Vietnam Journal of Mechanics, VAST, Vol. 42, No. 3 (2020), pp. 255-267
DOIT: https: //doi.org/10.15625/0866-7136 /15372

Dedicated to Professor J.N. Reddy on the Occasion of His 75" Birthday

A SIMPLE SIZE-DEPENDENT ISOGEOMETRIC APPROACH FOR BENDING
ANALYSIS OF FUNCTIONALLY GRADED MICROPLATES USING THE
MODIFIED STRAIN GRADIENT ELASTICITY THEORY

Chien H. Thai'?, H. Nguyen-Xuan®*
Division of Computational Mechanics, Ton Duc Thang University, Ho Chi Minh City, Vietnam
2Faculty of Civil Engineering, Ton Duc Thang University, Ho Chi Minh City, Vietnam
SCenter for Interdisciplinary Research in Technology, Ho Chi Minh City University of Technology, Vietnam
*E-mail: ngx.hung@hutech.edu.vn

Received: 04 August 2020 / Published online: 27 September 2020

Abstract. In this study, a simple size-dependent isogeometric approach for bending analysis of func-
tionally graded (FG) microplates using the modified strain gradient theory (MSGT), simple first-order
shear deformation theory (sFSDT) and isogeometric analysis is presented for the first time. The present
approach reduces one variable when comparing with the original first-order shear deformation theory
(FSDT) within five variables and only considers three material length scale parameters (MLSPs) to cap-
ture size effects. Effective material properties as Young’s modulus, Poisson’s ratio and density mass are
computed by a rule of mixture. Thanks to the principle of virtual work, the essential equations which
are solved by the isogeometric analysis method, are derived. Rectangular and circular FG microplates
with different boundary conditions, volume fraction and material length scale parameter are exampled
to evaluate the deflections of FG microplates.

Keywords: isogeometric analysis, functionally graded microplate, modified strain gradient theory, sim-
ple first-order shear deformation theory.

1. INTRODUCTION

In few years, thanks to the owner of the outstanding mechanical, physical and electronic properties,
microstructures in the form of beams, plates and shells have been widely used in several devices such as
micro/nano-electromechanical systems (MEMS/NEMS), biosensors, nano-wires, micro-actuators and
microscopes, etc. In addition, experimental observations show that the small scale effect exists in the
microstructures. Thus, to understand material behaviors at microscale level, the development of new
theoretical model is the utmost importance.

The classical continuum theories cannot accurately capture behaviors of microstructures due to
ignoring the material length scale parameter. To overcome those disadvantages, several continuum
theories with additional considering size effects such as: the nonlocal elasticity [1], modified nonlocal
elasticity [2], couple stress [3], modified couple stress [4], surface elasticity [5] and strain gradient [6]
have been extended and developed to analyze behaviors of microstructures. The stiffness-softening and
stiffness-hardening mechanisms can be shown when using the nonlocal elasticity theory and the strain
gradient elasticity theory, respectively. Among them, a theory proposed by Mindlin [7] is widely used
for microstructures due to considering all components of the higher-order deformation. However, for
engineering practices, it is too difficult to use because of containing five MLSPs. For that reason, the
modified strain gradient theory (MSGT) of Lam et al. [8] is a suitable choice due to reducing of two
MLSPs. The MSGT has been applied and developed in many studies for microbeams and microplates.
Generally, three primary groups consisting of analytical, semi analytical and numerical solutions have
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been applied into MSGT. The first and second solutions are suitable for the simple problems and can be
considered as the exact solution. And their results can be used to verify the accuracy of numerical solu-
tions. Wang et al. [9] introduced a size-dependent Kirchhoff model to analyze the static bending, stabil-
ity and free vibration behaviors of the isotropic rectangular microplates. Then, that model was extended
and developed for isotropic microplates [10], FG microplates [11] and multi-layer microplates [12]. The
size-dependent first-order shear deformation model was presented by Ansari et al. [13] to investigate
bending, buckling and free vibration behaviors of FG microplates. Zhang et al. [14,15] developed a size-
dependent refined higher-order shear deformation model for analysis of FG microplates. That model
combined with isogeometric analysis (IGA) was also reported by Thai et al. [16] and Farzam et al. [17]
for FG microplates under mechanical and thermal loads, respectively. In addition, a size-dependent
higher-order shear deformation model with five variables were presented in [18-20] for analyzing of
microplates. Besides, a size-dependent three-dimensional elasticity model was presented by Salehipour
and Shahsavar [21] to study free vibration behaviors of FG microplates.

In this study, a novel size-dependent isogeometric approach based on the MSGT, sFSDT and iso-
geometric analysis is presented to analyze the bending behavior of FG microplates. The present model
reduces one variable when comparing with original FSDT and is simple and free of shear locking. This
is novel topic and not studied and published in the literature so far. That is a great motivation for us
to perform this study. Numerical examples are studied to show advantages of the present model when
comparing to different referenced models for analysis of FG microplates.

2. BASIC EQUATIONS

2.1. Problem description

The functionally graded plate is made from a mixture of ceramic and metal, in which ceramic-
rich and metal-rich surfaces are distributed at the top (z = /1/2) and bottom (z = —h/2), respectively.
Effective material properties are computed by the rule of mixture, in which the volume fraction of the
ceramic and metal phases are assumed continuous change through thickness as

1 z\" h h
VC(Z):(2+h> , ZE |:_2/2:|/ szl_VCr (1)
where the symbols ¢, m and n are the ceramic, metal and power index, respectively. Effective material
properties based on the rule of mixture are defined by

Ec = E-Ve(z) + EnVin(z), ve =vcVe(2) +vmViu(z), pe = pcVe(z) + omVin(z). (2)
2.2. Modified strain gradient elasticity theory

The virtual strain energy dU for an isotropic linearly elastic material according to the modified
strain gradient theory [8] is described by

ou = / (%‘(581‘]‘ +mjjoxij + pidgi + Tijkfsﬂijk)dV, 3)
|4

where ¢, x, ¢ and 7 are the strain, symmetric rotation gradient, dilatation gradient and deviatoric stretch
gradient, respectively; o is Cauchy stress; m, p and T are high-order stresses corresponding with strain
gradient x, ¢ and 7, respectively.

The components of strain and strain gradient are expressed as follows

1
eij = 5 (ij + 1), @)
1 1
Xij =3 (65 +6j:), 6 = 5 Cijktkjr 5)
Ci = €mm,j» (6)

1

1 1
Mijk =75 (eij,k+€jk,i+€ik,j> 15 (83 (e +-2€mm) +0ik (Emm,j+2€mjm)) — 5 (‘Sjk (Emm,z‘+2€mi,m)) . (7)
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where 1; and 6; are components of displacement and rotation vectors, respectively. And §;; and e;;; are
the Kronecker’s delta and permutation tensor, respectively.
The Cauchy stress and high-order stress components are defined by

ij = Aekdij + 2eij, 8)
mij = 2ulixij, )

pj = 215, (10)

Tk = 21137, (11)

where A and y are Lame constants; /1, [ and I3 are three length scale parameters.

2.3. Kinematics of FG microplate
Let us consider a plate of total thickness . The mid-plane surface denoted by () is a function of x
and y coordinates and, the z-axis is taken normal to the plate. The displacement field of any points in
the plate according to the first-order shear deformation theory is described by
(x,y,z) = u(xy) +2x (x,y),
o(xyz) =v(xy) +zPy (%), (12)
@ (x,y,2) =w(xy),
where 1, v, w, By and ,By are in-plane, transverse displacements and two rotation components in the y-z,
x-z planes, respectively.
To eliminate the shear locking phenomenon in FSDT, a hypothesis is introduced as follows
w=uw"+w, Bx= —w,bx , By = —w,by. (13)

Inserting Eq. (13) into Eq. (12), the displacement fields of the FSDT which is called the simple first-
order shear deformation theory (sFSDT), are described by

0=u-— zwf’x i u _wf’x
0=0— zw,by or a=470 ,= 4 +z —wby = uy + zup. (14)
w wb + w® 0

w = w’ + '

Inserting Eq. (14) into Eq. (4), strain components according to sFSDT are presented by

1
Exy = Uy — zwf’xx, Eyy = Vy — zw,byy, €2 =0, &xy= 3Ty =5 (uy +vx) — zw,bxy,
(15)
1 1. 1 1,
E€xz = §7xz = Ew,x/ Eyz = E')/yz = Ew,y-
Bending and shear strains can be described as
T T
& = {sxx Syy r)/xy} - 81 + 282 al’ld ')’ - {’sz r)/yz} — SS, (16)
where
T T T
el={ux vy wytox}, &= _{w,bxx Wy zw,bxy} ;e ={wy wyj. (17)
Similarly, the rotation vector is rewritten by inserting Eq. (14) into Eq. (5) by
1 1 1
0y = 5 <2why + wsy) , by = 5 (—Zw,bx — wsx) , 0, = 5 (0 —uy). (18)

Substituting Eq. (18) into Eq. (5), the rotation gradient components are described as

S

1 1 . 1
Xxx — 5 (wa)xy + w}}(y) , ny = § (—2w/bxy - wlsxy) 7 Xx]/ - § (w,byy - w,bxx + 5 (w,syy - w,sxx)> 7 (19)

1 1
Xxz = 4 (O —tay), xyz = 4 0y = thyy) Xz = 0.
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The rotation gradient components can be rewritten under a compact form by

1
wf’xy + waxy
Xxx 1
b _ _ b 1 s JXxz | _ L ) O0xx —Uxy
N ~ T gy CrT {Xyz} 4 {Urxy - “,yy}' 20

XX]/ 1 1
! (uhy o)+ )
Substituting the strains in Eq. (15) into Eq. (6), the dilatation tensor is expressed by
(x =Uxx+0xy—2 (wlbxxx + wf’xyy) , Cy =0yt —2z (wf’yyy + wf”xxy) , (o= — (w,bxx + wl;y) . (21)
The dilatation tensor can be rewritten under a compact form by
T
={t & &} =0+ (22)
where
1 b b VT 2 b b b b T
g = {u,xx + Uxy Oyy + Uxy —Wxy — w,yy} ’ g = _{w,xxx =+ w,xyy w,yyy =+ w,xxy 0} . (23)

Similarly, substituting the strains in Eq. (15) into Eq. (7), the deviatoric stretch gradient components
are defined as

2 1 2 2 b 3 b
Hxxx = gu,xx - gu,yy - gv,xy +z ( 5 Wyxx T2 5 ,xyy) ’
2 1 2 2 o
Myyy = 5Vyy — gUxx = glhay T2 ( 5%y + 5wxxy>
4 8 3 12 o,
Myyx = Nyxy = Hxyy = Eu,xx+ 15”yy+ 150xy+z (15?1) xxx — 72 Wy
3 4 8 3 12 b
Nxxy = Nxyx = Nyxx = 15 Oy + 57J xx 1514 xy +z <l5w/wy xxy
3 1 2 3
Nzzx = Nzxz = Hxzz = _Eu,xx - Eu,yy - Ev,xy +z (157’0, xxx T y> (24)
3 1 2 3
Nazy = Nzyz = Nyzz = —75Vyy = 750 = 7ty T2 <15w,yyy /xxy)

1 b b 1
Nzzz = g (w,xx + w,yy) - g (w,sxx + wfyy) ’
_ _ _ 1 w? 4 L s
Mxxz = Nxzx = Nzxx = 15 x T ﬁ Wy =+ Ew,xx 15 Wyys

4 1 4 4 1
Nyyz = Myzy = Nzyy = 15wyy T 5+ 5w w ~ 5V
1 1
Nxyz = Nyzx = Nzxy = Yxzy = Nzyx = Hyxz = 3wb + 3w e

These components are also rewritten under compact forms by

n= {Uxxx Myyy  Myyx  Hxxy Mzzx Uzzy}T =i, +zip, H= {szz Nxxz  Myyz nyz}T/ (25)

where

1, 1, 1 1
gw + Swyy gwsxx — gw,syy
4 1 .
N T Wt 15 5 JV+15 T 150w
! fiw +lw +iw 1w5 ,
15 %15 15 W 15 A%
flwb +1w
3 35
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2 1 2
Su,xx - gu,yy - gv,xy
2 1 2
50w~ glax T glhay
3 L2 4 L8 8
I A TR R TR T
h 3 4 8
_ﬁv’yy + 15U,xx + = 5
3 1 2
_Eu,xx - Eu,yy - Ev,xy
3 1 2
_Ev,yy - Ev,xx - Eu,xy

The classical and higher-order stress elastic constitutive relations are expressed as

Oxx Qu Qun 0 0 0 €xx
Tyy Q1 Qo O 0 0 Eyy
Gxy =10 0 Qe O 0 Yxy ¢/
Cxz 0 0 0 Qss 0 Yxz
Cyz 0 0 0 0 Qu Yyz
Moy 1 0 0 0 O Xxx
My 0 1.0 0 Of |xy
My ¢ =2GLH* [0 0 1 0 0| xxy ¢,
Myz 0 0 0 1 0 Xxz
Px 1.0 0] (Cx
pyp =2GL* |0 1 0[ (¢,
Pz 0 0 1 ’z
Txxx 1 0 0 O O 0 Uxxx
Tyyy 0 1.0 0 0 Of |#nyyy Tozz 10
Tyyx | _ 2[00 1 0 0 0f Jryye Texz | _ o2 [001
Texy 261719 001 0 0 Hey (7 ) Tyye 26719 g
Tozy 00 0 0 1 0 Nzzx Tryz 0 0
Tozy 0 00O0O0T1 Hzzy
where
E. VeEe E,
Q11:Q22:71_V62r Qp=0Qn = sz Q66:72<1+U6>/ Qs5 =
E. 5
Gzil S:—,
2(1+Ve) 6

2 3
5 bXXx+5wayj
2 b 3 b
5@y T 5Way
3.0 124
o E ,xxx_15 XYY
T 3 p 124
15wy — 15 Yy
3 3 b
15 Wewe + 75y
3 b 3 b
58wy T 15 Wy

(=N e N}

_ o O o

Qu =

259
(26)
(27)
(28)
(29)
Nzzz
Hxxz 30
Mo (7 (30)
Nxyz
ksEe
2(1+ve) 31)

in which E, and v, are the effective Young modulus and Poisson’s ratio, respectively. The discrete

Galerkin weak form for the bending analysis of the FG microplate are described by

h/2

/ / (Oxx0€xx + Oyydeyy + CrydVay + GxzdVaz + Gyz07yz)dQdz + ...

—h/2
h/2

+ / / (mxx(SXxx + myyény + zmxy5Xxy + 2mx25XxZ + 2my25Xyz)deZ + e

—h/2
h/2

+ / / (Texx0Mxxx + Tyyyyyy + 3TyyxOyyx + 3TuxyONxxy + 3TezxOzzx + 3TazyOMzzy ) dQdz + . ..

—h/2
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1/2
+ / / (Tez20M22z + B3Taxz0Mxxz + 3Tyyz0nyyz + 6Tayz00xy2 ) dQdz + . ..
—i/2
h/2 12 (32)
+ / / (P20 + pydly + p00:)dQdz = / / 6 (w* + ) goddz.
—i/2 O —i/2

Eq. (32) can split into two independent integrals following to middle surface and z-axis direction.
Substituting Eq. (27)-(30) into Eq. (32), the discrete Galerkin weak form can be rewritten as follows

. . T
/(5éTDédQ+/(5(eS)TDSeSdQ—|—/(5(7(1”) DTt bdﬂ+/ )TDIEx*dQ + ...
T Adi d di (33)
+/5g p7tdq + /5 ° thJr/(SnTDd‘wl“d” 40 = /5 (w* + ) qodo,
where ; .
A > A — — T
e={e &}, ¢={" ¢, a={m mn},
L~ [AY BY] s [AY B 4 [A% B®] s [T 0 (34)
D= {Bb Db}f D = [Bdi Ddi:|' = |gte pe| =lg |’
in which
h/2 Qu Qp 0 h/2
(a%B",D?) = / (1.22) [Qzl Qn 0 |dz D= / [9044 QZJ dz,
—i/2 0 0 Qe —i/2
h/2 h/2 h/2
D! — / 2G1,2I3,5dz, DS = / 26120y, ,dz, (Adi,Bdi,Ddi): / 2G1,2 (1,2,22) Iy, 5dz,
—h/2 —h/2 —h/2 (35)
h/2 h/.2
piev — / 2G1321,,4dz, (Ade,Bde,Dde) - / 2G152 (1,z,z2) Tgrodz,
—h/2 —h/2

I’ = diag(1,1,2), TI%=diag(2,2), I =diag(1,3,3,6), I%=diag(1,1,3,3,3,3),
in which Ipyxg,I3x3, L1 x4, Isx6 are the identity matrices of size 2 x 2,3 x 3,4 x 4 and 6 X 6, respectively.

3. FG MICROPLATE FORMULATION USING NURBS BASIS FUNCTIONS

For a knot vector & = {@1, Coyenny (;‘nerH }, B-spline basis functions can be recursively built by the
Cox-de Boor algorithm as follows

No@={y * Seins '} =0, (36)
and
Nip (@) = =25 R, @)+ 2 @ (r > ). )
” Givp—Gi P Citp+1 — Git1 ’

Similarly, the two-dimensional B-splines basis functions are calculated by using the tensor product
of two knot vectors & = {&1,82,...,8np+1} and H= {1,112, ..., sgs1} as

Ri;j(&,1) = Nip (&) Mjq (1) (38)

NURBS basic functions can be defined by a linear combination of B-spline basis functions and their
corresponding weights as follows

(39)

N;ij (&,1) = N1 (¢) = -
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The displacements using NURBS basis functions [22] can be expressed as

N (x,y) 0 0 0
N 7 mxn 0 NI (X, y) 0 0
u (x/y) - 1:21 0 0 NI (x’y) 0 Cig (40)
0 0 0 Ni(x,vy)

where q; = {u; v wh w?}T are degrees of freedom of control point I.
Substituting Eq. (40) into Eq. (17), the strain components can be rewritten as

&= { Z;{B1 B2} q; = ZBIqI and &° —ZBIqI, (41)
I=1
in which,
Ny 0 00 0 0 Npg O
Bl=|0 Ny 00|, Bl=— |0 0 N, Of, B“}:[g 8 8 IZ:]]“‘} (42)
Ny Nix 0 0 0 0 2Ny, O Ly

Similarly, the curvatures are obtained by substituting Eq. (40) into Eq. (20) as follows

n

g HCI _IlechI/ (43)
in which,
0 0 Nl %NW
By=10 0 —Niy Niw |, Bi= . [:%ﬁjy’ %ﬁy 0 o- @

1 1
0 0 E (N]/yy - N],xx) Z (Nl,yy - NI,XX)

Substituting Eq. (40) into Eq. (22), the dilatation components can be rewritten as

e 1 T _ v g o2\t =l
(=1{0" ) =) {BI B; } q; = )_Biq (45)
=1 =1
where
§1 Nl,xx Nl,xy 0 0 Zz 0 0 _Nl,xxx - Nl,xyy 0
B; = [Npwy Ny 0 0, B} =0 0 —Npyyy—Npxxy 0 (46)
0 —Npxx — Npyy 0 00 0 0
Substituting Eq. (40) into Eq. (25), the dilatation stretch gradient components can be rewritten as
. _ _ T n _ _ T n 7 - n -
i={m m} =Y {8} BP} ay= Y Blay, =) Bla, (47)
=1 I=1 I=1
where
[ 2 1 2 T
gNl,xx gNl,yy _gNl,xy 0 0
2 2 1
_gNI,xy ENI,yy gNl,xx 0 0
3 4 8
B?l _ ENI'xx + ENI'yy 15N1,Xy 0 0
8 3 4 ’
ENLXV ENI’yy+ENI'XX 0 0
3 1 2
7EN[,xx ENI'yy ENI,xy 00
2 3 1
T EY 15y~ 15N 0 0]
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- ) 3 -
0 0 _gNl,xxx‘f' 5N1xyy 0
2 3
0 0 _gNl,yyy + 5N1xxy 0
3 12
B’72 B 0 0 15N1xxx - 15 Ixyy 0
r— 3 12 !
0 0 eNiyy — 15Ny 0
3 3
00 ENI,xxx + ENI,xyy 0
3 3
0 0 ENI'yyy + ENI’xxy 0_
[ 1 1 1 1
00 SNIxx+ 5N1yy *ENI,xx*gNl,yy
4 4 1
0 0 —N N —N —N
B RGN 15 N TR TR
I 4 4 1
00 15 NI,yy + 15NI XX E Lyy 15N1,xx
1
0 O —gNI,xy gNI’xy

Substituting Eqgs. (41), (43), (45) and (47) into Eq. (33), the weak form of the bending analysis of the
FG microplate is rewritten as
Kq=F, (48)
where K (K = K¢ + KX + K¢ + K"), M and F are the global stiffness matrix and force vector, respectively,
in which
AT s T :
= / B DBAO + / (B)'D'B*dO), KX = / (B?) DIIYBLQ + / (BS)TDIrEBidQ,
Q
o A di A A\ T .
‘- / (8¢ ) P80, K= / (87) D*i“8lda0 + / (87) DéeordepidQ, (49)
Q Q

F:/qO{O 0 Ny Np}Tdo.

A

4. NUMERICAL EXAMPLES AND DISCUSSIONS

In this study, three length scale parameters which assumed to be equal through the thickness direc-
tionl; = I, = I3 = I = 15 x 10~° m, are taken the same as in [8]. The FG microplate is made from the
bottom metal surface (Aluminum-Al) to the top ceramic surface (alumina-Al,O3). The material prop-
erties for Al are E,, = 70 GPa, v,, = 0.3, p;y = 2702 kg/m3 and Al,Oj3 are E. = 380 GPa, v, = 0.3,
pc = 3800 kg/m>. Without loss of generality, to compare results, the cubic NURBS basis function of
17x17 element [22] is only used in the numerical examples.

4.1. FG square microplate

Firstly, we consider the simply supported and fully clamped FG rectangular microplates with the

length (a) and the weight (b) under sinusoidally distributed load (g9 = g sin % sin %) The deflection

103E;  (a b
Tt (52
ceramic. Different values of the length-to-thickness ratio (a/h), power index (1), and material length
scale ratio (I/h) are studied to investigate the non-dimensional deflection of FG microplate. The central
non-dimensional deflection is tabulated in Tab. 1. For comparison purpose, referenced results reported
by Zhang et al. [15] using the analytical solution based on the refined plate theory (RPT) with 4 de-
grees of freedom (DOFs), Thai et al. [18] using the IGA based on the third-order shear deformation
theory (TSDT) with 5 DOFs and Thai et al. [16] using the IGA based on RPT are presented. It can be

of the FG microplate are computed by: & = ), in which E. are the Young’s modulus of
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seen that an excellent agreement is achieved in the case of [/h = 0. In addition, obtained results are
slightly larger than referenced ones corresponding to the values of power index from 0 to 1, while an
opposite phenomenon is shown for different values of power index. For the case of I/h # 0, most of
obtained results are slightly larger than referenced ones. Especially, a slight difference of present results
and referenced ones is shown in the case of [/h = 1 because of using the sFSDT instead of HSDT as in
referenced solutions. In addition, the results of HSDT are smaller than the results of sSFSDT due to con-
sidering the higher-order shear term in the MSGT. Besides, as observed from Tab. 1, the non-dimensional
deflection increases when increasing of the power index and the length-to-thickness ratio. While, the
non-dimensional deflection decreases by a rise of the material length scale ratio [ /h.

Table 1. Non-dimensional displacement @ of FG rectangular microplates (a = b)
under sinusoidally distributed load

1/h
a/h n Method
0 0.05 0.1 0.2 0.5 1.0
Simply supported

5 0.1 Exact-RPT [15] 0.3883 0.3731 0.3341 0.2359 0.0778 0.0230
IGA-TSDT [18] 0.3785 0.3648 0.3290 0.2366 0.0803 0.0240
IGA-RPT [16] 0.3785 0.3305 0.2973 0.2125 0.0717 0.0214
Present 0.3792 0.3671 0.3359 0.2564 0.1206 0.0582

0.5 Exact-RPT [15] 0.5198 0.4983 0.4435 0.3086 0.0997 0.0293
IGA-TSDT [18] 0.5177 0.4975 0.4457 0.3153 0.1045 0.0310

IGA-RPT [16] 0.5176 0.4965 0.4426 0.3098 0.1018 0.0303

Present 0.5192 0.5010 0.4546 0.3397 0.1551 0.0742

1 Exact-RPT [15] 0.6688 0.6396 0.5658 0.3879 0.1223 0.0357
IGA-TSDT [18] 0.6688 0.6412 0.5709 0.3977 0.1286 0.0378
IGA-RPT [16] 0.6688 0.6399 0.5670 0.3908 0.1252 0.0369

Present 0.6691 0.6442 0.5812 0.4285 0.1919 0.0914

2 Exact-RPT [15] 0.8671 0.8286 0.7313 0.4980 0.1544 0.0447
IGA-TSDT [18] 0.8671 0.8307 0.7379 0.5107 0.1627 0.0475
IGA-RPT [16] 0.8671 0.8292 0.7332 0.5021 0.1580 0.0460

Present 0.8592 0.8277 0.7477 0.5530 0.2488 0.1186

4 Exact-RPT [15] 1.0408 0.9967 0.8843 0.6095 0.1921 0.0558
IGA-TSDT [18] 1.0409 0.9994 0.8927 0.6263 0.2034 0.0597
IGA-RPT [16] 1.0409 0.9977 0.8875 0.6159 0.1964 0.0573

Present 1.0101 0.9781 0.8950 0.6831 0.3215 0.1550

10 Exact-RPT [15] 1.2269 1.1790 1.0557 0.7455 0.2454 0.0724
IGA-TSDT [18] 1.2276 1.1829 1.0668 0.7678 0.2614 0.0781
IGA-RPT [16] 1.2276 1.1811 1.0609 0.7548 0.2510 0.0743

Present 1.1802 1.1492 1.0671 0.8457 0.4225 0.2072

10 0.1 IGA-RPT [16] 0.3278 0.3157 0.2842 0.2033 0.0682 0.0203
Present 0.3280 0.3164 0.2864 0.2093 0.0805 0.0336

0.5 IGA-RPT [16] 0.4537 0.4355 0.3887 0.2723 0.0884 0.0260
Present 0.4540 0.4365 0.3917 0.2799 0.1040 0.0428

1 IGA-RPT [16] 0.5890 0.5640 0.5004 0.3453 0.1095 0.0320
Present 0.5890 0.5650 0.5039 0.3550 0.1290 0.0528

2 IGA-RPT [16] 0.7573 0.7253 0.6439 0.4446 0.1407 0.0409
Present 0.7552 0.7249 0.6474 0.4576 0.1671 0.0685

4 IGA-RPT [16] 0.8815 0.8480 0.7614 0.5405 0.1784 0.0526
Present 0.8736 0.8429 0.7630 0.5576 0.2147 0.0895

10 IGA-RPT [16] 1.0087 0.9755 0.8879 0.6535 0.2298 0.0694

Present 0.9966 0.9672 0.8891 0.6767 0.2796 0.1194
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I/h
a/h n Method
0 0.05 0.1 0.2 0.5 1.0
Fully clamped

5 0 IGA-TSDT [18] 0.1647 - 0.1404 0.0984 0.0322 0.0095
IGA-RPT [16] 0.1606 0.1535 0.1361 0.0945 0.0308 0.0091
Present 0.1615 0.1567 0.1446 0.1145 0.0588 0.0258
0.5 IGA-TSDT [18] 0.2429 - 0.2050 0.1420 0.0459 0.0135
IGA-RPT [16] 0.2362 0.2253 0.1986 0.1363 0.0440 0.0130
Present 0.2387 0.2308 0.2111 0.1635 0.0817 0.0355
1 IGA-TSDT [18] 0.3113 - 0.2603 0.1774 0.0559 0.0163
IGA-RPT [16] 0.3029 0.2881 0.2523 0.1704 0.0537 0.0158
Present 0.3045 0.2938 0.2673 0.2049 0.1010 0.0438
2 IGA-TSDT [18] 0.4086 - 0.3383 0.2267 0.0693 0.0200
IGA-RPT [16] 0.3976 0.3773 0.3284 0.2183 0.0663 0.0192
Present 0.3919 0.3783 0.3447 0.2648 0.1310 0.0569
5 IGA-TSDT [18] 0.5437 - 0.4476 0.2968 0.0893 0.0256
IGA-RPT [16] 0.5303 0.5025 0.4362 0.2877 0.0856 0.0244
Present 0.4963 0.4819 0.4456 0.3545 0.1832 0.0804
10 IGA-TSDT [18] 0.6304 - 0.5214 0.3505 0.1081 0.0313
IGA-RPT [16] 0.6134 0.5820 0.5071 0.3378 0.1019 0.0292
Present 0.5721 0.5573 0.5195 0.4217 0.2244 0.0992
10 0 IGA-TSDT [18] 0.1170 - 0.1016 0.0730 0.0247 0.0074
IGA-RPT [16] 0.1151 0.1108 0.0997 0.0712 0.0240 0.0071
Present 0.1152 0.1114 0.1017 0.0766 0.0339 0.0161
0.5 IGA-TSDT [18] 0.1773 - 0.1521 0.1068 0.0349 0.0103
IGA-RPT [16] 0.1747 0.1675 0.1492 0.1042 0.0340 0.0100
Present 0.1751 0.1686 0.1522 0.1115 0.0473 0.0222
1 IGA-TSDT [18] 0.2295 - 0.1951 0.1349 0.0430 0.0126
IGA-RPT [16] 0.2261 0.2163 0.1915 0.1318 0.0419 0.0123
Present 0.2262 0.2174 0.1951 0.1409 0.0586 0.0274
2 IGA-TSDT [18] 0.2967 - 0.2517 0.1733 0.0547 0.0159
IGA-RPT [16] 0.2922 0.2794 0.2472 0.1694 0.0532 0.0155
Present 0.2903 0.2792 0.2508 0.1818 0.0759 0.0355
5 IGA-TSDT [18] 0.3676 - 0.3161 0.2233 0.0734 0.0216
IGA-RPT [16] 0.3609 0.3466 0.3100 0.2182 0.0712 0.0209
Present 0.3515 0.3403 0.3113 0.2359 0.1054 0.0503
10 IGA-TSDT [18] 0.4121 - 0.3582 0.2584 0.0884 0.0265
IGA-RPT [16] 0.4041 0.3893 0.3510 0.2523 0.0854 0.0254
Present 0.3927 0.3817 0.3527 0.2745 0.1282 0.0620

4.2. FG circular microplate

Let us consider a FG circular microplate of the radius R and thickness h subjected to a uniform

4D
load g9. The deflection of the FG circular microplate are calculated by: @ = 6 Riw (0,0), where
0
Ech?
D, = m Different types of boundary condition as roller, simply supported and fully clamped
— Y

are studied. Similar to the previous example, different values of thickness-to-radius ratio (#/R) and
material length scale ratio (//h) are investigated. The central non-dimensional deflection of FG plates is
given in Tab. 2. The non-dimensional deflection proposed by Zhang et al. [14] based analytical solution
using TSDT, Thai et al. [18] based on IGA-TSDT and Thai et al. [16] based on IGA-RPT are provided
to compare results. It can be seen that obtained results are in good agreement with those referenced
ones Basically, most of obtained results are slightly larger than compared to referenced solutions within
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considering of size effects. Again, we can clearly see that the non-dimensional displacement of the mi-
croplate is decreased when material length scale ratio increases. For reason, it can be concluded that the
size-dependent microplate model based on MSGT can be increased the stiffness of microplate leading
to a decline of the displacement.

Table 2. Comparison of normalized displacement of FG circular microplate with a power index n = 1.5

I/h
h/R Reference
0.0 0.1 0.2 0.5 1.0
Roller
0.2 Exact-TSDT [14] 9.9266 8.6275 5.9775 1.9019 0.5556
IGA-TSDT [18] 9.9230 8.4748 5.8988 1.8917 0.5529
IGA-RPT [16] 9.9230 7.8347 5.8880 1.9045 0.5464
Present 9.9132 8.4943 6.0249 2.1636 0.9185
0.15 Exact-TSDT [14] 9.8090 8.4931 5.9080 1.8746 0.5464
IGA-TSDT [18] 9.7621 8.3364 5.7993 1.8557 0.5417
IGA-RPT [16] 9.7620 8.3281 5.7898 1.9669 0.5419
Present 9.7565 8.3551 5.8680 2.0294 0.7498
0.1 Exact-TSDT [14] 9.7734 8.4464 5.8141 1.8519 0.5399
IGA-TSDT [18] 9.6471 8.2372 5.7278 1.8299 0.5336
IGA-RPT [16] 9.6470 8.2315 5.7138 1.8262 0.5317
Present 9.6446 8.2434 5.7478 1.9036 0.6267
0.05 Exact-TSDT [14] 9.7669 8.3167 5.7794 1.8406 0.5363
IGA-TSDT [18] 9.5781 8.1776 5.6846 1.8143 0.5288
IGA-RPT [16] 9.5780 8.1729 5.6751 1.8101 0.5268
Present 9.5714 8.1757 5.6848 1.8285 0.5512
0.01 Exact-TSDT [14] 9.7669 8.3050 5.7673 1.8370 0.5349
IGA-TSDT [18] 9.5560 8.1584 5.6706 1.8092 0.5272
IGA-RPT [16] 9.5560 8.1542 5.6625 1.8041 0.5255
Present 9.5559 8.1543 5.6629 1.8050 0.5265
Simply supported
0.2 Exact-TSDT [14] 8.5551 7.4543 5.3811 1.8359 0.5497
IGA-TSDT [18] 8.3939 7.3241 5.3088 1.8251 0.5470
IGA-RPT [16] 8.3938 7.2072 5.3635 1.8280 0.5451
Present 8.3830 7.3015 5.4968 2.0036 8.9012
0.15 Exact-TSDT [14] 8.3839 7.3358 5.3121 1.8074 0.5405
IGA-TSDT [18] 8.2325 7.1847 5.2085 1.7892 0.5358
IGA-RPT [16] 8.2325 7.1624 4.7928 1.7867 0.5297
Present 8.2262 7.2219 5.3664 1.6518 0.6591
0.1 Exact-TSDT [14] 8.2621 7.2448 5.2204 1.7849 0.5339
IGA-TSDT [18] 8.1171 7.0847 5.1359 1.7632 0.5278
IGA-RPT [16] 8.1171 7.0787 5.1863 1.7648 0.5228
Present 8.1144 7.0867 5.1405 1.8033 0.6392
0.05 Exact-TSDT [14] 8.2303 7.1476 5.1764 1.7733 0.5304
IGA-TSDT [18] 8.0479 7.0245 5.0920 1.7474 0.5229
IGA-RPT [16] 8.0479 7.0203 5.0833 1.7486 0.5183
Present 8.0472 7.0225 5.0920 1.7616 0.5453
0.01 Exact-TSDT [14] 8.2119 7.1440 5.1735 1.7693 0.5289
IGA-TSDT [18] 8.0258 7.0052 5.0778 1.7422 0.5213
IGA-RPT [16] 8.0257 7.0009 5.0696 1.7372 0.5196

Present 8.0257 7.0010 5.0700 1.7380 0.5206
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1/h
h/R Reference
0.0 0.1 0.2 0.5 1.0
Fully clamped
0.2 Exact-TSDT [14] 2.6947 2.2749 1.5768 0.4877 0.1415
IGA-TSDT [18] 2.7015 2.2896 1.5768 0.4994 0.1456
IGA-RPT [16] 2.6997 2.2808 1.5526 0.4910 0.1442
Present 2.6935 2.3255 1.6870 0.7106 0.3422
0.15 Exact-TSDT [14] 2.5628 2.1482 1.4934 0.4666 0.1353
IGA-TSDT [18] 2.5459 2.1632 1.4934 0.4733 0.1378
IGA-RPT [16] 2.5447 2.1558 1.4797 0.4670 0.1354
Present 2.5404 2.1802 1.5515 0.5993 0.2646
0.1 Exact-TSDT [14] 2.4566 2.0878 1.4309 0.4512 0.1307
IGA-TSDT [18] 2.4340 2.0705 1.4308 0.4532 0.1319
IGA-RPT [16] 2.4332 2.0647 1.4204 0.4472 0.1301
Present 24311 2.0752 1.4525 0.5101 0.1968
0.05 Exact-TSDT [14] 2.3910 2.0320 1.3918 0.4410 0.1278
IGA-TSDT [18] 2.3664 2.0137 1.3918 0.4404 0.1280
IGA-RPT [16] 2.3661 2.0090 1.3831 0.4352 0.1263
Present 2.3655 2.0116 1.3912 0.4518 0.1452
0.01 Exact-TSDT [14] 2.3765 2.0226 1.3785 0.4381 0.1270
IGA-TSDT [18] 2.3446 1.9953 1.3790 0.4361 0.1267
IGA-RPT [16] 2.3446 1.9910 1.3709 0.4311 0.1250
Present 2.3445 1.9911 1.3712 0.4318 0.1258

5. CONCLUSIONS

In this paper, a novel simple size-dependent isogeometric approach using MSGT, sFSDT and iso-
geometric analysis was presented to analyze the bending behavior of FG microplates. The advantages
of the present approach are only to contain four unknowns and three material length scale parameters.
Thus, it is suitable for computation of size-dependent practical problems. In addition, material proper-
ties as Young’s modulus, Poison’s ratio and density mass were computed by the power rule. In addition,
the classical sFSDT model was retrieved from the present model by taking zero of all material length
scale parameters. Numerical results pointed out that the non-dimensional deflection obtained from the
present solution are slightly larger than those referenced ones in the case of [/h # 0. In addition, the
stiffness of microplate can be increased as considering small scale effects leading to a decrease of the
deflection.
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