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ABSTRACT: In this paper, the behavior of inhomogeneous functionally graded rubber with large
deformations and under bending loading is modeled by assuming an incompressible hyper-elastic
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invariants. The constants of strain energy are considered as power and in direction of curvature radius.
Also, the generalized Mooney-Rivlin function was used for modeling the nonlinear behavior. Supposing
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the power constants of strain energy is convenient for description of material behavior. Also the results of  Keywords:

the analytical solution are compared to those of Finite Element method and there is acceptable accuracy.
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1- Introduction

Different groups of materials, such as foams, elastomers,
biological tissues, and polymers are the nonlinear hyperelastic
materials. Reversibility is the most important physical
property of hyperelastic materials. Natural rubber sometimes
stretches up to eight times its original length and then comes
back to its original state. Typical Natural rubbers are bitumen,
turtle outer cover, animal’s antler, and gum trees and artificial
rubber such as polybutadiene, styrene-butadiene, nitrile,
butyl, etc. Different types of materials, such as rubber, are
reversible in large deformation. The maximum value of the
stretch is usually between 5-10 (the ratio of the current length
to the initial length) and the stress-stretch curve is non-linear.
So the material does not follow Hooke’s law. To modeling on
the behavior of these materials, the material is considered as a
continuous environment, and a strain energy density function
is obtained, which is usually in terms of the deformation
invariant [1].

2- Methodology
The geometry of the section before and after deformation
shown in Fig. 1. The displacement fields are:

r=fx), 0=L, 2 =7. )
p
whichr,0,z and X, Y, Z are Cartesian and cylindrical

coordinates, respectively.
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Fig. 1. The rectangular section before deformation and the
circular section after deformation [2]

Using the Rivlin method [3], the constitutive method
for incompressible and isotropic hyperelastic materials is
expressed as follows:

ow ow
T=-pl+2—B-2—B"'
ol ol,

2
where p is hydrostatic pressure depends on the
incompressibility constraint, T is the Cauchy stress and I is
the unit matrix. W =w(I,,1,) , is the strain potential energy
function, which is based on(/,—3)and(Z,~3). Mooney-
Rivlin strain energy is the classical stress energy density for
homogeneous incompressible rubber:

wht=c, (1,-3)+C,(1,-3), 3)
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whichC,C,  are the
Rivlin  energy function. For functionally graded
materials, the Mooney-Rivlin energy function is
W =u(r)(1,=3)+u (r)(I,-3), which yindicates the shear
modulus of the material in the deformed configuration.
For the functionally graded inhomogeneous material,

- il ” m
#(F)_“w(;] ,ﬂ’(r)—um('] which n and m are
1 I

2

constants of the Mooney-

inhomogeneous coefficients of material. Therefore, the
generalized Mooney-Rivlin strain energy function for
inhomogeneous functionally graded materials is:

7 = ) -2y 2] 1,3 @

2 2

3- Solving method

The equilibrium equations along the radius and in the absence

of volumetric forces are simplified as follows [2]:

or, 1 oT, orT.

—r 4+ (T -T :0, 9'9:0’ zz
r( - T) 00 oz

To calculate the main stresses, Eq. (5) is integrated and after

simplifying, the Cauchy stress relations for inhomogeneous

functionally graded materials are obtained:

or =0 ®)
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4- Results and Discussion

The results of the exact solution are compared with those of
modeling in ABAQUS software. CPESRH element has been
used in ABAQUS modeling. The comparison between exact
solution and numerical solution for stresses along radius of
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the section are shown in Figs. 2 to 4 for radial, circumferential
and axial stresses respectively.
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Fig. 2. Comparison of theoretical and numerical solution

results for radial Cauchy stress
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Fig. 3. Comparison of theoretical and numerical solution
results for circumferential Cauchy stress
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Fig. 4. Comparison of theoretical and numerical solution
results for axial Cauchy stress

As a result, new equations are obtained for describing the
behavior of the incompressible hyperelastic rectangular cross-
section of inhomogeneous isotropic under bending using
analytical solution. By comparing the exact solution method
used in this paper to the numerical model, it is concluded
that these relations have good accuracy. Therefore, it can be
concluded that simplifying assumptions such as zero shear
stress, are good and correct assumptions. The advantage of
this article is that it integrates into equilibrium equations as
direct and there are no errors due to numerical methods.

5- Conclusions

In this research, the modeling of the hyperelastic behavior
of inhomogeneous functionally graded rubber under bending
loading and extracting the Cauchy stress relations of the
cross-sectional by this loading has been made. For modeling,
the generalized Mooney-Rivlin energy function has been
used and the properties were changing into radius. Also the
property was inhomogeneous. Finally, the analytical results
are compared to those of the numerical results and it is
shown that the functions are described the behavior of the
hyperelastic materials under pure bending.
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Fig. 7. Bending of the cross section after applying the displacement

0 \
-50

J

\
-100
-150 \
hY

7.
4

, (Pa)
Pal

-

4

-300 \
-350

o

= Exact Solution ||

R ST

pd
o7

VvV Abaqus [

f

-450
0.42 0.425 0.43

0.435 0.44 0.445 0.45
r (m)

(o (S5 5 syt Ko e 0 5098 S 5 GeBs U e ot Al A JSCE
Fig. 8. Comparison between Exact Solution and numerical Solution in Homogeneous Mode for Radial Cauchy Stress

53 e oa3Sle (ol iren g Bl a5 olad (39S A
O s azpiliz 0900 Olled ghaiie s S I3 gl
03g: VY 090> 09 dples Sloahais o =0 g1 =) gly
ool (e Gl (nl g wdbioe 11 GRIEI L a5 als Silo oS
b oo RalS S a3 0ol Spglie oole 11 il Bl L &S

o ioldl 4y Cons sbisdl glads Slposs cwyp 0 VY S 5o
A 0ga =0 g 1 =) Gy pPocs Sl onl aB oy
T GRlB b Bl 1 GBI L p Gl SOl oS oo
e il 0 oole Caglie ialidl Sl a5 oud sl slisel gles
2l o oole Cuaglia 1 al8 L (pl b ol ahae S 55
A s 3 55 0 55 00l JS e 10 iy JS e
Ded o0 Oyly bl Jlasl Gliuly ;o ools 4y (508

o o S o dnlie (w3 3 VO B VY o S o

Ye00

Uz dlge p oS Lly, (S p (saST g3 50 ggoge

D318 5 o0 Egg0 (pl (o) p 4 (V) alail ) 0l oo

T (r) _ 2,0p° (r]n—z 2 ) n ( 2py, (rm+2 g ) "

(n-2)r m+2)p’ny’

2u w2
(n+2;;)2r2" (r o 2)

2 2 2
+( 2“01zp)m(rlm72_rm72) n,m=0 Trr(r):lzl(l)_’_rz_rz_r]]
m-2)r

L= 1) bl g oo Kem oole s Jse 1 45
Irelasl s

T gy ol (259 S Dl cmypp V) SS 0
wlomwlof ;L..L‘>U bdjo&uibkglf‘uim 6L®nb

Jade meusSle 1 iol38l b ogd o oaud S 40 a5 jsb ylea



VoSV B Y-F0 o YA o A oylas BY 053 €S prol SilSo urige 4y pi

110
3 [
2 e
= ! ;’WW’
& J’FW’
~ 0
D
= jﬁw
—— Exact Solution
3 == VvV Abaqus
> i
0.42 0.425 0.43 0.435 0.44 0.445 0.45

r (m)

o (eSS gl Sed Ll 0 (oue o g 3280 U gy (e s lilo A S
Fig. 9. Comparison between Exact Solution and numerical Solution in Homogeneous Mode for Circumferential Cauchy
stress

X 10
2
15 —’vw’
1
~ 05 j’
= wyvv'
& 0 o
HH -0.5 W_ﬁ
A s :
j —— Exact Solution
15 =g Vr Abaqus
-5.42 0.425 0.43 0.435 0.44 0.445 0.45

r (m)

Sr970 (g5 G Iy R > 53 gous Jo g $80 Jo by (e Ao 1) JSB
Fig. 10. Comparison between Exact Solution and numerical Solution in Homogeneous Mode for Axial Cauchy stress

Oles oo cplplo il oo Ol s 6l (652U Jlaie 45 0090 do 0
=ls Wlgh g0 Y O Slaws Jou8 LB CBo b aS vy aoes cpl &
O sfbed (i peg S le Jlaie NE S jo S ol | gllas
el ool ooly lis 1553 sy s

L IR b)‘ﬁui..;.'f)é cwl?bo).u.u))‘ Gw)).»c‘u YA JSJ;).)
b ogd oo 0 JS5 ;0 a4 jshilen 090 co il alnie plaw
2250 e Gl a1 4 4z gl b cahato maw cwls il
S ablie jo Jg cenl Sl iy Olyess (S50 o ablae o
NIRRT S8 PUE

Oyge 4 Cals by )5 (oleS s wyn 4N S
Alie ol jo olss i Gl ool soliwl Jaw o3lo oo Slgs
Anlie S b o )lal as jehilen I> cpl jo g 009y as O jge a
IR 00y )15 Le) aolre .l c\.d)f u)}.o alises LSLDQ‘}’ 6‘;1

YV ey Ojao @ (Jlg Oypo 4 oly podd sw)p Gl

oo A lp lBles J> g @b J> Sl 9o o glad
el oals ooy las o b
SHlBle S Jo 9 385 S (he) 99 G 0l sbml sl wo s
OSlee ok 4 (gy97e g (e (elad (BS AT aw sl
RIS RS S voX §
a5 o 0, M a5 b e Sgame el (g3l o
S o dslie SOVY 5 VIS 0 0l Jae Y 0 O g0
Sl a5 col oas plil ¥ Yo g ¥ V0 Y Ve Y 0
3 S il oo dlie ol o Y 0 Jow 5l eolaiul cle caisS
aY 4 (b gyoe Slge )8, siludue Sln pome slashs,
dval (Glamio 25 b glamio (25,5) calan] 38,5 Ll o
=6 gye Olge J18) 4 oole )8 el Al laa)Y slaws 4z 5o
czge LAY olasd 5osd NSS4 azg b oogd ge S S0

VY sgas o Dlpess ) Ll ogd oo el o S jo s

Yool



YeEY B Y- FD Clrio YA Jlo A o)lad @Y 0,93 S yual SlSo owodigen & il

-50

-100

-150

—n=0
—n=1 ||

n=1.5
—_n=2.1
—n=3 |+

n=4
—n=5

-200

(Pa)

-250

T

T

-300

-350

-450
0.42 0.425 0.43 0.435 0.44 0.445 0.45

r (m)

Fig. 11. Investigation of the variation of the radial Cauchy stress in r for different n

0.4346

0.4345

0.4344
/

0.4343 —

04342 —

0.4341 L —

0.434
0

p (m)

0.5 1 15 2 25 3 35 4 4.5 5

|| FPROTOWHPALE ] [P EIWRLI JUUE S gV | g L)
Fig. 12 Investigation of the curvature radius changes relative to n

. N\
\

\ /j

-150

N

(Pa)

Tl‘l‘
4

-300
\\
-350 -
—— Exact Solution
400 —e— Abaqus
-450
0.42 0.425 0.43 0.435 0.44 0.445 0.45

r (m)

Sl (eSS gl (99 9 5598 Jo gl Lo VY S
Fig. 13. Comparison of theoretical and numerical solution results for radial Cauchy stress

x 10
4
3 ."’
2
—_~ 1
<
&, ey
o /
>
= >
2 /
—— Exact Solution
3 o —
P —&— Abaqus
8.42 0.425 0.43 0.435 0.44 0.445 0.45

r (m)

e (95 G Sl 599 9 598 S i Al NF S
Fig. 14. Comparison of theoretical and numerical solution results for circumferential Cauchy stress

Yeov



VoSV B Y-F0 o YA o A oylas BY 053 €S prol SilSo urige 4y pi

x 10°
2
15 ./'
1
-~ 05
]
5]
~ 0
8 ./
= s ”’_
-1
—— Exact Solution
15 — <" L]
pr —0— Abaqus
75.42 0.425 0.43 0.435 0.44 0.445 0.45

r (m)

G970 (95 (A Sl (§398 9 59 Jo Tl A lie 10 S
Fig. 15. Comparison of numerical and theoretical solution results for axial Cauchy stress

1449

-1450

__—

-1451

-145;

-1453

-1454

(Pa)

B 1455

T

-1456

-1457

-1458

-1459

-1460
5

10

15 20

Number of Layers
WY Veg ¥ 10 ¥ Ve ¥ O g Juo (p cpog S lo coladd (o3 jlade d o :VF ST
Fig. 16. Comparison of maximum radial stress values between 5 layers, 10 layers, 15 layers and 20 layers

Jobes S¥alee 5 48 el el o callia ! LIS o Lol S e
> 633 iy ) b s s 5 08,5 5,5 LS e
8,05 8¢5 ]
510 b)Y IS @ arg b aad o)lal YU s a8 b olan
ol Ly oLy o0 S5 a5 35 n asiie by, 59 Alie
P9y 0% Skl az g bg o)l s9zg s30e 5 oS By 99 G
@rosbe (3Kl s, 5l I8l a5 50 (s o Gl 4 gous
5 el @l ccwl ouls solain] (Re ool s3le Joo sl

il e calite 335 Jo ol b Loy 33

S 25 Az -V
sy Sawlole L8, g5l Jae (g ol 5o
Ot gy zlhsal 5 ches NS ,L cov b 20 Seals
w8)S Sype N0 cnl 5l (SBU ahie mlaw @S LB
odlicid 428y eosd s = g 5531 0 3l 3l Joa (s

Ol g oad a8 5,505 o elad sliwl) )3 (olg> sl g 0

AN IRV

r"l _rn
/U(V):,Ulosi +(/u10NR ~ Hiosi ){ p ]n} AR
r, —n
o g s -7
&b Laly; (o ge 8 50 00l aid )5 IS 4 g jleslinul b
b alaie L8, Guogs glp gaiar SYolee @lio pl o
Cewd & Ghed Cod Sl g igpl pdl (ST Syl ol
b allie ool o o 418 )5 )5 @ 585 > by, demlia bl oo
Al pe s Ly, ) AS 0ed o0 48,5 AxeS (go0e Jow
alox 5l loassS cole wls,d a5 8 )5 asmld lgi oo omlplo
Jo o0 s (o g 09> Slud B B Gl S (g yhe
SoS g 5l a5 30, (hgy Jre SYoles (588 0,3 50 5l (goue
oS LT 5o sgame yledl asile SV olae Cins )8 g 040 oo 4185
a5 g oo ooliul (g o 48,5 0,0 (5,5 LNl oy aS

Sl Ut Loy o e 5 800 3325 s B, 35 5 59

YeoA



YeEY B Y- FD Clrio YA Jlo A o)lad @Y 0,93 S yual SlSo owodigen & il

-1449
-1450
-1451
-145;
—_ 1453
<
A, 1454
N’
B 1455
B s
-1457
-1458
-1459
-1460
5

Number of Layers

WY Yeg ¥ 10 Y Ve Y B b oo o ol (i o dulio Y JSb
Fig. 17. Comparison of radial stress values between 5 layers, 10 layers, 15 layers and 20 layers

20

N, ‘“\ ”' / 4
-100 k' \\ Bt S v
, AN / /
-200 ~ #
"\ \ 7
-300 K N // ’
N
’c? \ 2
[-» -400 Q
< N, g
N 4
H: 500 <
-600 N 7
'~ ’ === Thickness=0.01
-700 . 7 —_— Thl kn _ 1
s, PR ckness=0.02
-800 R T e o == Thickness=0.03 [
-9%9415 0.42 0.425 0.43 0.435 0.44 0.445 0.45 0.455
r (m)
&haito gl 43 00,9 (i 50 Cwoldud yudi' 1 (mwy 2 VA S50
Fig. 18. Effect of the change of the thickness in the stress applied to the cross-section
x10°
1.9
1.85
1.8
o~ 1.75
&
= ===n1n=-100
’:165 - n:_l() [
A
E L S 21 e e — [N n=-1
1.55 - m
- n=1
' ; g -==n=10 ||
’ ¢ -
1.45 DA m— ——=100 [
14 P MY, Lol
0.42 0.425 0.43 0.435 0.44 0.445 0.45
r (m)

Sle Wjg0 4 Cwalis sl jo (pled pudd oy 1A S

v.0q

Fig. 19. Changing of the properties along the thickness in power mode



VeEY B Y- FD Clxio YA Jlo A oylad D 093 pusS pual SlSo diges & it

ol slopas 2, A 4,

Pa «ols LS“’)" Jgubo U
Pa (s - e 35l bl ), p 1
m bl gleds p
&zl

[17 Y. Anani, G.H. Rahimi, Modeling of hyperelastic
behavior of functionally graded rubber under
mechanical and thermal load, (2016).

[2] L. R. G. Terloar, The Physics of Rubber Elasticity,
Oxford University Press, New York, (2005).

[3] E. M. Arruda, M. C. Boyce, A three-dimensional
constitutive model for the large stretch behavior of
rubber elastic materials, Journal of the Mechanics and
Physics of Solids, 41(2) (1993) 389-412.

[4] H. M. James, E. Guth, Theory of the elastic properties
of rubber, The Journal of Chemical Physics, 11(10)
(1943) 455-481.

[5] P. Flory, Theory of elasticity of polymer networks. The
effect of local constraints on junctions, The Journal of
Chemical Physics, 66(12) (1977) 5720-5729.

[6] F. T. Wall, P. J. Flory, Statistical thermodynamics of
rubber elasticity, The Journal of Chemical Physics,
19(12) (1951) 1435-1439.

[7] L. A., A Constitutive Model for Carbon Black Filled
Rubber: Experimental Investigation and Mathematical
Representation, j. of Continuum Mechanics and
Thermodynamics, 8(3) (1996) 153-169.

[8] T. J. Van Dyke, A. Hoger, A comparison of second-
order constitutive theories for hyperelastic materials,
International journal of solids and structures, 37(41)
(2000) 5873-5917.

[9] B. Meissner, L. Matéjka, Comparison of recent rubber-
elasticity theories with biaxial stress—strain data:
the slip-link theory of Edwards and Vilgis, Polymer,
43(13) (2002) 3803-3809.

[10] M. M. Attard, Finite strain—isotropic hyperelasticity,

International Journal of Solids and Structures, 40(17)

S &y (o s Coles 5o oS Al g (w2 (Sl
5 molgs a5 6aus )5 Lasiine g oo dwslie (sd0e bl b ool
S (o0 g | 03l J18) (295 Jleas o )i b sl 03

950 S5 A ) 9,0 cosel Cuss 4y b 4 az g b

oS L8, ey s Sl Sz ool oolaul By, Y
B 5 b o 35 (sl a5 Loy, gl 5 onls o oole
LS o oy (g0 mll 4 axgi b I, oolo L8, T

@ ST I8 e 0 b zy0e Blge 0,8 Jas ogs Y
(TN Djgo Y e (ol ()5 eae g Y WY )90
ey o 1y olse 455 onl cuslie (g3l Jae (gL 0gam b wilgi oo
S lSal o158

oosSbl 8 p e ol mpse Sl sile Joe b Y
Wlge aigS pl 40,5 Jow gl b slass iuli8l aS 0l asia

5380 el ek s aal3dl e Sl 3

eSS e
B
B—l

ST 005 5 el eSae
Pa il oo dg 5 S9e $550 b colys e
S5 535 (LolS 5 F
(Slod o jilo) a5 jouils T
= S 085 el ol slals 5L 11,12, ]3
oole SXenl a0 nm
Pa «Solisly os Jlid p
m‘dwjlmbhb@)l}hsl}b&w rr,
B i T
Pa . el pi5 o5 T
Pa. Jome o365 25 T,
Pa «S5 97 G..«st oS TZZ
sl W
8 olazw X Y Z
slalgnl Slazxe 10,z

sy widle
SaiS A

Yoo



YeEY B Y- FD Clrio YA Jlo A o)lad @Y 0,93 S yual SlSo owodigen & il

to moderate strains, Computers & structures, 84(15-
16) (2006) 1012-1028.

[22] A. J. Gil, B. J., Wrinkling analysis of prestressed
hyperelastic Saint Venant-Kirchhoff membranes, In:
Metro R, editor. Shell and spatial structures: from
models to realization. IASS, (2004).

[23] E. S. Flores, S. Adhikari, M. Friswell, F. Scarpa,
Hyperelastic finite element model for single wall
carbon nanotubes in tension, Computational Materials
Science, 50(3) (2011) 1083-1087.

[24] E. Bilgili, Modelling mechanical behaviour of
continuously graded wvulcanised rubbers, Plastics,
rubber and composites, 33(4) (2004) 163-169.

[25] R. Batra, Finite plane strain deformations of
rubberlike materials,
Numerical Methods in Engineering, 15(1) (1980) 145-
156.

[26] E.

International Journal for

Bilgili, Controlling the stress—strain
inhomogeneities in axially sheared and radially heated
hollow rubber tubes via functional grading, Mechanics
Research Communications, 30(3) (2003) 257-266.

[27] R. Batra, Optimal design of functionally graded
incompressible linear elastic cylinders and spheres,
AIAA journal, 46(8) (2008) 2050-2057.

[28] G. Nie, R. Batra, Material tailoring and analysis
of functionally graded isotropic and incompressible
linear elastic hollow cylinders, Composite structures,
92(2) (2010) 265-274.

[29] G. Nie, R. Batra, Exact solutions and material
tailoring for functionally graded hollow circular
cylinders, Journal of Elasticity, 99(2) (2010) 179-201.

[30] G. Nie, Z. Zhong, R. Batra, Material tailoring for
functionally graded hollow cylinders and spheres,
Composites Science and Technology, 71(5) (2011)
666-673.

[31] R. Batra, Material tailoring and universal relations
for axisymmetric deformations of functionally graded
rubberlike cylinders and spheres, Mathematics and
Mechanics of Solids, 16(7) (2011) 729-738.

[32] R. Batra, Material tailoring in finite torsional

Yol

(2003) 4353-4378.

[11] M. M. Attard, G. W. Hunt, Hyperelastic constitutive
modeling under finite strain, International Journal of
Solids and Structures, 41(18-19) (2004) 5327-5350.

[12] L. Treloar, Stress-strain data for vulcanised rubber
under various types of deformation, Transactions of
the Faraday Society, 40 (1944) 59-70.

[13] M. M. Attard, Finite strain—beam theory,
International journal of solids and structures, 40(17)
(2003) 4563-4584.

[14] M. M. Attard, G. W. Hunt, Column buckling with
shear deformations—a hyperelastic formulation,
International Journal of Solids and Structures, 45(14-
15) (2008) 4322-4339.

[15] M. M. Attard, M. Y. Kim, Lateral buckling of beams
with shear deformations—A hyperelastic formulation,
International Journal of Solids and Structures, 47(20)
(2010) 2825-2840.

[16] Y. Anani, Behavioral Modeling of Large-Deformed
Rubber Based on the Model of Visco-Hyperelastic
and Comparison with Experimental Results, Master’s
Thesis, Mechanical Engineering of Sharif University
of Technology (2007).

[17] A. Z. Kafi M. A., Bazaz M., Use of Hyperelastic
materials to increase the stiffness of braces, First
National Conference on Structural and Steel, Steel
Structures Association of Iran, Tehran, (2010).

[18] M. Saje, G. Jeleni¢, Finite element formulation of
hyperelastic plane frames subjected to nonconservative
loads, Computers & structures, 50(2) (1994) 177-189.

[19] H. Altenbach, V. Eremeyev, On the effective
stiffness of plates made of hyperelastic materials with
initial stresses, International Journal of Non-Linear
Mechanics, 45(10) (2010) 976-981.

[20] N. Kumar, A. DasGupta, On the contact problem
of an inflated spherical hyperelastic membrane,
International Journal of Non-Linear Mechanics, 57
(2013) 130-139.

[21] A. J. Gil, Structural analysis of prestressed Saint

Venant—Kirchhoff hyperelastic membranes subjected



VeEY B Y- FD Clxio YA Jlo A oylad D 093 pusS pual SlSo diges & it

[36] L. M. Kanner, C. O. Horgan, Plane strain bending
of strain-stiffening rubber-like rectangular beams, in:
International Journal of Solids and Structures, 2008,
pp- 1713-1729.

[371 Y. B. Fu, R. W. Ogden, Nonlinear elasticity: theory
and applications, Cambridge University Press, 2001.

[38] L. Meunier, G. Chagnon, D. Favier, L. Orgéas, P.
Vacher, Mechanical experimental characterisation and
numerical modelling of an unfilled silicone rubber,
Polymer Testing, 27(6) (2008) 765-777.

[39] A. A. Khan, M. Naushad Alam, M. Wajid, Finite
element modelling for static and free vibration
response of functionally graded beam, Latin American
Journal of Solids and Structures, 13(4) (2016) 690-
714.

[40] M. Foroutan, R. Moradi-Dastjerdi, R. Sotoodeh-
Bahreini, Static analysis of FGM cylinders by a mesh-
free method, Steel & Composite Structures, 12(1)
(2012) 1-11.

deformations of axially graded Mooney—Rivlin
circular cylinder, Mathematics and Mechanics of
Solids, 20(2) (2015) 183-1809.

[33] Y. Anani, R. Naghdabadi, R. Avazmohammadi,
Modeling of visco-hyperelastic behavior of foams in
uniaxial tension, Proceedings of The 16th International
Conference on Iranian Society of Mechanical
Engineering(ISME 2008) Kerman, Iran. (in Persian),
(2008).

[34] Y. Anani, R. Naghdabadi, Modeling of visco-
hyperelastic behavior of rubbers in uniaxial tension,
Proceedings of 7th Conference of Iranian Aerospace
Society(AERO 2008), Tehran, Iran. (in persian)
(2008).

[35]1 Y. Anani, G. H. Rahimi, Field equations and general
solution for axisymmetric thick shell composed of
functionally graded incompressible hyperelastic
materials, International Journal of Mechanical

Sciences, (2017).

Yoy



