is applied to solve the forced vibration of the
sandwich plates by the code in Matlab software. The accuracy of the proposed method is verified
through comparative examples. Additionally, the effects of geometrical dimensions, material
properties, and foundation stiffness on the forced vibration of sandwich plates are studied in detail.
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1. INTRODUCTION

Recent advances in additive manufacturing (AM) have revolutionized the design and
production of complex bio-inspired engineering structures, of which negative Poisson's ratio
honeycomb structures are no exception. Early studies on honeycomb structures yielding negative
Poisson’s ratio and its advantages were introduced by Wan et al. [1] and Zhang et al. [2]. Then,
Zhu et al. [3] used the Galerkin solution to study the nonlinear vibration of honeycomb sandwich
plates. Cong et al. [4] modified a third-order exact solution to analyze the dynamic behavior of
sandwich shells. Duc et al. [5] showed the effects of geometrical parameters, and material
properties on vibration of honeycomb sandwich plates by using an exact solution. Due to the use
of analytical methods, the above studies are limited to complex models and arbitrary boundary
conditions (BCs). Then, Tran et al. [6] examined the forced vibration of honeycomb sandwich
plates based on first-order finite element formulation. Besides, several authors have introduced
different methods in combination with different plate theories to examine the mechanical behavior
of three-phase polymer/GNP/fiber structures including Cheng et al. [7], Swain et al. [8], Saeedi et
al. [9], Yousefi et al. [10], Noroozi et al. [11]. The results from the above studies demonstrate the
durability of the three-phase polymer/GNP/fiber structure and its perfect suitability as the skin of
a sandwich structure.

Nowadays, with the development of computer technology, FEM and meshless methods can
solve many engineering problems with different levels of complexity, however, for structures with
complex geometry, the problem of meshing or dividing points can become a problem. To
overcome this problem, the isogeometric method (IGA) has been a topic attracting much research
in recent years. The isogeometric method is a numerical method proposed by Hughes et al. [12],
which is a combination of Computer-Aided Design (CAD) geometric modeling and FE analysis.
This combination is expressed in the use of the same shape functions in the geometric and finite
element models, so instead of using basic shape functions based on Lagrange polynomials, IGA
uses basic shape functions in the geometric model (B-splines). The IGA approach allows
approximating field variables, instead of element nodes, on geometric key points, which reduces
the computational load, especially the meshing difficulty for complex geometries.
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It can be seen that IGA is a modern numerical method, most suitable for analyzing the
mechanical behavior of structures. With that goal in mind, in this study, we introduce an IGA
procedure based on Reddy's HSDT to analyze the forced vibrations of sandwich plates resting on
KF. The accuracy and reliability of the proposed method are verified through comparative
examples. In addition, the effect of geometrical dimensions and material properties on the forced
vibration of sandwich plates is examined in detail.

For the convenience of readers, this paper is structured as follows: in addition to the
introduction, the problem model is presented in section 2. Section 3 gives the basic equations.
Numerical examples are performed in section 4. Finally, section 5 summarizes some of the main
conclusions of the paper.

2. MODEL PROBLEM

2.1. The auxetic honeycomb core

Considering the sandwich plate with geometrical parameters as shown in figure 1. A group of
(hqy — h, — h3) denotes the sandwich plate's bottom-core-top skin layer thickness ratio.
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Figure 1. The sandwich plate model resting on KF.
The honeycomb core with mechanical properties is determined by [3]:
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where 4, = d/l and A5 = t/1 with [ is the length of the inclined cell rib, d is the length of
the vertical cell rib, t is the thickness of honeycomb unit cell rib, and 6 is the inclined
angle as shown in figure 1.

2.2. The three-phase skin layer
2.2.1. The GNP-reinforced polymer

According to the rule of mixture, the Poisson’s ratio v, and the density p;,, of the GNP are
gained (V,, + Vgyp = 1) as follows:

Vem = UmVin + VeneVenr: Pem = PmVm + PeneVene 2)

The GNP volume fraction is calculated through the weight fraction (Wg;yp) as follows [13]:
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PmWenp @3)
pm + pene (1 — Wenp)
The GNP-reinforced polymer’s elastic modulus is obtained using the Halpin-Tsai model [14]:

Vene =

(51 +SwnwVene | 31+ & Vene
EGm —\a o Em (43)
8 1—nwVene 8 1—n.Venp
in which
_ 2Wgnp _ 2lgnp , _n-1, _n-1.  _ Ecnp. — __Eem
Sw = henp §L hene ' W T n+Ew’ i n+&L’ Em ' Gem 2(1+vgm) (4b)

with Wenp, lonp, @and hgyp denote the width, length, and thickness of the GNPs, respectively.
2.2.2. The three-phase skin layers

A three-phase polymer/GNP/fiber density is defined according to the rule of the mixture as
fO"OWS (VGm + VF = 1)

Pr = PrVr + pemVem (5)
with the fibers volume fraction is defined following weight fraction (W) by:
w,
VF PemWF (6)

" pem + pr(1— W)
For the three-phase skin layers, the elastic moduli (El.’;.), shear moduli (Gi’;), and Poisson’s ratio

(vifj) as obtained as follows [6]:

F F
Epp+Egm+(E32—EGm)VF .
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Ell

f _ ., F
Uy3 = V12VE + UemVem

herein, symbols GNP, m, Gm, f and F represent the GNPs, polymeric matrix, GNP-reinforced
matrix, skin layers, and fibers, respectively.

2.3. Kerr foundation
KF consists of an upper layer ky, a shear layer ks and a lower layer k; are defined by [15]:

kyk ksk ow\*  raw\?
RZkL:ZUW(x’y)_kSiZU«E) +(E)> ®)
The KF becomes to Pasternak foundation (PF) when k;; gets infinity:
R = kyw(x,) — ks ((a—w) + (a—W)) ©)
0x dy
2.4. Pulse loads
This paper uses the types of pulse, including step load, triangular load, and blast load as follows:
- Step loading:
p(t) = {1:)0 0 f; fs s (10a)
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- Triangular loading:

t
- <t<
p(t) = %(lt) O=t=t (10b)
0 t >t
- Blast loading:
t
P(1——)rﬂm 0<t<t
p(t) =p@®) =4""° ts ° (10c)

0 t >t

in which P, represents the peak value of different pulse loads, t, denotes the duration of the load,
and y is the attenuation coefficient of blast load.

3. BASIS FORMULATION

3.1. The displacement field
Following Reddy’s HSDT, the displacement field is determined by [16]:

u(x,y,z) = ug(x,y) — z0, + cz3(9x + W,x)

v(x,,2) = vo(x,¥) — 26, + c23(6, + w,) (1)
w(x,y,z) = w(x,y).
where ¢ = — iz and uo, vy, 6y, 6, and w are unknown variables. To ensure the continuity of the
3h

deformation field and to be able to apply the HSDT. It is assumed that the layers do not separate
from each other during deformation.

The strain-displacement relation is defined by

=g, +zKk, + 23K,y = & + 2%k, (12)
in which
uO,x Hx,x ex,x + Wxx
Em = { Yoy } Ky = Oy Ty =cC Oyt Wyy ; (13q)
Uoy + Vox Ory + Oy x Ory + 0y + 2wy,
& ={or Lot m=3efr L) (130)

Note that the symbols  ,and ,, are the first derivatives of the displacement components
with respect to x and y; .y, yy,and ,, are the second derivatives of the displacement
components with respect to x and y, respectively.

The stress-strain relation according to Hooke’s law is obtained as follows:

Oy Q Q 0 0 0 Ex
(‘Ty] Qi Q;E 0 0 0 (Sy]

Txy » =] 0 0 Qs6 0 0 Vxy (14)
Txz 0 0 0 Qss Qus)||Vxz
Tyz 0 0 0 Qss Qaqad \Vyz
where
For the auxetic honeycomb core [16]:
Qfl = Elc c ; QEZ = 1 E;ZC c ; QC = Q3 ngEf

12 — Y21
1-v§,v5, ~U12V3z1 1-v§,v5, (15)
¢C _rCc.pnCc _nc.nCc _ nc.-nCc
Q44- - 623’ QSS - 613’ QG6 - 612’ Q45 =0.

For the three-phase skin layers [16]:
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Qi1 Qi Qi O 07
Qiz Q32 Qs 0 0
Qs Q36 Qs O 0 =
0 0 0 Q55 Qis
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where m = cos (@) and n = sin (¢4 ) in which ¢, stands for the fiber angle in the k™" layer, and
f f
AS Ei . ps Eyx . As fAs .
= —’ = —’ = U y
Q11 E_vfzv,;lsz_z 1_v;1]:2 ,;1_ Q12 . 12022 17)
Qia = Gy3; Q55 = Gy3; Qg6 = G-
The stress resultants are computed by:
N £
— Q) _ o (5
{M =iy Rt = Ca i) (18)
© K,
where
A B B s ms
G=|B F F[C= gs I]ES] (19)
B> F H
with A, B, F, B?, F?, H, A%, BSand F* are the material matrices determined by:
n[@1 Qiz O (20a)
(A,B,F,B?,F*,H) = [2,|Q21 Q22 0 |(1,z2% 2% 2% 2%dz;
210 0 Qe
" Qss  Qas]
(AS, BS,FS ) = f (1,22,24)[ 55 Qas] 4, (20b)
—h/2 Q45 Q4—4-_
Replacing equation (19) into equation (18), we get:
N A B B> 0 o0 (sm\
M B F F° 0 O0fjx
=B F° H 0 0[]k (21)
Q 0 0 0 A5 BS||e&s
R 0 0 0 BS Fd\ky/
3.2. The governing equations
The governing equation of the plate following Hamilton’s principle is determined by [16]:
T
f (6U + 8UT + W —6T)dt = 0 (22)
0
in which the virtual strain energy is determined by:
T
U= [, (((Ssm) N + (61)TM + (8K,)T 9 + (6&)TQ + (6KS)T]R{) dQ. (23)
The virtual work done by external forces as:
W = — [ q(©)dwdQ. (24)
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The virtual deformed foundation is defined by:
U = f REw dQ
Q

The virtual kinetic energy can be expressed by:
0T = fﬂ (6l yi, + Ul yi, + Sul yuz) dxdy= fQ sulYudQ.

with Y is the matrix of inertial components:

¥ 0 0 o L L
Y=|0 y Olwithy=|l I, l4];
0 0 x Lol L
in there
h/2
(Lo, L1, Ly, 13, La, L) =f p(1,z,2%, 23,2% 2%)dz
~h/2

where p is the mass density and displacement vectors are expressed by:

u, Uy Vo w
o) -
Uz 0, 0, 0
U Vo w
U =Wy, = W,y ;il3={0}.
Oy 6, 0
The weak form of the plate is determined by [16]:

J ((6e)TCie+ (5Y)TCLy) dQ + f R(Sw) dQ + f SuTYiidQ
Q Q Q

- f 4(6)(dw) d
Q

3.3. Isogeometric analysis procedure

The displacement field is approximated by the NURBS functions by [12]:
pxq

w(E,m = ) Re(Emdy
K=1

(25)

(26)

(27)

(28)

(29)

(30)

(31)

where dy = {uOK, Vox» Wk, Oxk HyK}T represents the displacement of control point K, and Ry

denotes the shape function.
Substituting equation (31) into equation (13), we get:

pXq
[em; K1 Kos &5 K] = Z[Bm; Bi; By Bg; Bgldy (32)
K=1
in which
Ry . 0 0 0 O
B,=|0 Rgky 000 (33a)
Rk, Rg, 0 0 O
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0 0 0 Ree O
B, =0 0 0 0 Ry (33h)
0 0 0 Ry Ryy

0 0 Rixe Rix O
B, =c|0 0 Ry, 0 Ry, (33c)

0 0 2Ry Ry, Rix

0 0 R, Ry O 0 0 Ry, Ry O

Bsi=1o o R:j 0 R B2=3c|y g R,I::, 0 RK] (33d)

Substituting equation (32) into equation (30), the motion equation of plates is determined by
Mg+Cq+(K+K )g=F (34)
where the plate stiffness matrix is determined by:

Bn]'[A B B*|[Bm] (g 1T
AS BS|[B
K= Bi||B F F°||B1 +[351] [ s Fs”BSl] df) (35)
2 \lB,] g » wmllB, . -
The plate mass matrix defined by:
H"rx 0 O07[H,
M:J H,| [0 x o||H,|a0 (36)
o [Hyl 10 0 xllH;
with
Ry O 0 0 O 0 Ry 0 0 O
H1=00R“00];H2=00Rm0 0| H, =
0 O 0 Ry O 0 O 0 0 Ry (37)
0 0 Rk 00
[0 0O 0 O 0]
0 0 0 0O
The foundation stiffness matrix K’ is obtained by:
ki k
Kf = —— f (R)"(Ry)dQ
ky+kyJg (38)

l: SJfZU jﬂ [(Rix) (Rix) + (Ricy) (Ricy)] de

The transverse load vector is gained as follows:

F= f q(t)R dQ (39)
Q

And, the damping matrix € = aM + SK, with a and S are Rayleigh damping factors defined
through damping ratio ¢ and the first two natural frequencies [17].

2¢ 2w1wy(
ﬁ = 0= —
w1 + W, wq + Wy
To solve equation (34), the Newmark-f method is used with steps as shown in [17].
4. NUMERICAL RESULTS

In this section, the constituent material properties are shown in table 1.

(40)
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Table 1. The adopted material properties [14].

Materials Young‘s modulus E (GPa) Density p (kg/mq) Poisson’s ratio v
Al 70 2707 0.3
Al,O3 380 3800 0.3
Epoxy 3 1200 0.34
GNPs 1010 1060 0.186

4.1, Verification

Considering the fully simply supported (SSSS) functionally graded (FG) (Al/Al;Os) square
plate with geometrical parameters a = b = 0.2m, h = 0.025m under a step load qo(x,y) =
50MPa. It can be seen that the gained deflection response is a good similarity both in shape and
value with those of Abuteir et al. [18] using a degenerated shell element as shown in figure 2. This
example has verified the accuracy of the proposed formula.

0.5

— Present
O Abuteir et al.

w (mm)

0 0.1 02 03 04 05 06 07 08
t (ms)

Figure 2. The deflection response of SSSS FG square plate center.

4.2. Dynamic response analysis

This section studies the sandwich plate with an auxetic honeycomb core and laminated three-
phase polymer/GNP/fiber skin layers. The remaining structural parameters include the dimensions
of the GNPs: l;yp = 2.5um, wgyp = 1.5um, hgyp = 1.5nm with weight fraction of the GNPs:
Wenp = 0.01; each face sheet consists of four layers of ¢ = [90/45°/45°/90°] with the glass
fibers’ mechanical properties: Ef; = Ef, = 73.084GPa, Gf, = 30.13GPa, vl, = 0.22, pp =
2491.191Kg/m3, and Wy = 0.85; the auxetic honeycomb core is made of aluminium (Al).

Firstly, the effect of A, on the forced vibration of SSSS square sandwich plates with layer
thickness ratio (1-8-1) subjected to step load is presented in figure 3. The input parameters as
a/h =50,0 =50° 1; = 0.15, K, = K;; = 50, and K5 = 15. Observing that A, has no sensitive
effect on the forced vibration of the plate. However, increasing A, rapidly reduces plate oscillation.

Secondly, the impact of 8 on the forced vibration of simply supported-clamped-simply
supported-clamped (SCSC) square sandwich plates with layer thickness ratio (1-6-1) subjected to
triangular load is presented in figure 4. The remaining parameters as a/h = 60, A, = 2, A3 = 0.1,
K; = Ky = 75, and Kg = 25. It can be seen that the change of 6 has little effect on the maximum
displacement response of the sandwich plate but affects the speed of oscillation reduction of the
sandwich plate. This is because the 8 affects the Poisson’s ratio, a negative Poisson’s ratio
increases the vibration absorption capacity, as expected.
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gure 3. Effects of 1; on the forced vibration of SSSS sandwich plates under step load.
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Figure 4. Effects of 8 on the forced vibration of SCSC sandwich plates under triangular load.

Finally, the effect of layer thickness ratio on the forced vibration of (fully clamped) CCCC
square sandwich plates subjected to blast load is indicated in figure 5. The input parameters are
a/h=17560=60°2, =4,1; =02,y =2, K, =K, =75, and Kg = 45. It can be found that
the thicker the honeycomb core, the larger the displacement and stress response of the sandwich
plate. Note that, the damping ratio ¢ = 0.1 for the above examines.
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x1072
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— 181
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Figure 5. Effects of the thickness ratio on the forced vibration
of CCCC sandwich plates under blast loading.
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b) Stress response o, (g,g, 0).
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5. CONCLUSIONS

In this article, the authors have successfully developed an IGA procedure based on Reddy’s
HSDT to analyze the forced vibration of sandwich plates with an auxetic honeycomb core and
laminated three-phase skin layers supported by KF under pulse loads. Investigation of the influence
of some geometrical parameters and material properties on forced vibration of sandwich plates.
From the results obtained, some main conclusions can be drawn as follows:

v The increase of 1, and 6 has little effect on the displacement and stress response of the
sandwich plate but has the effect of making the oscillations damp faster.

v Thicker honeycomb core layers cause larger plate displacements. In addition, laminated
three-phase skin layers help to increase the strength of sandwich plates and protect the
honeycomb core subjected to impulse loads, especially blast loads.

v The damping ratio helps the energy dissipation of the pulse load, and the vibration amplitude
will decrease and achieve stability faster.

v The Kerr foundation helps reduce the displacement and stress response of the sandwich plate.
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TOM TAT

Phén tich dao ddng cudng birc ciia tim sandwich
véi 16i honeycomb va 16p da composite ba pha trén nén dan hoi Kerr

Bai bdo nay gi6i thiéu phirong phdp phén tich ding hinh hoc (IGA) diwa trén Iy thuyét
bién dang cat bdc cao (HSDT) dé phan tich dao déng cudng birc ciia tam sandwich ddt trén
nén dan hoi Kerr. Céc tam sandwich bao gom mét I6p 16i ld ong siéu nhe va dwge gia c6
bang hai 16p da composite ba pha. Phiong trinh dang yéu dwoe suy ra tiv nguyén by
Hamilton. Phwong phdp Newmark-f8 duoc dp dung de gidi phwong trinh vi phdn cia tam
sandwich bang chuong trinh dwoc ldp trong phan mém Matlab. P$ chinh xdc cia phwong
phap dé xudt dwge xdc minh théng qua cdc vi du so sanh. Sau d6, dnh hieéng ciia kich thude
hinh hoc va tinh chat vat liéu doi véi dao dong cudng buc cua cdac tam sandwich dwoc
nghién ciru chi tiét.

Tir khoa: T4m sandwich; Phén tich déng hinh hoc; Auxetic honeycomb; Kerr foundation; Dao dong cudng birc.
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