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Three dimensional dynamic analysis and stress wave propagation in thick
functionally graded plates underimpact loading
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ARTICLE INFORMATION ABSTRACT

In this paper the three dimensional dynamic analysis and stress wave propagation in thick
functionally graded plate subjected to impact loading is studied. Material properties (elasticity
modulus and density) are assumed to vary continuously through the thickness direction of the
plate according to a simple power law distributions and the Poisson’s ratio is assumed to be
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constant. The equations of motion are based on three dimensional theory of elasticity. The three
dimensional Graded Finite Element Method (GFEM) based on Rayleigh-Ritz energy formulation
and Newmark direct integration method has been applied to solve the equations in time and
space domains. It is assumed that in dynamic loading the upper surface of the plate is subjected to
a pressure load that varies linearly with time, and suddenly is unloaded at a specified time. This
unloading acts as an impact loading. Afterward, the time histories of displacement through the
thickness, stresses in three dimensions and velocity of stress wave propagation for different
values of power law exponents, various boundary conditions and thickness to length ratios have
been investigated.

Keywords:

Stress Wave Propagation

Three Dimensional Elasticity Theory

Three Dimensional Graded Finite Element Method
Impact Loading

Functionally Graded Materials

Lo g oslef sbhaman b ol zyoe dlse SilSe L, dodio -1

ol o el ol ey Sl (i Loy wglae (6,135 ,L bole iz b g0l &5 s G.m ol S pe Olge (b z e olse

ool ;3 @y op)l5 Cle 4 Olxio (owyp )50 sladwain
» a8 Gl Gl 4 o 25Tl 05 (g e Cuedl Sl qwaiges
4l asile an 95 slad )l (oiee condiplnl Slxio Jlod A
ol S eslinul baz STl by JSO i slaa )l b S
Sled cde a Lol sl oo oS Slowlore x5 ool alies baay i
by C85 mubesd L 5 pudes Slxio 3 pgas 4 wasS ools

Please cite this article using:

o9k oams S sl cem wo )3 b oS 5 g whad LSas el
Sl 5 plss amis )o el piie (o3 w90 b S sl s atgy
S ool ol Gl 0,8 walss s day ples Slatel (o dtg job & Lo
Slge cnl &g 5 (2,05 Ol [1] at oolinl )y oliixe Lawgs
2ol Cer gaesge 5 pe e sla Ty sl B et el

tawles ool Jo3 yle I o ol 4 glan )l gl

H. Zafarmand, M. Kadkhodayan, Three dimensional dynamic analysis and stress wave propagation in thick functionally graded plates under impact’ loading; Modares

Mechanical Engineering, Vol. 14, No. 11, pp. 89-96, 2014 (In Persian)


www.sid.ir

A8 )l B G HUIS YL pal 2 0d G2 T Easud Dlxius S YIS Zeo JLE] 9 STolisd (§32s A w2

VLIRS Yl e 9 o pidd s
4 s

4 b

q(x..1)
a
4 h X
o e pused dxio 1 IS
dlin g g0 3 -2

slealy o 6:.3[3 Toe sole T S &9 laso! cConnd O‘i‘ )
Cewd 4 OS> (gam A SYslre e 39,5 o0 Ol amas Culis
alte Kenl oz e Sgame ylall g, 5l eolatul b cules jo 5 2l e

Dybes Joe

MU T 83lo (o> puS 2598 -1-2

58 Jsb h ol b oonb 70 dlgs 3l odd 4l ceuid (gl
Gl 4 )5 Slaisie olfiws S (3 1 S Gllae ) b 20
5 S gl ool 4 z=h 5 720 Ao oS Sple wd S I8
95 A8 5B 9 5l (S5 Dpge w4 Y 3550 ol il amie g8 lan
S v 5 (Al Soli (GBS haw oS ould 485 L 55 Sl
Sy Dlpesd S 7 s @ 4z b (Sl Ple> ol Al 518
Al ok 985 o ol 55 @5 @ Lags o 8 s ulies gz
(w2l (1)

n
V4
R(z)=(R,-R, )| — | +R
(2)-(n.-,) £+, (
@ byye g M Glomail 5 oz S ol N owdle chsls RaS
oy 5zl Oglas e ay ol S5 a4y o3V ail oo Sl 5 518 ple>
Dgd oo i8S 115 0 ol amin IS 00yl ldEe ol Slge ygulss

Sl il yo Y olee -2-2
Wl p e &8 Vol (a2 Slogy Sl o5 e b

oo Cows 4 (2) ls, 90 4 (g0 ds Y|

o, 99y %:p(z)azu

+ —a
ox oy oz ot? (Wr2)
0o 0o, 6 Oo o
YLy E=p(z)—
ox oy oz g )8t2 (+2)

do, 0o, do, ow
o e ()
ox oy oz ot (2
B p 575y XSl o blale W s vl (15 sleadlse o, oS
el

IS8 @ e ile 08 50 25,5 i Ll «Sem (538 5l ealanl
1395 o0 ate3 (3)
(o)=[P@](#) ()

oo (7-4) Lils, 3ok o1 0 o8

T
<0'X,0'y,0'z,fyz,rxz,rxy> (4)

()

<£> :<€X’€y’82’yyz’yxfyxy> (5)

11 oploib 14 055 1393 e o urde Solo uwdige

colie (gamy 90 laay i s Slmio Sl 6l W aTee ol
3,5 oolaiwl (gam dw glad b 5wl g 009

Slga 3l oasaisly Slomio (Sealiys gl &iaj 5 (6 by SYlEe 59T
Slio  SlKe 3, [2] L2l Ken g 00l ST el oy 4l b 700
2 SVlas o S sy | (Snls 5 (Sl gla b Co ol g0
log| JLlos Jo @ 5 osel Caws @ pom g ol A0 (chp )l b
om dw o a4 [3] LulSes g gloste wloy il oad wislyy
ool b oS> ¥olxe ililo (ol 7 j0e Slbrao (Soliys 5 (Sl
. T .
oy [6-4] o 5 oo a7 S Bg iy (ome Slall gy s,
Wlosls 13 aao 390 |y ol zyde Dlras o 5 gge il o )3
9 35 oty el Y ila b g ol dye (php )8 (st Sl
S35 2 o Tre s Slomho (Sealins (s oy 4 [7] (DL
@ S hlrd g (Lo aes Spge g g, ity S i
Gy [B] LiilKan g Kid ol osds a3 5 i 50 0ol oFAST g
)‘ solazwl b &Yolao PRAW ua)s ool 5SS Oypo 4 (SHp0 Ja.al}...q Slesls
4 [9] mliSea’s (LS aledds Jo” g3lil by, 57 mdkY Jlal i,
ool SVl S b 2o Sl Saalins 5 (Sl oo
Gyl lall 90 ) Lawgi 5 ol Cuws 4 Vb Aje Dy 4l
b jluar g5 B L [10] ol )San 5 Gurns ol 00 Jo (58
[11] 5 5en 5 o5, ailosges sl 1y oisttl)l 3, YU ol Kot et pou
9 by amagi g wlodal Cass @ Jol &5 p0 (Shp sl 5 (e SY¥olas
Soolizs Jelows @ [12] o 5 15555 ot o slad aly ol ol
oty o Lo &jg0 4 9 Vb &S e (B p 4l p (e

2 O zge HLial 5 (Seelud gam dw Jolo dlie opl Bas
seb 4 cubre sl o (I 5 awia¥l Jgoa) oole (Sl
ond (58 Sl (gl b g e Sl g8 @b bl 2 g A
e bole calizs slagley slil 4 b i 5 bl Jloj Fuly
1 ol bl (BB ools (5500 daalp (sl ks o b Lo slo
Sl (oSS 50 Ll yh Cod (ol gy et Do oS ol
20,8 esliiul zyoe dgaze ledl gy ez o 98 soue slahs)
59 5 oledl ja j0 sl (SUilSe plem Ol s e sgame Lol i,
piin ol ool @l b Slisss (ol o el o 3,5 L
o atdlae ol obsS [14-13] @ Selnil anej ol o &5 oo gy
'Gi.wsal.\ ol G‘SQLC Sgde ULQ.” ws) .Iawy uia.‘bl.! ;)‘9.4 @ r »®°
Shati 0w glagledl a5 s w0y meoles 15 Hlae 0 olo
A e slii |y (55lgen 5 At

1- Meshless local Petrov-Galerkin method (MLPG)
2- Laplace transformations

3- Shooting method

4- Radial basis functions

5- Shape functions

90


www.sid.ir

OLISA S Yl jae 9 o pidd s

A8 )l B LIS YL palp2 9 G2 Zode Easud Llxius S YIS Zeo JLE] 9 STolisd (S32s A )2

W= IpiuidA
A

(13-1)
W = Aj p,6u,dA 13-2)
ol

Ll gop 0y (10) ks, o (13-11) Ly, )l L
b Ol 32 a2 xS ISl ) el g S (L) =6u (t,) =0
g (14) abal,

! o,0,dV + J piisudV = ! p,5u,dA 14)

el (talos BB (15) bl )50 4 oLl - 55 Ll
{ef=Lalir} (15)
(w20 (17) 5 (16) Lals, oo o)1 po o5

| 0 a/dy

a/ox 0 0
0 |
| o 0 9/oz|

[d] = | o 870z a/0y|

a/oz 0  d8/ox

a/dy d/ox 0 (16)
{Fh={uvw) (17)

@ J> a4l plple ol Gan 4w Ojgo 4 aliee dgue Gl o8
£ 3l oad a8 T 15 4y slagledl .l 0uls panss Lol (g3ga5ee Slass
igdige S sl 0, e Jult a5 s ¥ gy b Lo
Siala e 4 snteslinul® e Slamie olfias S cdspes (sl
2 Jss) cwltl 5-100 (6n.6)

g e 09w (18) dlaly & )y90 4 ol @ Lol &l

{7 =[n]"fe)” (18)
2 el slejley Gl das Sboke ale N (398 dal, (s aS

Gk i e Sl Gl glo)S bl {7 5 e i
o2ls (20) 5 (19) L,

( T

101 = (U, U, 1) 19
N, O 0 - Ng 70 0

[N][@=]0 N, © 0 Ng O
0 0 N = 0.0 N (20)

Gk oLl po sl 55,8 e il ‘(15) aal) o (18) ol 6,35 b
e s 4 (22) 5 (21) iy,

;l?m Slaise oKiws 50 kT oD OLQJ‘ 2 jC)

1- Brick
2- Hexahedron
3- Local Coordinate

91

Dy Dy Dz O 0 07
|Diz Dy Doz O 0 0|
D:|D13 D23 D33 O O Ol
|lo o o b, 0 o]
0 0 0 0 Dy oJ
R ©
E(z)(1-v
=00, - £V
(1—2v)

®T®2(1+4v) @)
olBws ) dln¥l as ay ks ol bl -G5S il

518l e (8) abaly gl o395 lazss
& =0u/dx, v, =0v/0z+0w/0dy

&, =0v/0y, Yy, =0u/0z+0ow/oz
g, =0w/0z, Yy, =0u/dy+0v/ox @)

T o ) Ly, Oyg0 d Gidgh cnl j0 el soliiul (65,0 Ll

(x=0,a y
ceec: {y:O’b—» wy,w=0 (9-1)
CcSCs: {x=0,a—>u,v,w=0 -
y:Oyb—)u,WZO (-)
SSSs: [xZO,a—»v,WZO 03
y=0b-> uw=0 (©-3)

alwno I 30 d9uzxe lodl (3w Jue =3-2
ool 7,00 dgaze Gledl g,y 5l codel o 4y cVolae o jghite &
Oldl 2 5o osle (SGISe (ol ((Jgone Sguzme Glell By 50 358
ool (S o i dwga jsb 4 Slgs plem aS s 1MLl cull
ol ade sl g opien (Srwsali ol s9zs 4 sl By, ol
calins 4 oadostinul slaplall olaws ail gl o, Ken 5 b Siugnl
YL by 5 x> @ mie ol cnl &5 b (aldl glabi>dle LB jlaie o
odle e dgazme Lol Jhg,y 5l colatul Jbls red 4y 098 oo Dliwloes
Sl i S5 Gl laen g dtwgy @S o0,5] Caws 4
8,5
ey B le 53,5] Cawd @ g Alians dgame Ll S sl J
e es oliinl 35 (bl 6551 Ry 5 ke Jol g g (B
el (10) &l S50 & Alie () sl enn S
Té‘(U -T —W)dt:O
i (10)
Lawgs ool gl ilme S 5 (s 6551 deily 351 Ws T U oS
‘el (13-11) L, Geb e (mdaw slag s
U :J.cr,.].gijdv
v

(11-1)
sU = ! o ,0¢,dV (11-2)
T % J pti i dV (12-1)
ST = ! pu.sudv (12-2)

11 oploib 14 055 1393 i e A SlCd b


www.sid.ir

OLISA IS Ylpe 9 o pild pus 49296 )l L SHLiS L 2alpe S GB TS pastid Ll ) Yis Tge HLiG] 9 SSaeliad GI2 A )2
1 1" <[6]"10)” e
5.’77.’ i —( \/—’—\/— \/—j (31) |:B:|(e):|:d:||:N:|(e) (22)

S iz S Lo (Gl Slagm Lo 355 Jrenl 5l o Caleg o
0] g050 (32) Ay & jg0 4 oles ¥ olee g ode] Cews 4 JS (595 g
[MI{Q}+[K{Q} ={F} (32)
S g padime (555 1551 U3y, 51 (32) Ay 0,91 Camnd 4 5l
@ Sl Gloyal)ly nagdge oolitul ol o sl ccmilie Glej B L
Logie Olid by, 4 45 Wed e obl f=1/45Y = 1/25 50
[15] el Gy yae culs

e mli-3
T g 3 9945 00 41310 UL (B (s el 4y Il Cand il 0
30 U e s Slbo (o 1S zae HLiil g (Selns gom aw Julog

‘>9"‘"L5‘° M?Q Ul U}A‘)‘"’ 9 OMOOLJ Lis ‘du}a )‘ ‘SAA)L) 6)LMJ Ll))‘))

(P ylsel -1-3

o oolizwl [3] e yo el 5l oad ool musel Ghg, (i liel sl p
Jsb & Culs s L o5 (87D) Canl (mrp0 (g 390 Anbio e
2 S ol ogdioe LSaT Sl 5 5 5l 5o 5l gh/a =02
Bl S8 @i @l bawg g g b 4 g Cenl e Sl sl
& Sk whaw o (E, =70GPa, p,, = 2700 kg/m?, v,, = 0.7)
SBsd mlaw ,o (E, =380 GPa, p, = 3800 kg/m?, v, = 0.7) Seel oo
B mhaw @ aibile 8 loy wan ;0 Salns b auS o i
290 2,5 (33) pblags

q(x,y.t)=g,sin(2000¢ ) (33)
0.8
— )bb Ry
0.6
o [v] &
0.4}
~ 0.2+
EN
-0.2+
0.4}
-0.6 =
0 1 2 3 4 5 6 7 8
t(s) x10
()
02} — AR
o [v] &

-0.2
0

4
t(s) x10°

)

2 o [B] a2y b slin ;3 amiio g dn g 55 Sloj Gy 3 S

8565 oSS (o oole oSS (in =2

11 oploib 14 055 1393 e o urde Solo uwdige

] 0 oo)sT &Ms.u B B 9 N ‘5LQW‘)JLA ‘_gLQde}o

(23) i1y Ol s (14) oyl 5o (21) (3) Ly, 5,0 L J>
g |
et )

(@7 | =T olelev fe}+

v

510 [J pINT [l )

Ve

ol e .

b ol s olell g Sl e s (P 5 89 VO s
Syge 4 (23) aaly b b (oxaw slagys Hlop g xbaw slags

Dyl g0 bl (24) ala,
[m]7{0}+ [T o} ={F )" (24)

(27-25) Ly, @ypea oLl 2 Glp 5, 5 S5 oz slogm e

(][ [ o »
K1Y o] v 2
[F} (E)ZSL[NJ [P} ds -

&y g Glll 2 55 (S el el 2 50 (oReal Jlosl (sl
(28) alal, ub digd oo 003 wa,i oS ,0 ol polie 5 Sbole

:m)lo

8
I=2N, (28)

i
Joas) (Sl olys oldl o 0 1 el (SUlSe cools T a5
bl oo (slome (slo e 51 xls (IS 5 et
soae g, 5l bl p> (55, (26,25) (sla 1Sl dlons 51
Slaise olKiws 4 JLX0! lanl a5 a3sS oy 098 g0 oolaiwl uglS
wols bla o o lads 5l (as oS 5 Liwgs e g 0l 03 doxe
(30)5 (29) Luly, b .3gd 00 03} oy ‘wgls Ll by amsls

el
zzv(fe) F(X)dV
= | f[x(&mg)]det| J(gm.¢)]av
y(e)
- n.¢)dEdnd
Vf(f)f 9(&n.¢)dédndg (29)
dédnd. v
Vf(f[ 9(&n.¢)dédnds ~ Z (&m:)v, 30)

)l w&sf wl PR ol ool 00)9‘ wg.u B aS Sl Q:.:esl) Vw.)).:LoJ
‘5L®u)g 9 Ls""Slf Ll a5 ol ooy ooliiw!l aass cuin L)‘Slf L):.’S)
(31) abal, ok o5

|..\.:L_A)

92


www.sid.ir

OLISA S Yl jae 9 o pidd s

A8 )l B LIS YL palp2 9 G2 Zode Easud Llxius S YIS Zeo JLE] 9 STolisd (S32s A )2

w (m)

4
t(s) x10”

5 5‘.5 é 6.5
t (S) x10°
N Cilisee polis gljl 4 CCCC o845 gh/a=02 cll> o 0, oy gely O i

Oy (Pa)

t(s) x10°
N alize polis 15l 4,CCCC o8aSS gh/a=02'C> o Oy oy by 6 Jsi

3
x 10
6 ; '
ha=0.05
gk === Wa=0.1
2l
~
Eo
E Ol e
i ~t

0 1 2 3

4
t(s) x10°

h/a cilisee yolie gljl 45 n =2 § CCCC olfa,Ss el o 55 Sloj gl 7 JSCi

50 GRS 5l am Alolddl asan culses olaisl jo s zae Ladsl bgog
e Al b el o 43l3S Lile 4 11 S5 o on=1 cJls
Ol wpor S8 gl @ amio B9 gha I 55 gse oS
e Slge (500,51 Cawd A o B Sy |y 5 zge Ll ey
Gob [16] 5l 352y oo el ey danlne sl Ll labal,

o)l (35) ala,

93

100E,, 1
=——"_——w
12a'(1-v2)q,

oad ool iuled 1 Jgum 93 IS5 10 JlouS g ool ol5aSs > g0 4o

=2 g axio Ly (W, ) dnig a3 dnlis

Co g goue gl -2-3

856 g0 5l as cnl pgsie(a=b=1m) gl o b mye slamio
O cwles slatal o amio SlSKe olss 0gd o oSt Sealyu g
Ep =) 585 (1) Gl5 s b b 5 dwsmy job 4 5 Cunl e
Sol o 4 (Sl w3 (70GPa, py,, = 2700 kg/m?, v,, = 0.7
o5 JBgd mlaw o (E. =380 GPa, p, = 3800 kg/m?, v, = 0.7)
b bwg a5 o)ls 13 (Salind b Cov amio g maw auS
(Py = 4 GPa/s) 19 o i 25 (34)

(Pt t<0005s
P = { 0t > 0005s (34)

5 oo aad LS ol 4 S Lt =0.0055 ) canlin 45 jsbolen
Oeed &S (o0 Jee BSL S8 S L a e S Dyge 4 Jes
OB gge el ade d (6=0.0055) (5o pl 5w alolidl bl
o o sole Bl il g 8,08 lils ) o e i 5 ool
2 b mhaw Sl il 19555 0, 5 0, slais 5 (W) 5 s,
(9-1) alasly 51 (550 Lol 25 el o ariliS ioled 416 45 4 o IS
N Olpis 95 o dimdo a5 ol los .Cewlh/a = 0.2 § 0 oo o
(ol 3l e e S b con 1) sole (Sislus ks, a4
bl el N 2al33 L 4 giad e ,Lasl 51 256 s olas ) aalis
Pl ol s e falS A5 zae caS5l 5 Sllug S g SRl

(W) 55 59, 2 amio Jsb & Sl cos 55 8 5 7 (sla s o
Lol ps g oasalie Glis ) SBs8 v Slo Al 15 359 0, 25
b 4l il g b pluls dxas alSouul [l cle a4y culses ol
Sgd s oy Oliillug Cae pus g 03,5 Tay ralS glala>dle LB

e 3B 0 559 0, A5 5 (W) 53 595 2 im0 Ll b
4 K68 lon el oads ools las 10 5 9 sla sy o« Sligd pelans
Al gl iy ambo oli] Gilrys jadix e g Sl i bl
Bgd o yeS Sllwg Ce g ydon Slilug

[3] 20 b om0 o5 dnlin] Jouo
o5 BaSs olw olFaSs

X - (ms) o\bs;
S [3] a0yl agsy SN [3] azje ol gy e

%3/3 -01121 -0/125 %2/3 -0/295 -0/302 0/8
%2/7 0/0109 0/0112 %3/3 0/030  0/029 1/6
%32 0122 0118 %2/6 0/341  0/332 214
%3 -0/033 -0/034 %3/9 -0/051 -0/049 32
%1/8 -01111 -0/119 %27 -0/293 -0/301 4
%2/5 0/040  0/039 %22 0/091  0/089 4/8
%2/6 0112 0109  %1/9 0/309  0/303 5/6
%2/5 -0/039 -0/040 %3/3 -0/059 -0/057 6/4
%2/7 -01111 -0/108  %1/2 -0/311 -0/307 712
%2/5 0/039  0/038 %3/1 0/064  0/062 8

11 oploib 14 055 1393 i e A SlCd b


www.sid.ir

T HLiiisl 9 Saoliad (g3 duw (5w 3

5

49296 5l L SHLsS L 2alpe S HB TS pauid Wl )

VLIRS Yl e 9 o pidd s

— W/a=0.05
===« W/a=0.1

x10

10r

t(s)

CCCC oS5 >

0, Sy ek 8 U

:25

ha calize polie sljlasn

4
(]
PR=

..)
3
Y
Ny
b
\.—)
3

—~ 3

~

~ 1]

=
N
o
1]
©
=
S
<
3,
3
A
3

x10

—cccc
1} ----CSCS

1.5

(35)
Jgaz 50

Ty sl ey

flie 2

Lg a..\.;‘

6‘}.’ GJ-:J-’D QJQ.")

=0 od> 9°

solo)

WDgd oo abaxde oS 4is8 Jlen

sole) =00 5 (Sal oo

58

(

Sk

9 Sl 00 00)9‘

{Sone

&

N el polie

L 3 Jyoxr

0l ools O

e o as )9.|auL<..m o

D¢

N

oS ol i

zal;)ap@ujéwlﬂds.&

02 gn

Gipo ilises dayl 13 I3l ah/a

Ak e

=0s

(a)t

4.175e-6 s

b

8.335e-6 s

(o)t

=1.25e-5s

(@t

1.667e-5s

(e)t

(H1=2.183e-5s

Lol oo, wps 1l gsi

02 4n

o Aloldd asas Culses slaisl o h/a

94

SN

Sle

11 oploib 14 055 1393 e upde


www.sid.ir

OLISA S Yl e 9 o pidd s

A8 )l GBS HUIS YL palpe S G Zode Easud Llxius S YIS Zeo JLG] 9 STolisd (S32 A w2

e ol ¢
o Slaise n
Ogilsy o o v
e ol ¢
J& P
by s o,
o g 7
C,w% -6
Sl e (36) alul, b e Slates slKiws jo as Cbole ly
)|
N = (L+£E)(Lrnn)(1+¢ <) /8 (36)
5l s yle (37) alaly 3 B oo ile wizen
[ON; /dx 0 0
I 0 aN, /dy 0 I
@ =| © 0 ON,/0z |
| o ON,/0z ONy/dy |
lazvl/az 0 AN, /dx -
aN,/dy ON,/dx O - 37

G Cod bk C"‘?" Slaie Wb B L le laals dulxe <l p
s 2l 4 L T 51 Lol a9 dmalme ol i ol (sl o
9 Gloyuzmiy Slitie 8aeld 5l b il oo (oo sl it o b

s (39) 5 (38) el 5. 555 ooiie] Ty il o

oM/ o ] Irax/ag /oL o2/ 08 ]| aN;/0x
{oN/on |=lox/on ay/on 0z/on ||oNi/dy
ONi/ o0& J ox/oc dy/oc 9z]a¢ J dN;/0 z
dN;/0x
=J|oN;/dy
ON;/d z (38)
ON,/ox [/ a¢ |
aN/ay|=J"1aN;/on |
ON;/0 z on,/ oc J (39)

6o wite & S Lol (sla it Slitie 1050 Clwd & (sl i ed
;.39_;',‘50 oolaiwl (40) 4-]4-3‘) UD)L’U )l “51-7“

~ (as+40)
8
=>N.y.
y le Y, (-40)
8
z=>» N.z.
/Z:l: i~i (6-40)

S b cd i pay aiib e bl Glo S Slaise (xl,yl,zl) 4

&=

[1] M. Koizumi, The concept of FGM, Ceramic Transactions, Functionally
Gradient Materials, Vol. 34, pp. 3-10, 1994.

[2] A. H. Akbarzadeh, S. K. Hosseini, M. R. Eslami, M. Sadighi,Mechanical
behavior of functionally graded plates under static and dynamic loading,
Proceedings of the Institution of Mechanical Engineers, Part C: Journal of
Mechanical Engineering Science, Vol. 225, No. 2, pp. 326-333, 2011.

[3] A. RezaeiMojdehi, A. Darvizeh, A. Basti, H. Rajabi, Three dimensional
static and dynamic analysis of thick functionally graded plates by the
meshless local Petrov-Galerkin (MLPG) method, Engineering Analysis
with Boundary Elements, Vol. 35, No. 11, pp. 1168-1180, 2011.

95

Lo A, b 25 zge Ll e p dlin 2 Jgu

(=) 5 (n=0) i

5907/6 m/s 11602/4 m/s bl >

5970/0 m/s 11765/0 m/s oasadl )| hg,
%1/1 % 1/4 s

N bz polie slp 5 zge il e 3 Jgux

n=0/1
10435 m/s

n=3 n=1
7542m/s 9160m/s

(e

S 5 domi 9 S -4

O e Sl g (Sealid ol am v gy Gio (ol hol o
b oslitl 325 (bly 6551 GaeYeerd g am aw gt Sguse (Lol
> &l g bl (Yl o S9zge gl Lawgy odddil)l o,
slogles Gll 4 am aw o o 18 5 55 ey ks caslsl o .cudls Jol>
colies ilie ooy osUsT s o dasl 5 ¢ onl gy 53ke cilies
nlie sl A5 zge sl S izen 5 0B €IS Sl & Job @
Ol Slesd b Glgiee ) s 5 o3 Sl 5 ke a5 aams e LS
bl shisges J5uS 6550 Lulyd 5 Job a4 Cualied S (ol 00 B0be
b oSenl 8sle £55 2 (gom aw Joloo QU5 4 (g g oadsdil)] g,
Sged 0,Lil olgzds (65,0 Lol g dwain

e S 8 -5

daxao Job a

axbo (f e b

Slge (oloz o Sle D

WiV Jgoke E

955 o Sle F

Astdo Cuwolsus h

OnsSly e Sle J
S sl

P ol M

hoke @l Ni

o> S Ol n

P OO PR Py W1 P

sloS slaglul> oy Q

iz 55 T

Jeily 555 u

X Cgz o olol> u

Y S 0 elmlr v

Sibxe 5 w

Z g o olnlr w

amio SHle ply> R

Slodl SlSe _pls> 3

sy oS 7y

Jleys 85,5 &

11 oploib 14 055 1393 i i A SlCh b Ao


www.sid.ir

VLIRS Yl e 9 Jdopidd s

A8 )l B G HUIS YL pal 2 0d G Zode Easud Llxiuo S YIS Zeo JLG] 9 STolisd (S 32 A w2

[10] L. M. J. S. Dinis, R. M. Natal Jorge, J. Belinha, An unconstrained third-
order plate theory applied to functionally graded plates using a
meshless method, Mechanics of Advanced Materials and Structures, Vol.
17, No. 2, pp. 108-133, 2010.

[11] C. M. C. Roque, A. J. M. Ferreira, A. M. A. Neves, G. E. Fasshauer, C. M. M.
Soares, R. M. N. Jorge, Dynamic analysis of functionally graded plates
and shells by radial basis functions, Mechanics of Advanced Materials and
Structures, Vol. 17, No. 8, pp. 636-652, 2010.

[12] A. M. Zenkour, M. Sobhy, Dynamic bending response of thermoelastic
functionally graded plates resting on elastic foundations, Aerospace
Science and Technology, Vol. 29, No. 1, pp. 7-17, 2013.

[13]J. H. Kim, G. H. Paulino, Isoparametric graded finite elements for
nonhomogeneous isotropic and orthotropic materials, Journal of Applied
Mechanics, Vol. 69, No. 4, pp. 502-514, 2002.

[14]Z. Zhang, G. H. Paulino, Wave propagation and dynamic analysis of
smoothly graded heterogeneous continua using graded finite elements,
International Journal of Solids and Structures, Vol. 44, No. 11-12, pp.
3601-3626, 2007.

[15] O. C. Zienkiewicz, R. L. Taylor, The finite element method for solid and
structural mechanics, Sixth ed., Vol. 2, pp. 17-45, Elsevier Butterworth-
Heinemann, Oxford, 2005.

[16] M. Jones, Structural impact, pp. 110-158, Cambridge University Press,
1989.

11 oploib 14 055 1393 e e oo uwdigs

[4] D. Sun, S. N. Luo, The wave propagation and dynamic response of
rectangular functionally graded material plates with completed clamped
supports under impulse load, European Journal of Mechanics A/Solids, Vol.
30, No. 3, pp. 396-408, 2011.

[5] D. Sun, S. N. Luo, Wave propagation and transient response of a FGM
plate under a point impact load based on higher-order shear deformation
theory, Composite Structures, Vol. 93, No. 5, pp. 1474-1484, 2011.

[6] D. Sun, S. N. Luo, Wave propagation and transient response of a
functionally graded material plate under a point impact load in thermal
environments, Applied Mathematical Modelling, Vol. 36, No. 1, pp. 444-
462,2012.

[7]1 S. M. Hasheminejad, B. Gheshlaghi, Three-dimensional elastodynamic
solution for an arbitrary thick FGM rectangular plate resting on a two
parameter viscoelastic foundation, Composite Structures, Vol. 94, No. 9,
pp. 2746-2755, 2012.

[8] Z. Feng-Xi, L. Shi-Rong, L. Yuan-Ming, Three-dimensional analysis for
transient coupled thermoelastic response of a functionally graded
rectangular plate, Journal of Sound and Vibration, Vol. 330, No. 16, pp.
3990-4001, 2011.

[9] L. F.Qian, R. C. Batra, L. M. Chen, Static and dynamic deformations of thick
functionally graded elastic plates by using higher-order shear and normal
deformable plate theory and_ meshless local Petrov-Galerkin method,
Composites: Part B, Vol. 35, No. 6-8, pp. 685-697, 2004.

96


www.sid.ir

