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Table 1 ~ Comparisons of natural fundamental frequency parameters @ of simply supported

square power-law FGM plates of type A with other theories (h/b = 0.1)

k Theories @
1-0-1 2-1-2 2-1-1 1-1-1 2-2-1 1-2-1
CPT 1.873 59 1.873 59 1.873 59 1.873 59 1.873 59 1.873 59
FSDPT 1.824 42 1.824 42 1.824 42 1.824 42 1.824 42 1.824 42
TSDPT 1.824 45 1.824 45 1.824 45 1.824 45 1.824 45 1.824 45
0 SSDPT 1.824 52 1.824 52 1.824 52 1.824 52 1.824 52 1.824 52
elasticity ] — — — _ _ o
present 1.824 45 1.824 45 1.824 45 1.824 45 1.824 45 1.824 45
CPT 1.471 57 1.512 42 1.542 64 1.549 03 1.583 74 1.607 22
FSDPT 1.441 68 1.481 59 1.510 35 1.516 95 1.550 01 1.572 74
TSDPT 1.444 24 1.484 08 1.512 53 1.519 22 1.551 99 1.574 51
03 SSDPT 1.444 36 1.484 18 1.512 58 1.519 27 1.552 02 1.574 50
elasticity %] 1.446 14 1.486 08 1.508 41 1.521 31 1.549 26 1.576 68
present 1.444 24 1.484 08 1.506 35 1.519 21 1.547 10 1.574 51
CPT 1.262 38 1.320 23 1.371 50 1.375 21 1.432 47 1.464 97
FSDPT 1.240 31 1.297 29 1.346 37 1.350 72 1.405 55 1.437 22
TSDPT 1.243 20 1.300 11 1.348 88 1.353 33 1.407 89 1.439 34
: SSDPT 1.243 35 1.300 23 1.348 94 1.353 39 1.407 92 1.439 31
elasticity %] 1.244 70 1.301 81 1.33511 1.35523 1.397 63 1.441 37
present 1.243 20 1.300 11 1.333 29 1.353 32 1.395 57 1.439 33
CPT 0.958 44 0.991 90 1.087 97 1.055 65 1.161 95 1.188 67
FSDPT 0.942 56 0.978 70 1.071 56 1.041 83 1.144 67 1.171 59
TSDPT 0.945 98 0.981 84 1.074 32 1.044 66 1.147 31 1.173 97
: SSDPT 0.946 30 0.982 07 1.074 45 1.044 81 1.147 41 1.173 99
elasticity (%] 0.944 76 0.981 03 1.029 42 1.045 32 1.109 83 1.175 67
present 0.945 98 0.981 84 1.030 43 1.044 66 1.108 81 1.173 97
CPT 0.943 21 0.952 44 1.051 85 1.005 24 1.118 83 1.136 14
FSDPT 0.925 08 0.939 62 1.035 80 0.992 56 1.102 61 1.120 67
TSDPT 0.928 39 0.942 97 1.038 62 0.995 51 1.105 33 1.123 14
10 SSDPT 0.928 75 0.943 32 1.045 58 0.995 19 1.041 54 1.134 60
elasticity (%] 0.927 27 0.940 78 0.989 29 0.995 23 1.061 04 1.124 66
present 0.928 39 0.942 97 0.991 95 0.995 50 1.060 90 1.123 14

1 BR,NT 5 FORFEEFNE (F=0,0.5,1,5,10) 1Y FGM &M, A SC g 345 5 |
ST Be S oA H ARG — 2k, EH, i CPT A3 2 IR SR | 5 T 05 U128 1 3615 21 1)
AR X IE SR R G ANE R R X F AR, CPT 15 B 45 R iR 2Z R K.

F2MFE 3 ARG HT A B FGM B E G, A Y50 i1 T e 105 2 A A T &t 2 1)
B L. e T 3 AR TS (h/b=0.01, 0. 1 F10.2) F15 M AT 340k =0,0.5,1,5F110) fY
T, 26 2 Z5 B8 T 5] R Bt 2 0, 56 1 )2 A s AR A B

T E, =380 GPa, p, =3 800 kg/m*( P, , %A 1L5) ;
FFH E, =70 GPa, p, =2 707 kg/m’ (P, ,57) .
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3 H IR T AN BRIE S ZE O, 55 1 )2 A AR A o e
R E, =70 GPa, p, =2 707 kg/m* (P, ,573);
T E, =380 GPa, p, =3 800 kg/m*(P,, EAk4).
2% 2 M1 3 EE SR T LUK B, TS B 56000 5 SCRk [ 30 ] iy 25 S o8 4 — 2L
F2 ARG FOM S AH, 4 1 518 I 20 S @ 19 Hoe
Table 2 Comparison of fundamental frequency parameter @ for simply supported square

power-law FGM sandwich plates with homogeneous hardcore

h/b k  Theories e
1-0-1 212 1-1-1 221 1-2-1 1-8-1
ref. [30] 1.888 29 1.888 29 1.888 29 1.888 29 1.888 29 1.888 29
A 1.888 25 1.888 25 1.888 25 1.888 25 1.888 25 1.888 25
ref. [30] 1.482 44 1.523 55 1.560 46 1.590 31 1.619 15 1.763 57
- 1.482 41 1.523 53 1.560 42 1.590 30 1.619 12 1.763 54
ref. [30] 1.271 58 1.329 74 1.385 11 1.429 92 1.475 58 1.699 06
oot present 1.271 56 1.329 72 1.385 08 1.429 90 1.475 54 1.699 04
ref. [30] 0.96563  0.999 03 1.063 09 1.130 20 1.196 99 1.569 88
’ present 0.96564  0.999 03 1.063 09 1.130 19 1.196 97 1.569 85
ref. [30] 0.95042  0.959 34 1.012 37 1.080 65 1.144 08 1.541 64
0 resent 0.95044  0.959 37 1.012 36 1.080 65 1.144 06 1.541 62
ref. [30] 1.826 82 1.826 82 1.826 82 1.826 82 1.826 82 1.826 82
O presen 1.824 45 1.824 45 1.824 45 1.824 45 1.824 45 1.824 45
ref. [30] 1.446 14 1.486 08 1.521 31 1.549 26 1.576 68 1.711 30
%3 present 1.444 23 1.484 08 1.519 21 1.547 10 1.574 50 1.709 01
ref. [30] 1.244 70 1.301 81 1.355 23 1.397 63 1.441 37 1.651 13
ot present 1.243 19 1.300 10 1.353 32 1.395 56 1.439 32 1.648 92
ref. [30] 0.94476  0.98103 1.045 32 1.109 83 1.175 67 1.529 93
’ present 0.94598  0.981 84 1.044 65 1.108 81 1.173 96 1.527 92
ref. [30] 0.92727  0.94078  0.99523 1.061 04 1.124 66 1.503 33
R 0.92838  0.94296  0.995 50 1.060 90 1.123 13 1.501 38
ref. [30] 1.677 11 1.677 11 1.677 11 1.677 11 1.677 11 1.677 11
A 1.670 10 1.670 10 1.670 10 1.670 10 1.670 10 1.670 10
ref. [30] 1.353 58 1.390 53 1.42178 1.445 35 1.469 40 1.581 86
- 1.347 43 1.384 10 1.415 08 1.438 43 1.462 51 1.574 76
ref. [30] 1.174 85 1.229 15 1.277 70 1.314 34 1.353 41 1.531 42
o2 present 1.169 76 1.223 40 1.271 34 1.307 53 1.346 71 1.524 45
ref. [30] 0.89086  0.93362  0.997 98 1.056 07 1.119 00 1.428 45
’ present 0.89462  0.93594  0.99545 1.052 28 1.113 18 1.421 97
ref. [30] 0.86833  0.89228  0.949 84 1.009 49 1.072 90 1.405 68
O resent 0.87178  0.89918  0.950 33 1.008 48 1.067 54 1.399 32

FALHT BRI 1-8-1 FAE FOM B WALE R, P, FRRtERe, P, Fom A LR T RE.
DXEHEE FOM BJeth 2, EREANE &8, TRENEME. 8T 3 MESELL (h/b =0.01,
0.1 F10.2) F15 MUEF %0k =0,0.5,1,5F110) FIHEN. 24 X T FGM Je.5 21 FGM
SEAHL, SCHR[ 30 ] USSR 54 SC RPT 45 54 % RAF Y — s,
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Table 3 Comparison of fundamental frequency parameter @ for simply supported square

power-law FGM sandwich plates with homogeneous softcore

h/b k  Theories e
1-0-1 212 111 2211 12-1 181
ref. [30] 0.96022  0.96022  0.96022  0.96022  0.96022  0.960 22
O eent 0.96020  0.96020  0.96020  0.96020  0.96020  0.960 20
ref. [30] 1.662 81 1.622 91 1.581 71 1.52277 1.506 58 1.265 57
03 esent 1.662 83 1.622 94 1.581 73 1.52279 1.506 57 1.265 55
ref. [30] 1.820 31 1.791 63 1.753 79 1.681 84 1.674 90 1.383 31
0-01 1 present 1.820 34 1.791 74 1.753 91 1.681 94 1.674 94 1.383 30
ref. [30] 1,920 90 1.943 13 1.936 23 1.862 07 1.885 30 1.570 35
: present 1.920 89 1.943 32 1.936 58 1.862 39 1.885 58 1.570 34
ref. [30] 1.910 64 1.946 87 1,950 44 1.880 42 1.911 62 1.604 57
0 eent 1.910 61 1.947 01 1,950 80 1.880 76 1.911 98 1.604 56
ref. [30] 0.92897  0.92897  0.92897  0.92897  0.92897  0.928 97
O peeent 0.92776  0.92776  0.92776  0.92776  0.92776  0.92776
ref. [30] 1.573 52 1.525 88 1.484 59 1.434 19 1.416 62 1.205 53
03 esent 1.574 97 1.528 95 1.486 66 1.436 15 1.416 26 1.204 77
vef. [30] 1.722 27 1.674 37 1.630 53 1.570 37 1.557 88 1.308 25
ot present 1.725 68 1.683 79 1.639 66 1.578 74 1.561 02 1.307 66
ref. [30] 1.841 98 1.826 11 1.789 56 1.727 26 1.726 70 1.466 47
: present 1.841 99 1.841 61 1.817 30 1.753 20 1.748 64 1.466 00
ref. [30] 1.840 20 1.839 87 1.808 13 1.747 79 1.748 11 1.494 81
0 et 1.838 57 1.851 96 1.836 65 1.775 27 1.775 84 1.494 39
ref. [30] 0.85286  0.85286  0.85286  0.85286  0.85286  0.85286
O eent 0.84927  0.84927  0.84927  0.84927  0.84927  0.84927
ref. [30] 1.378 94 1.320 61 1.280 53 1.245 33 1.225 80 1.070 16
03 esent 1.382 25 1.32772 1.285 21 1.249 99 1.224 81 1.068 52
ref. [30] 1.508 96 1.433 25 1.382 42 1.342 03 1.321 29 1.144 51
02 1 present 1.517 15 1.455 15 1.403 11 1.361 64 1.328 28 1.143 53
ref. [30] 1.658 68 1.580 11 1.502 84 1.460 09 1.426 65 1.252 10
: present 1.658 29 1.617 77 1.566 07 1.520 42 1.474 40 1.251 56
ref. [30] 1.672 78 1.609 09 1.526 71 1.483 06 1.441 01 1.270 65
0 eent 1.667 89 1.639 13 1.592 71 1.547 63 1.501 43 1.270 17

MR 2 ~ R4 S5 T LR IR, 1A JH0 B 2 4RI BE s/ N N 2 T A TR k3
Kok B Ak A3/, LSRRGS HL A8 Ak, Ak, AR R RERIEE £ (428 1k Eb JEE A R Sk BUK.

3 2 T S0 5 e 0 2 1Y ] SCOREEE FOM & A, R0 2 B0 R 5 LL 1Y) A8 R 1%
B & 4 32 T A S5 35 IE 8 R I 1 SRR FOGM &G, 0 S B 5 5 L 1) A2 AR A 1.
W) A ) AT A K 5 4 T A I B8 /I P LA B, B0 It 2 o 28 7 A 5 M P 5 2 ) 88 KT
Farbds R, B80T LA IR AR AR08 kX T 1-0-1 (A S BRI 2) A MBI, H 1-8-1 (A
PSSt 2 ) AR RS IR, I H AR FR AR & XT3 5008 et 2 2 AR i sE e L
SRR E B AR R R,
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Table 4  Comparison of fundamental frequency parameter @ for simply supported square

power-law FGM sandwich plates with FGM core

o
h/b Theories
E=0.5 k=1 k=2 k=5 k=10
0.0 ref. [30] 1.339 31 1.386 69 1.444 91 1.53143 1.591 05
.01
present 1.339 27 1.386 65 1.444 87 1.531 39 1.591 03
0 ref. [30] 1.297 51 1.348 47 1.408 28 1.493 09 1.549 80
.1
present 1.294 59 1.345 33 1.405 14 1.490 44 1.547 54
ref. [30] 1.195 80 1.253 38 1.315 69 1.395 67 1.445 40
0.2
present 1.186 82 1.243 52 1.305 76 1.387 36 1.438 37
2.0 - 2.0
— ceramic ---- k=2 — ceramic ---- k=2
1.8 - k=5 1.8 1 --- k=05 - j=5
R 1 T~ k=1 IR e iDL k=1 e k=10
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Fig.3 Fundamental frequencies @ for power-law FGM sandwich plates with homogeneous hardcore
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Fig.4 Fundamental frequencies @ for power-law FGM sandwich plates with homogeneous softcore
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Free Vibration of Functionally Graded Sandwich Plates
Using Four Variable Refined Plate Theory

Lazreg Hadji' >, Hassen Ait Atmane'’, Abdelouahed Tounsi', Ismail Mechab',
Noureddine Ziane', El Abbas Adda Bedia'
(1. Laboratoire des Matériaux et Hydrologie, Université de Sidi Bel Abbes,
BP 89 Cité Ben M’ hidi 22000 Sidi Bel Abbes, Algérie;
2. Département de génie civil, Université Ibn Khaldoun ,
BP 78 Zaaroura, 14000 Tiaret, Algérie;
3. Département de génie civil, Faculté des Sciences de I’ Ingénieur,
Univesité Hassiba Benbouali de Chlef, Algérie)

Abstract . The novelty of this paper was the use of four variable refined plate theory for free vi-
bration analysis of functionally graded material sandwich rectangular plates. Unlike any other
theories, the number of unknown functions involved was only four, as against five in case of
other shear deformation theories. The theory presented was variationally consistent, had strong
similarity with classical plate theory in many aspects, did not require shear correction factor,
and gave rise to transverse shear stress variation such that the transverse shear stresses vary
parabolically across the thickness satisfying shear stress free surface conditions. Two common
types of FGM sandwich plates, namely, the sandwich with FGM facesheet and homogeneous
core and the sandwich with homogeneous facesheet and FGM core, were considered. The e-
quation of motion for FGM sandwich plates was obtained through Hamilton’ s principle. The
closed form solutions were obtained by using Navier technique, and then fundamental frequen-
cies were found by solving the results of eigenvalue problems. The validity of the present theory
was investigated by comparing some of the present results with those of the classical, the first-
order and the other higher-order theories. It can be concluded that the proposed theory is accu-

rate and simple in solving the free vibration behavior of FGM sandwich plates.

Key words: functionally graded materials; free vibration, sandwich plate; refined plate theory;

Navier solution



