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Complete Thermoelastic Solution of Pressurized Thick Cylinders with Large
Deformation Using Nonlinear Plane Elasticity Theory
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Faculty of Mechanical Engineering, Shahrood University of Technology, Shahrood, Iran

Faculty of Mechanical Engineering, Shahrood University of Technology, Shahrood, Iran.

Abstract

In this paper, the governing equation of axisymmetric thick-walled cylinders under uniform pressure and steady-state thermal
loading, made of homogeneous and isotropic materials with large deformations is derived using the Nonlinear Plane Elasticity
Theory (NPET). Because of large deformations along the radial direction and hence existence of nonlinear terms in kinematic
equations, the governing equation is a nonlinear second-order equation with variable coefficients, which is solved in plane stress and
plane stress states using perturbation theory. According to the equilibrium equation, physical boundary conditions and different end
conditions of the cylinder; radial and circumferential normal stresses and radial displacement in cylindrical shells are calculated
analytically. The effect of loading, thickness, material and boundary conditions on stresses and displacement in cylindrical shell is
studied by the results obtained from analytical solution. For investigating the accuracy of the results obtained from the analytical
solution, the numerical finite element modeling of mentioned cylinder is done with ANSYS software and the results of the two
methods are compared. This research reveals that the obtained results by the mentioned analytical solution procedure have good
accuracy for cylindrical shells under pressure and thermal loading.

Keywords: Thick-walled cylinder, Elastic analysis, Large deformation, Classical theory, Perturbation technique.

Slaaing sl saip e slads i [V aisl o pused oz il
5 PET) lamio ool a5,k st » s Sl

doldo -
sl LQ;‘ Cebrs o ws slaes slaojle daaiag

SirEsie 9 ol deding cwl S lislul ule
Az gl ge oadlie Cats g Canb o a5 wies gleejle

pes oz slaalsal sl o (SDT) (oo JSo i s,k
2l 0 )l8 Sl seie lrojsm o LS Jlad cos
lanen gl STy 5 s cow ilre Ak o ohisar daolS
S5 et e Sy K b i b

sl Jadod csladlsind (slaatiog, L5, sanllas 1B gams
gl 5l Gha wtlide Gl Sl po wsllae Cueglie 5 98

abiizo (oo g Ladlse lio )3 d9do0 (el GRIFI 5 ,L3,
G| 335 5] akeils g98,Lad slizl 5 251y glo g
O N PN I P TN R

208

! Plane Elasticity Theory (PET)
% Shear Deformation Theory (SDT)
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3 Perturbation technique

¢ Hyperelastic

" Neo-Hookean

8 Mooney-Rivlin

? Matched Asymptotic Method (MAM)
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! First-order Shear Deformation Theory (FSDT)

2 Plane stress

? Plane strain

* Higher-order Shear Deformation Theory (HSDT)
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’ Kinematic equations

¢ Constitutive equations
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! Nonlinear Plane Elasticity Theory (NPET)
2 Generalized Differential Quadrature (GDQ)
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% Nonsingular (regular) perturbed problem
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! Straightforward perturbed expansion method

oli3 sage g Ghliz dumme = ol (tmgh — YooY amio A F0 Gl o) ojled OF sl WNVE Llo ojleds 5y 5 olStils SilKa cwiige 4,85

v¥



o3 M 9 Sz dumme - ol Limgiy — YooV asio AP0 Gles ) ool BF > MVF Ly ojled g olRails S pwiige 08

Yo

* *
(Srlr*:r* = —Pl
! )
O'rl * r* = _Po
0

Ll 5 YD) in bl 5 55 by, oSSl L
39,0 € caliee slagyly STaS Wl o Cawsas € 5l Lalize slaglgs
sl po 4y bgipe (550 Lulpd wigh ools 13 ply g5les 351
9 19) SVolre slaculs (48,91 Cawdas glp cplplo ._»j‘so Cwddy
Sgbee o3l 1) (550 Laalpd 51 (VY

:(09) aobas sondiam o (55 Ll (A

Cy CoR I} _ .+
a) |(A+B)C~(A-B)=% |-(A-B) A“h L=p
f i
(Y0)
C CoR Iy _ o+
b) [(A+B)C —~(A=B)=Z |~(A-B)=l -0 =k
ro To

JJT‘SQ Cewddy C2 9 Cl 6[@@'.: «(YO) OYoles oK ‘J> l.:

* 2k £
C = P-kPy  (A-B)CaR I,
2 2
(A+B)(k2-1) (A+B) A 2 )
(P* P*) *2 «
- T,
Cyo bt 0)o CaR_ Tp %)

(A-B)(K>-1) AR (-
*
T
IZ = j f O(r) rdrt
§
HRley SaS 4 (YY) galolas goudany g 550 Lulpd (o
5 C3 slocol wlie JYarwl b iz g didel Cavsay Maple
il Cansdy HeShe Hl5Ble 5SS @ (gyel)l S ygeas s Cy
RG] wy)l.) J.;lﬁ B:3) u)g,cd.x ‘SLL\MJ 6:L>4.>l> ‘)JL..)

U
w -l ety G2y COR O () | (0,200 e
r Ahr 2 T,
21| o
5
e e e
IR DA CIDIY IS ORI !
e 2 2 .

£\2
8(r")> AZn> 1..[‘%]
L

v \2
(2(—%+Ahc2)(l+u*)ln{r%j +4R(0;-0,)

i

0,CR((1)*v" + ()
=

1-{3‘;}“" OICR (W a?

e e .
AT"(cl(r’)‘hrczu"(r’)2 +7C2(”‘2) )) )aCln[r%]—
5

+Ah(Cy(r")? - C () (YY)

s .
(r*)4+(ri) (;+U ))u—

R%(0;-0,) (1-{ ](r) ;<r*)2<<1+o*><r*)z+2<rf)2u*)

N [o]+((l+o N
. 4

2en ea
VN @) o ))uzcz}
2 8

Syga g e elad sla pis y0,4] cavsds sl J
syt 485 b5 Sl 33 cder

(s o) ur =ug STl

(1({11))_ 1 {4(1

7 1) > *__7‘ - -

' SO0 A In(ey? 2
I

i

2 *
a®CRr” —%a@iCRri*zj (1+v)ney =2
T

(%((1 + u*)ri‘4 - r*zu‘ri*2 4 )CR@ia +h

1)

(—Cz(l oyt et czr‘zu*)A)CR((ai e,

aln(-2) +C*R*(©, -0, )’ [ln(%)r*“ —i(r* +1)
I I

((—U*—1)rj‘2 +r*2(u"—1)) « —ri*)Jocz}

Aloe Cawsds up Hlade (V) saloles J> L
1

3 )2
8" AZn? |
5
.

2
{2{—@%&2)2 (1+v")In [i;

C
=Cyr Ay

2
] +4C(0; -0,)

5

T

OCR(V +17) 2 2 ("
B * * * *-
%Jﬁ\h(clr —Cyv )jr ln[r—*]—

* *4
®‘;C[r*4 —r*zu*ri*z B (1+ 02 )1 ]Ra xY)

2
4 2 * k- *
,LA[CI; O TEI00 L M | AW
2 2 5
2 2 X
4 2 2
Cz{ln[r*} v —[(l+u*)r* +21‘l* U*}r—ln(r—*]
I 2 I
1 1

(1+ *) *4 *2 * .*2 (1+ *) *4
+ L )r _ r v rl _ v rl (@4 _0 )2(X2R2
4 2 8 e

Lo g ,Lis i’ pusnis o (il giw] adadio Y JS&
Ja;';w‘wl@) 5‘_J.>L> Lusu)wmé)lof)bafbul)l
el 2y Sygeds (5550
Gplr=r =P
rlr—r1 i "
Grlr:ro =-Py
sl el 5l ealinad U il s bt e o bl Jlae! sl
.)JS ] ]| Cawgny )0 R g._a.l),d ]



0.0006
——PET: Plane stress
0.0001 = PET: Plane strain
------ CST: Plane stress
0.0002 s CST: Plane strain
w
(M)
=~ 0
S v
-0.0002
-0.0004
-0.0006 . -
1 1.04 1.08 1.12
r/ri
(lbos¥ 6,105,b) wm o1 (olad (15 @259 -F U
0015 i
i ——PET: Plane sfress
o —PET: Plane strain
=++=:-CST: Plane stress
0005 | = CST: Plane strain
W
w
-
= 0
-]
0.005
001
-.015 - z
1 1.04 108 142
rin

(bosS ©,I5)b) wry g hamo Jid @595 —0 JSb

L dlie ! PET) s Jo> jlosliwl L) Jase iis g sl
a5 aes oo Hlad b loges cams oo lis (CST) oS g,k
DS (g5 b ol s b S5 b, b s el gl

-0.65
J
-0.75

u/h

——NPET: Plane stress

——NPET: Plane strain

-0.85
------ PET: Plane stress
------ PET: Plane strain
0.9 o Lo T
1 1.04 1.08 112

r/n
(b5 5 5)Lid (5,I85,) a0 (Sl ol &j9 -7 JSS

A+B)C) - AB)ngl (A- B)C°‘RI
.

|: Ah 2
T
66 =| (A+B)C; +(A- B)C ~(A- B)%(®——)
& A

G u( +Gg)*7

(cl A+B)—(A- B)%G)] )

Ah €
&l o

Cewddy s J.-> b ur =ug+eu; Sl(o
g5 s delons uiee 08 salal, 4 4z g b S5

o=y (o) +fob-eif s(or-alf P Y

L e lel Y
ol 00 plosil o loduslie o] Cawods gl () jslaie 4

ailgian! sy o b (s Jo duglio ) ¥

Jo b peis oz alial o plrals 5 it gy lan

ool ot anglie [YY] (CST) SeodlS s 5l Jolo> o>
L, =34mm > )5 gbd 5 =30mm Il glad 4 gailgal
sbe (Ti=125°C J3ls sles (Py=8MPa > ,l5> Lid Cod
Josse 5 T =25°C (Lo sled) gz e slod «Ty=25°C >,
algiwl Job (65,0 b ol ool a3 3 )L )3 E=0.7GPa SlesS

s glamas (13,5 g glaxas i cdl g0 o

140 -

T(r) [°C]

0 . . . )
30 31 32 33 34
I [mm]
Coolmd gliwly jo Lo 29595 T JSi
0.0065 -
0.006 //—_
0.0055 -
Z oon0s
5 [ e
0.0045 -
[ ——PET: Plane stress
0004 | ——PET: Plane strain
o035 f T CST: Plane stress
f +=+CST: Plane strain
0.003 M- . . A
1 1.04 1.08 142

rin

(o GI5HL) w2l slralr 259 - T JSG

ol3 gagm 9 Sz dume - JolS cimghy — YoV amio A0 Gl ) ojled BF > IVF Ly ojled gy olSils SOl cmiigee 4y 50

\td



U5 g 5 (ki dume = ol stmgh — FooY) amio N F0 o) o)lads OF alr IV Ly oyl o oKl Sl pkige 4y

Yy

O sl glralr wng polie @i Ve B P oS

Sl 55 3 1) s B G 5 6psme G eshemme (25 e elads
2 &5 jebplen aias o plis glamio 15,5 5 Glambs 15
Sl sy, » S d S 0gbie caalin V0 b7 sla St
Sl Gl 8l b s, » oSy o NS il
b U 5l oglite a1 &jg0 Jas e J 5l (26 glralr
G Sy i e Ty gl ailgiaal eled ' bl 4 1) 5 e
e 5o a5 s ST gl as L s o 5l G50

Bl Codal dlgiw! godle

oo Jo gl b dug i —Y ¥

S8 he putes oz sailginl wgae slizl > cail,l jslite 4
sl (T =125°C Jols sbes « Py =80MPa > ,l> Lid o
51 eolawl L E=200GPa gluiS Jgoo g T, =25°C >,
A8 by ANSYS 53l 5

QLA.” )'| «(S 97 Q)L&T Q d>gf L c\.'\|5.'.'...;| t5°)|4? (5)L.,J_u (5|)._s
Sysods 0,5 A glilo as ol eals oolaiul Plane 183 g4 Solid
o, adss sboS L odle ol ol Lo il ekl
JKo al 5l eolanwl (Gl aS" o )ls 052y eS| Laws o (5,50
i g Ple WIS (o0 Fre (2bigyd Sln L) (99 s42)0) (ot et
Jlesl s g Jsb alaiie gjlodoe b aibe VP58 L oyl
oo ) Slgl s pd L) Glgoe bS5 6,Led )L
2,5

Sag 2ol VWSS elad olrale dag polie V) S5
dos = VY LY Gl S e aies e plis glamie i )S
el oals alie e i sgame liml (goae J= L e
5 b plralr dng polie @b csalin a5 sboles
oo > sy 90 2 5l el Cessay aime 5 sled sl

! Expansion

——NPET: Plane stress

——NPET: Plane strain

e PET: Plane stress
--«- PET: Plane strain
ﬁ |
~ 006
© Q
|
.09 |
I
E
) | . . . e
1 1.04 08 142

1,
r ! ri
(25 9 g sbid (5,105 )b) oy o (o lads ST 9395 -V S

0.7
0.75
w
w
—
s
o ———NPET: Plane stress
——MNPET: Flane strain
«+=+4s PET: Plane stress
...... PET: Plane strain
0.85 |

1 1.04

’., n 1.08 1.12

(2byS 9 6rLad §,105,L) wmyg (o G5 @259 —A S5

0

oa | ——NPET: Plane stress
w ——NPET: Plane strain
w
E‘ ------ PET: Plane stress

~~~~~~ PET: Plane strain
0.2
0.3 : ‘ ‘
1 1.04

1.08 112
r/r

(25 9 6 kid (6,15 )b) wr o (3970 (i @599 — S5

09 -
08 rﬁh“‘“‘-—-—h—_ﬁ_ﬁ‘
or - T —
06 |

o 05}

~

T 04 -

o ——NPET: Plane stress
0 ~——NPET: Plane strain
L -+ PET: Plane stress
e A PET: Plane strain
ot T ——" " TE COR G S S

1 1.04 08 112

e 1.
(2bosS 3 53Lid (5,185 3b) amy o F 3o A @398~V S



-0.0165

-0.017

-0.0175

u/h

0.018 -

-0.0185 -

2.019

-0.0195 - .
1 1.04

1.08 1.12
r/n

Py = 00032 Sl & dwe (Sl lralr @98 VP JSCE

-0.061 -

-0.062 -

-0.063 -

u/h

-0.064 -

-0.065

-0.066

1 1.04 1.08 142
v/

Py = 000914 53l & wmer (£l ol @598 10 JSb

<0.285

£.295 -

u/h

0,305 |
T

0315 | .
1 1.04

rin 1.08 1.42

Py =004 sl dn g (Slad lrale @je I8 JSb
-0.65

-0.67 |

u/h

1 1.04 1.08 112
r/ni

B, 200914 (Sl3l 4 an g Elad ol @598 -1V UKD

-0.014
-0.016
-0.018
<
~
5
-0.02
—NPET
o Nonlinear FEM
-0.022
-0.024 L L s
1 1.04 1.08 1.12
r/n

(57 G5 HL) ang (ool il 20597 -V IS0

-0.0005
—NPET

-0.001 o Nonlinear FEM
-0.0015

-0.002

o,/ Ee

-0.0025

-0.003

-0.0035

-0.004

1.08
r/r

(=55 $3105,51) g (Sl (s @595 - VY S

0 -
20.02 -
w
w
S~ -0.04
°
©
—NPET
o Noninear FEM
0.06 -
-0.08 . . .
1 1.04 1.08 142

r/n
(5 5 GI5,5L) dry o (o (105 a5 —IF S

b2yt Ely p Fae layielyl Y -

plxl s e g s > 50 g 6,50 Gleanslie sl s
b Gl Sl 5 o SRl 5o ST OT 0 a5 05
Ll 00l =
B pf Fl g (0P F - Y -Y

Wlao (b3 ol p ooy bl S @l ghtes
WBAE elaUSs 5o padeds oz Sed galsinl olad Llrals
el 00 s, Pp = 0.00914,0.0032,0.0914,0.04 lie oz (sl

« P
Iy =34mm .5 =30mm b )bses sled (gl ool Po:id

el oad 85 L5 0=0.3 4 T, =25°C «Tj =125°C

oli3 sage g Ghliz dumme = ol (tmgh — YooY amio A F0 Gl o) ojled OF sl WNVE Llo ojleds 5y 5 olStils SilKa cwiige 4,85

YA



U5 g 5 (ki dume = ol stmgh — FooY) amio N F0 o) o)lads OF alr IV Ly oyl o oKl Sl pkige 4y

ya

1.04

1.02 -

u/h

0.92

1 1.02 1.04 1.06 1.08 14
rl/ti

h=4mm gl & om 2 obd plale @38 -TY S5

S5zt ¥
Sz (o Ml o wad i salsiul @Wlia ol o
bl gy flad il 0 S sbalraly (185 s L
2 lraly 5 b i oS wd ssslie (s 5l Jol> mls & 4z
4 bl sles 5 lad plojen 5 5L cod sl slaailyiul
oy s iy Sl e bl 5 e Sl ol
Seals Cwles sliwly jo elad s aS ol lis b s 59
o gl 5l (aszme 5 g (eled plrale &5 Jps il o
(NPET) s, Jow aslio .ol paslidl 0,y (o> mhaw 4
13 o e S Sl 635 Ll o PET) Lot e L
s g ot wlgiol 1o el slrale il orge g 5L &5
S 4z i bl odls 18 a8 Sl s 5 ) e e
5 b Fwl 90 U A wb alasde wilgiul Cwls 5 iz o
29 Sl dgpie S slaplraly Jds 4 plraly o b s
el Gu adbe 52l Sz slagi S Jds 4 s
0 5 ol o 51 gl ST gty o i o 20
Bl 5 Sy S oo lag Sl iyl celed bLul )
wotke el 55 45 2 (oS8T glis ot b sl >
o § s lons (Mgl cladgy k8, ks Eunal wlsil
oo )l5 s lpln el o SIS (soYsh slaatag wiile)
b S, Sl GAmpie Sl ) lajlad 3 5 geie
obml (o5 s sl ks pyi g S gy a5l byl 4wl

JRCL P
ele Caw pod -0
:slss odle Y edle
Nm® (5 o m . cled gaaise
Ay oS mwbxs  h
min s | omabe saVeld R
Ol Coms Nm® jlzé P
htdl Swg,lad P
1/°C (olo)f blasl cas ¢ °C s T
°C dos O N/m* ( gluiS Joao E
m.glal>

chs sl Fuwly g Cwlrs 51-Y -V -Y
Gl o1 31 aS ol (6l )l Craagd cilginl Clies &l s
Sty flad plralr jshaie pun Sl oad gw)p (aS e
Sl sles (P =8MPa cSlesh sl jlid con glailgal
atl Jode 9 To=25°C L >, sles (T =125°C
Ol @S a5 wl )y cilize glacwbs b ool E=0.7GPa
&Lw e loga ‘SALQ.'J' Gl iloass aa)si VY U YA b Ss o

ol ooy 48,5 a5 R =40mm She sy

(<

0.043

0.04

0.037
PET

u/h

0.034
NPET

0.031

0.028

14 12 13 14 15 16 17
r/ri

h=20mm Sl3l 4w Sled lrale &5 -0 S5

0.085
o082

0.078

0.076

u./h

0.073

0.07

0.067

1 1.08 1.16 1.24 1.32 14
rin

h=14mm Gl3l 4 am g Slad 2laalr @i -1 JSS

017
0.165
0.16 -

0.155

u/h

015

0.145

1 1.05 11 115 12 1.25 13
r/r

h=10mm oI5 & day o1 (Sl (2lrdiler @2jgf Ve S5



2013;224:2771-2783.

[17] Arefi M. Nonlinear thermal analysis of a hollow functionally
graded cylinder with temperature-variable material properties.
Journal of Applied Mechanics and Technical Physics.
2015;56(2):267-273.

[18] Moosaie A. A nonlinear analysis of thermal stresses in an
incompressible functionally graded hollow cylinder with
temperature-dependent material properties. European Journal
of Mechanics-A/Solids. 2016;55(2):212-220.

[19] Kar VR, panda SK. Nonlinear thermomechanical deformation
behaviour of P-FGM shallow spherical shell panel. Chinese
Journal of Aeronautics. 2016;29(1):173-183.

[20] Arefi M, Zenkour AM. Nonlinear and linear thermo-elastic
analyses of a functionally graded spherical shell using the
Lagrange strain tensor. Smart Structures and Systems.
2017;19(1):33-38.

[21] Gharooni H, Ghannad M. Nonlinear analysis of radially
functionally graded hyperelastic cylindrical shells with axially-
varying thickness and non-uniform pressure loads based on
perturbation theory. Journal of Computational Applied
Mechanics. 2019;50(2):324-340.

[22] Gharooni H, Ghannad M. Nonlinear analytical solution of
nearly incompressible hyperelastic cylinder with variable
thickness under non-uniform pressure by perturbation
technique. Journal of Computational Applied Mechanics.
2019;50(2):395-412.

[23] Hashemi S, Jafari AA. Nonlinear free and forced vibrations of
in-plane bi-directional functionally graded rectangular plate
with temperature-dependent properties. Journal of Structural
Stability and Dynamics. 2020;20(8):97-129.

[24] Saeedi S, Kholdi M, Loghman A, Ashrafi H, Arefi M.
Thermo-elasto-plastic analysis of thick-walled cylinder made
of functionally graded materials using successive
approximation method. International Journal of Pressure
Vessels and Piping. 2021;194:104481.

[25] Hamdy MY, Ibrahim AA. Nonlinear generalized
thermoelasticity: Theory and application. Journal of Umm Al-
Qura University for Engineering and Architecture. 2022;13(1-
2):27-36.

e e oz sladilgiul JolS U o sl o o3 oy Slpeles [YF]
Slamino gaa¥l gan )l SoS a4 S5 sla S0 s b jLas

e Vb BT S AT s el Sl i s a8
ANARAT4Y

salgwl Jas e SwYlge 5 dod | Sloge «o (5, 40 oo olans
skl Sl e i, 9 ilasel (6,55 bl p Lo &b Ll LFG
N o P AT o AT eols g baojle Sl

et o gloe)S (st LS o o (e p 05 o ol
G gy a5 oS 4 55 sl ISl s Ly Jlid co
A OF S AT Rl Sl pwaige b e slasas

A-AY o

[29] Ramezani F, Nejad MZ, Ghannad M. Bi-directional
thermoelastic analysis of pressurized thick cylindrical shell
with nonlinear variable thickness. Computational Applied
Mechanics. 2024;55(1):125-143.

[30] Jani SMH, Kiani Y. Nonlinear  generalized
piezothermoelasticity of spherical vessels made of functionally
graded piezoelectric materials. Engineering Analysis with
Boundary Elements. 2024;169:106010.

[31] Bahadorani N, Ghannad M, Sohani MH, Modiri B. Large
deformation elastic analysis of pressurized FGM thick
cylindrical shells with nonlinear plane elasticity theory
(NPET). Mechanics of Advanced Composite Structures.
2025;12(1):129-140.

[32] Hetnarski RB, Eslami MR. Thermal Stresses; Advanced
Theory and Applications. Springer; 2009.

[vv]

[yl

lbwg.u -7

5)'[»»&&5‘5‘: sl Cwgas
FOLOF) sladsles ;0 a5 Gam o slool)l g o S Gine 3y

el 00l oolazl La:uT )l

h
e= 01 %) | =1t )
* P * T
P = XYo) | r Y V)
‘o 4_14d
o = Lol Bt xv)
2 2
d 1 d
o R2 2 R
&=y -y

[1] Lamé G. Lessons on the Mathematical Theory of Elasticity of
Solid Bodies. Mallet-Bachelier. Paris; 1852.

[2] Naghdi PM, Cooper RM. Propagation of elastic waves in
cylindrical shells. including the effects of transverse shear and
rotatory inertia. Journal of the Acoustical Society of America.
1956;28(1):56-63.

[3] Mirsky I, Hermann G. Axially symmetric motions of thick
cylindrical shells. Journal of the Applied Mechanics.
1958;25(1):97-102.

[4] Greenspon JE. Vibrations of a thick-walled cylindrical shell-
comparison of the exact theory with approximate theories.
Journal of the Acoustical Society of America. 1960;32(5):
571-578.

[5] Sanders JL. Nonlinear theories for thin shells. Journal of
Quarterly of Applied Mathematics. 1963;21(1): 21-36.

[6] Hughes TJR, Liu WK. Nonlinear finite element analysis of
shells, Part I: Three-dimensional shells. Journal of Computer
Methods in Applied Mechanics and Engineering. 1981;26(3):
331-362.

[7] Fukui Y, Yamanaka N. Elastic analysis for thick-walled tubes
of functionally graded material subjected to internal pressure.
JSME International Journal, Ser. I, Solid Mechanics.
1992;35(4):379-385.

[8] Obata Y, Noda N. Steady thermal stresses in a hollow circular
cylinder and a sphere of a functionally gradient material.
Thermal Stresses. 1994;17(3):471-487.

[9] RuhiM, Angoshtari A, Naghdabadi R. Thermoelastic analysis
of thick-walled finite-length cylinders of functionally graded
materials. Thermal Stresses. 2005;28(4):391-408.

[10] Zhifei S, Taotao Z, Hongjun X. Exact solutions of
heterogeneous elastic hollow cylinders. Journal of the
Composite Structures. 2007;79:140-147.

[11] Bich DH, Van Tung H. Non-linear axisymmetric response of
functionally graded shallow spherical shells under uniform
external pressure including temperature effects. Non-Linear
Mechanics. 2011;46(9):1195-1204.

[12] Ghannad M, Nejad MZ. Complete elastic solution of
pressurized thick cylindrical shells made of heterogeneous
functionally graded materials. Mechanika. 2012;18(6):640-
649.

[13] Ghannad M, Nejad MZ. Elastic analysis of heterogeneous
thick cylinders subjected to internal or external pressure using
shear deformation theory. Acta Polytechnica Hungarica.
2012;9(6):117-136.

[14] Ghannad M, Gharooni H. Displacements and stresses in
pressurized thick FGM cylinders with varying properties of
power function based on HSDT. Journal of Solid Mechanics.
2012;4(3):237-251.

[15] Ghannad M, Rahimi GH, Nejad MZ. Determination of
displacements and stresses in pressurized thick cylindrical
shells with variable thickness using perturbation technique.
Mechanika. 2012;18(1):14-21.

[16] Arefi M. Nonlinear thermoelastic analysis of thick-walled
functionally graded piezoelectric cylinder. Acta Mechanica.

oli3 sage g Ghliz dumme = ol (tmgh — YooY amio A F0 Gl o) ojled OF sl WNVE Llo ojleds 5y 5 olStils SilKa cwiige 4,85



