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Fig. 1 Structure of honeycomb sandwich plate
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Fig. 2 Model of cantilever honeycomb sandwich plate

F T 3 I 2 A A 5 B AR WO HL S 8 5 8 =
BERGLE 8 TR T, AT 2GS B RS Ry
B R T AR AL — S f R e B R B 2
FATCATHANIEL 3 frn. b d O 38 5T PR T RE AR 11 )5
JE b 1535 S AT B REAR AR BE A

K3 — BN R SR A o0

Fig. 3 Unit cell of general hexagonal core layer

SCHRL 6,9 ] 4= 5 1 % B4 30 S5 R BROC A
(125 B JBE— 7N AT e T R A 1l P AR 2
LA UNEWSE IS



5 6 1] Ui g A 25 . AR e 3 e SR AR A AR ek 8l g 2 e L 23 A 483

d’ 6+d/1
EI:E.VT 2 (cos ) 2 2 2 (la)
I’ (h/l+sinf) sin“0[ 1+(2.4+1.50 +cot’0)d" /1" ]

cosf( cosO+d/1) [ 1+(1.4+1.50,)d* /I’ ]

v, = (1b)
(h/l+sinf) sinf[ 1+(2.4+1.50,+cot’0) d* /17 ]
E,=E i (h/Il+sinf) (1¢)
" cos’0(cosB+d/1) [ 14(2.4+1.50, +tan’0+2 (h/1) sec’0) d* /17 ]
_ (h/l+sinf) sinf[ 1+( 1.4+1.50,) d*/1* ] iy
o _0050( cosO+d/1) [ 1+(2.4+1.50 +tan’0+2(h/1) sec’0) d’ /1" ] (1d)
Hr B, E, 53050 65 s B AE x oy J7 W) pg P w, (3)
& =—
*%E;vlzxvzlﬁﬂuﬁ%%l[‘)Fﬁx yﬁﬁﬂiﬁg?ﬂﬁ\ - 0z
P s B, SR st A bt i s A o, TS 5 (3) AU (2) AT LIS SUAL RS T 2 i i 22
SEOKERAR SR .t T A A R A pggy RAUNITT (4) 5K
Y1 R RS (0 B, 3 EL 5 S R TR e.] [e] &) [
DRI | PR AR SC3e 4 A 3 (1) 1 SR s A I e 5 o e, (=16, (218, (+7 1)
JERR ISR B AR, o2 BN UL B G2 B O
B e v (v !
2 BRERERNHNEHE { } { }{ } (4)
v Wy v
R4 Reddy B =8y VIS H0IG s I 2 M Frp,
HOf R 5 T LA i PR Molﬁmy
7.’_7 .
u<xaysz’t>=U’O('x7_/y7t)+z¢x(x’y’t>_ 82)) dx 2 0x
4 W 8< 0| _ 8110+1(aw0)2
ﬁ (QD ) (23) 9(‘)(‘)) dy ) dy
UUJJM=M%%UH%MJM— N (R
4 Jdy ox Ox Oy
PYES 2, ) (2b) de,
(1) ox dw,
w(x,y,z,t)=wy(x,y,t) (2¢) & 5 Yy goy+a—
Hop ug vy vw, HHCFPPETRITE x y 2z T IDLES 8-”1) - :; ’{7’}(‘;)} i 8:;/
oo @, S BIAIRETT 9L T oy %% £, b S0 B P B
AR L. 2 o
kMR AR LR . b, Pw,
e, =a:0+;[awoj R o ox’
. ™
v, 1 (0w,)?> 89(—’3) -G a(p)""'a M;O
83}'=0+(0) ’)’(3) o dy
o 2 v dp, dp, 0w,
+—+
Sx‘:1(au0+auo+awoaw } dy  ox oxdy
Y209y 9x ox ay dw,
1(avo aw] ¥ # oy 4 4
€55 + . =-C, sy 1= 5, =5 <5>
2 0z oy vy dw, 3h? h?

_1(8% awj toox
#="50 Tox R Hamilton JEUHE 7 55 32 J2 4 1 Il 4 4



484 g % 5 & 6 ¥ W 2017 4E56 15 %

EIPIE ¥ s E W 8(px+82w0
aN,, oN,, A, FF 0 dx  ox’
‘+7"=[0u0+([1—61]3)451—01]367 1 12 )
ox  Jy x P P 0 8g09,+8 w,
¢
(63) 1 21 22 ay ayz
N 0 0 Fg )
o ON, 91, dp, dp, 9w,
+——=l+ (1, =c, ;) ¢,=c\l; —— +—+2
dx  dy : dy dy dx  dxdy
(6b) (7b)
ON,.0 d*w, AN, 9 &*w dp,
xx 1'00Jr - /M;OJr xy wOJrZNxY 0+ QD
Jx 0Ox 7 ox dx dy T 0x 0y p F P 0 ox
xx 11 12
ON, ow, N, dw ’w, 00, IR, dp,
- 0+ - 0+Ny) 20+( ) 7)"‘ Py)’ = F21 Fzz 0 8} -
dy ox dy dy dy ox ox » 0 ; y
90, R, PP, &P, 3Py N i A
(—-me =) te (42 )t dy  ox
2
FycosQi—yu, a¢x+a Wy
2. a2 L ax  9x°
/ 2 (8 Wo w0)+ / (8u0 81}0)+ H, H, O
=] .10.—c + c +
T e Tyt T T ay oy Hy 0[] 2800
. dy E)y2
o9, 9%, 0 0 H
01(14_0116>(E+E> (6¢) o o, % 82w0
oM, oM, 9P, P, ( . dy ox  dxdy
+ . - -c
x| dy €y o €y dy Q.—c,R, (7¢)
= (I,=c,1,) iig+(1,~2¢,1,+ 1) ¢~ dw,
= (I =c1y)iig*+(1,=2¢ I, +c71g) ¢, o +—
010 {Q;} Ay 0 } Ty
0 = -
allal)5r (o) o) Lo ]| aw,
oM, oM, P, 0P, 0x
+——¢ ¢y (Qy_czRy) dw,
0x dy 0x Jdy b 0 €0W+37
y
= (1=, 1) 5+ (1,=2¢,1,+¢31,) ¢, - ol - } (7d)
CI(]4_0116)670 (6e) Yoox
Y
> /- ow
Forp R S B & 1 S AR SRR R AN A R b o ¢y+aiy0
x 44
9 9w )2 — -
a”%i[ w"j {R},} { 0 DJ w,
+7
N, Ay Ay O ) o , s ox
dv, 1(0
N” =|A, Ay 0O 0+(W0j +%
. 0 0 A ¢ (7e)
8u0L6v(,L8w06)w0 2l o F. o0,
dy ox ox dy Pt~
(Ta)  pate,
09 (45,8, Dy, B Fy Hy) =
dx Nzt
R | >0 de (1 =1,2,6)
M, t=|D, D, 0 LA G
(")y (Aij7Dij,Fij>_
M, 0 0 D o o N e
e Y 01,2, dz, (ihj=4.5)
dy 0Ox k=172 '




5 6 3

Ui g A 25 . AR e 3 e SR AR A AR ek 8l g 2 e L 23 A 485

B s I E R B R R A
x=0:w=v=u=¢,=¢ =0 (8a)

_CIPX)':ax:O (8b)
y=0:N, =N, =M =M, ~c,P, =0,=0 (8c)
-¢,P,=0,=0  (8d)

x=a:N, =M =M,

y=b:N, =N =M =M,

JONM ‘x=0,ad./y = IO(PO +p1COSQZt)dy (86)

Horh SR nT ASRIE N -
oM,
“—¢,R, +cl( G
dy ox  dy

oM, P, oP,
"¢, R +c, - -
dy  Ox

0.=0.+

opP_, aPJ

QQ+

Eﬂ‘ﬁfﬁlfu@ w RS B I R IE

wo=w, (1) X, () Y,(y) +w, (1) X, () Y, (y) (9)
Ho

X,(x)=sinA,x—sinhA x+a;( coshA x—cosA x)

Y,( )= sinuy sinbyu y B, coshu y+cosy)

cosAacoshAa+1=0, cosubecoshub—1=0

sinhA;a+sinA ;a

sinhu;b—sinu;b
B UG s e JZ Al 1) 32 AR Bl O ) ik
3y, PR AR 22 SCRRAE T 55 B 10 S 254 Al ) i 21
A S R e SRS, AR SR T S A b 4 ik
5 I R MR AR AR Bl , 255 75 BT P IR sh AR
RSl 5 I AHAD 5 1o RS BRSO I R I
aX,(x) 2( )

ug=u, (1) ——Y, (y) +u, (1) ——Y,(y)
(10a)

v =0,(1) X, (x) 1(” f0y(1) X, () l(y)
u%)
@, 901() ( )Y(y)wz() ( >Y1(y)
(10d)
Y(y) l(y)

@, =@, (1) X, (x) ————+¢, (1) X,(x)

(10d)
B [ Y kO IR R K
Fo(0)=F (1) X,(x) Y, (y) +F,(1) X,(2) ¥, (y)
(11)

MR Galerkin %, Hf Fir A7 A 25 bR 25X (9) |
(10) RA B (11) 2o AAHBE A i 13 73 J7 72 (6a)
~ (6e) , SR RS 2R 9 301 30 LUAH R A9 A5 285 o 50
IR RN R I 20w, v, @, , @, J7 [ B 15
PRI, BT DA BERE 1 A AR T e s e E AR T A
i BEAE Ml 2 W o T e o e

W0, ~a, Y, ~asw, —asw,~a,( Py+P, cosdt)w, -

a, W —a,10 W, —aw,wi—a,w; = agF cosQ
(12a)
10, =b5y10,~bsw, ~bgw,—by( Py, +P cosQ,t)w,—
b, w; —bywiw,—byw,wi—bw) =bg F,coslt

(12b)
3 HEE

AATFIH Runge-Kutta 7515 BT B 204 55
JeJZ AP A il EEARZE B 0y R (12) $EATARE
BEALL, A3 A AR e %o 28 Ge AR LR 9% 20 1 52 Wil 45
BEHICEE I EMMK a=5m, 98 b=2m, BE5IN
JEIERE b, =0.01m, BPESERAGIARS L 0, =0.33, 1052
SEAR B R AR I 2350 R p, = 2.66%10°kg/m’ Al
E =72x10"Pa, IE7S I 08 2 BE A JEE BE RN K 43 31
9 d=0.0008m F1 [ =0.01m. £ [ 34 31 11T P 35400l 4
Bk Q=Q, =100Hz, BHJE 4 y = 150N -
EAATRE12) R RN FE 0, =6.99x10°, a
=-3.36x10", a,=4.88x10", a,=-1.50x10", a, =
-120.09, a,=-3161.98, a,=-0.41, a,=-0.41, a,=
0.93, b,=1.87x10°, b,=1.14x10", b,=-2.23x10",
b,=1.09%x10"°, b, =731.85, b, =—-4948.91, b, =
-0.41, by=-0.41, b,=0.93.

MR RN F, =27Pa Fl F, = 15Pa, i N4
Jilih Py=11Pa Fl P, =8Pa, 24t i & 13z 3h 4 /&
4 7.

MRS [ SR F, = 25Pa Fil F, = 10Pa, T N i
Jiliky P,=25Pa Fl P, = 12Pa, G0 3 4% A 135
K s FR.

TFE B 35 R F = 25Pa Fil F, = 10Pa, i/
T NI R P, = 11Pa FI P, = 8Pa, 245 i B & 1)
B BNE 6 FR.

TEPR TR N3 N Py = 11.2Pa fil P, =4.2Pa
(R R DB/ VB A1 43 N F| = —4.9Pa Al F,=1.5Pa
BF, RGH BRI S Kl 7 R,

s/m, 21T



486 g o 5 OE M o R 2017 4E56 15 %

0 04 0 005

01 = 0.05 - 0.05
&;‘_ J /— \’ 3\:; o/ > g_ o § o
Y \__ A/ D o \’ =] oo H

05 05 0 05 1 15 B B R A ! 008

" 10 " i s 25 o1 05 1 “0_13.5 g 05 ':)2 LI
(@) (wy, ) il (b) (wy. ) 4RI (@) (W W) 4k (b) (Wy, W) —4ihIFE
(@) Phase portrait in (b) Phase portrait in () Phase porirait in (b) Phase portraitin

the plane of (W}, W)

the plane of (W,,W;)

.'x104
0.
~
H
0.
65 %0 [

%0 4% 500 500
t t
(©) (2, w)) BIEI (d) (2, wy) BIE
(c) Wave form of W) (d) Wave form of W,
x10°
O
2

N

(e) Three-dimensional phase portrait of (W), W}, W)

E 4 JAizg)

Fig. 4 Periodic motion of the cantilever honeycomb sandwich plate

00 04
//‘Y\ ol %\\
kS [ r'/ r’f\ \ % [ [/ \ ) \\
NN B R I 1)
§ \‘)/)&_/ : PIAN A\ / ) )
=5 0 05 505 0 o5 1 15
W, x10* W, x10°
(@) (wy, Wy) ikl (b) (Wy, W) 4l
(@) Phase portrait in (b) Phase portrait in

the plane of (Wl, Wl) the plane of (W2 s W2)

10° e
o
0
o |
3 70 % 500 3 = %5 50
t t
© (t.w,) WIBH @A) (1. w,) W
(¢) Wave form of Wy (d) Wave form of W,
x10°
1
B
ol )
0 2 ;
dw, /dt o w, x

(e) YAk
(€) Three-dimensional phase portrait

K5 3 fRApEE

Fig. 5 Three-periodic motion of the cantilever honeycomb sandwich plate

the plane of (Wl, Wl) the plane of (W2 5 W2)

10

x10°
sl 0.
Rl w
Bl | Q.
/'3 %0 % 50 75 %0 %5 500
t t
(c) (t,wy) BBl d) (2, wy) WK

() Wave form of W (d) Wave form of W,

3

x 10
1
£ 0
ol ;
0 0 o
dw./dt -0.1 -2 " x10
1 1
(e) (Wl, WI - Wz) YA

(€) Three-dimensional phase portrait of (Wy, Wy, W,)

e MRz

Fig. 6 Quasi-periodic motion of the cantilever honeycomb sandwich plate

CHERE

(b) (Wy, W) —HEAIEE

(a) (Wl ] wl)

(a) Phase portrait in (b) Phase portrait in
the plane of (WI,WI) the plane of (Wz,wz)
nM (R
fu;ll HM LULURHLLH
(©) (t,wl) WL @, wl) YA

(€) Wave form of Wy (d) Wave form of W,

dw1 /dt -0.02 -1 w

(&) (W, Wy, W) =4kl
(€) Three-dimensional phase portrait of (W, Wy, W,)

K7 RiEs)

Fig. 7 Chaotic motion of the cantilever honeycomb sandwich plate



5 6 3

Ui g A 25 . AR e 3 e SR AR A AR ek 8l g 2 e L 23 A 487

4 #ig

A SCLARE 31 B2 10 W 3 e R AR
SRR, T Reddy (= B8y U128 T 308 | 12
Hamilton JEEE A Galerkin J5 145 3] 57 21| i PN 4 il
FVRE [ SRR S A T T 4R 3 RS # o 2 Ay
iz B 7 e J A R e e e R AR A AR L AR Bh
PEATEUERAL, A ZE AN R BRIV E TR R Ge i
AAEL S 17747 0.

TEA s S X e 3 I 2 A 1 A kL P T LR
TEREWI G SO T | 3 EE 5B 7 kA5 2
ARG AEAH B R E R = 2 A 1] B AR 4L 3%
B, BB SN A 9 RN B A2 A, R e
Wiz g 245 Wiz g WS s S AR A 2
B AL i T UL R = i R SE AR M B
AT R E B R Z — | B SNl ) e AT Lk
T e g e SR MR AR L 3l 1 2E AT R R AR R
SN A SIS SR T T RALLERL A DR 1542
fit—E TR

2 £ x W

1 Allen H G, Neal B G. Analysis and design of structural
sandwich panels. Pergamon Press, 1969

2 Gibson L J, Ashby M F, et al. The mechanics of two-di-
mension cellular materials. Proceedings of the Royal Socie-
1y A, 1982,382(1782) :25~42

30 EWIE AL RN E RS )
2, 1999,31(1) :113~118 (Fu M H, Yin J R. Equiva-
lent elastic parameters of honeycomb core. Acta Mechani-
ca Sinica, 1999,31(1) ;113~118 (in Chinese) )

4  Kim H S, Al-Hassani S T S. A morphological elastic
model of general hexagonal columnar structures. Interna-
tional Journal of Mechanical Sciences, 2001 ,43(4) ;1027
~1060

5 WUV, EAESE. MR AR A S 8L R
K, 2008,25(4) :15~21 (Zhu T, Wang D Y. Nonlinear
equivalent elastic parameters of honeycomb core. Aero-
space Shanghai, 2008,25(4) :15~21 (_in Chinese) )

6 PMESR, K TILT, INEEE. M A A SR A R bR
BT, S5 55928, 2008,30(1) :35~40 (Sun D
Q, Zhang W H, Sun Y J. Elastic moduli and material ef-

ficiency of aluminum honeycomb cores. Mechanics in En-

10

11

12

13

14

15

16

17

gineering, 2008,30(1) :35~40 ( in Chinese) )

WRIRHT A0, MR G MR SN s PR . T2
2F4R, 2011,43(3):514~521 (Chen D H, Yang L. A-
nalysis of equivalent elastic modulus of a honeycomb
sandwich. Acta Mechanica Sinica, 2011,43 (3) ;514 ~
521 ( in Chinese))

WREE I, P22, DRIRHT . TR S AT s i 2 2 I
BESS A3 . TR Ty 27 2R 4k, 2012,33 (1) :26 ~ 31
(Chen M C, Ping X C, Chen D H. A theorectical study
on the bending rigidity of honeycomb core consisting of
right hexagonal cells. Acta Mechanica Solida Sinica,
2012,33(1) :26~31 (in Chinese) )
BT RN R, R SRS R R,
FEFSAR , 2015,29(3):127~134 (Fu M H, Xu O T,
Chen Y. An overview of equivalent parameters of honey-
comb cores. Materials Review, 2015,29 (3) ;127 ~ 134
(in Chinese))

Motley M R, Kramer M R, Young Y L. Free surface and
solid boundary effects on the free vibration of cantilevered
composite plates. Composite Structures, 2013,96(4) ;365
~375

Hao Y X, Zhang W, Yang J. Nonlinear dynamics of canti-
lever FGM cylindrical shell under 1.2 internal resonance
relations. Mechanics of Advanced Materials and Structures,
2013,20(10) :819~833

FEA S, 2R DI RERR BE 1 S B AR B AR 2t 3h I i
M. B FEEAR, 2013,34(4) :361~366 (Du C C, Li
Y H. Nonlinear dynamic response of simply-supported
functionally graded rectangular plates. Acta Mechanica Sol-
ida Sinica, 2013,34(4) ;361~366 (in Chinese) )

Wang Z X, Shen H S. Nonlinear dynamic response of
sandwich plates with FGM face sheets resting on elastic
foundations in thermal environments. Ocean Engineering,
2013,57(2) :99~110

Zhang W, Chen J E, Cao D X, et al. Nonlinear dynamic
responses of a truss core sandwich plate. Composite Struc-
tures, 2014,108(1) ;367 ~386

Zhang W, Lu S F, Yang X D. Analysis on nonlinear dy-
namics of a deploying composite laminated cantilever
plate. Nonlinear Dynamics, 2014,76(1) ;:69~93

Ta H D, Noh H C. Analytical solution for the dynamic re-
sponse of functionally graded rectangular plates resting on
elastic foundation using a refined plate theory. Applied
Mathematical Modelling , 2015,39(20) ;6243 ~ 6257
Azarboni H R, Darvizeh M, Darvizeh A, et al. Effect of



488 g % 5 & 6 ¥ W 2017 5565 15 %

forcing frequency on nonlinear dynamic pulse buckling of tion in thermal environment using finite element method.

imperfect rectangular plates with different boundary condi- Composite Structures, 2016,149:351~361

tions. Thin-Walled Structures, 2016,107 .57 ~65 19 Reddy J N. Mechanics of laminated composite plates and
18 Parandvar H, Farid M. Nonlinear dynamic response of shells: theory and analysis. CRC Press, 2004

functionally graded shallow shells under harmonic excita-

NONLINEAR DYNAMIC MODELING AND ANALYSIS FOR
A CANTILEVER HONEYCOMB SANDWICH PLATE"

Qi Xiaohui'" Zhang Junhua' Zhang Wei
(1.College of Mechanical Engineering, Beijing Information Science and Technology University, Beijing 100192, China)
(2.College of Mechanical Engineering, Beijing University of Technology, Beijing 100124, China)

Abstract Honeycomb sandwich structures have been widely used in many engineering fields because of their ex-
cellent mechanical properties. The formulas for the cantilever honeycomb sandwich plate are derived, and the
nonlinear vibrations of the plate are given in this paper. In order to obtain the equivalent elastic parameters of the
hexagonal core layer in the honeycomb sandwich plate, the equivalent elastic parameters that more closer to the
finite element solutions for the cores are selected. Based on the Reddy’s third-order shear deformation theory, the
nonlinear partial differential equations of motion are derived for the composite laminated cantilever plate subjected
to in-plane and transverse excitations by using the Hamilton’s principle. The Galerkin method is then used to
transform the nonlinear partial differential equations of motion to a two-degree-of-freedom nonlinear system ordina-
ry differential equation of motion. The numerical method is also utilized to examine the nonlinear dynamic respon-
ses of the cantilever honeycomb sandwich plate. The results show that in-plane and transverse excitations have an
important influence on nonlinear dynamic characteristics, and periodic, multi-periodic, quasi-periodic motions

and chaotic motions all occur for the system with the change of forcing loads.
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