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INTRODUCTION

1. The urgency of the thesis

Functionally graded porous (FGP) materials are are designed to have
varying porosity and pore structure. By adjusting the distribution and local
density of the pores within the material, The mechanical properties of this
material can be achieved as desired. FGP materials have been known as a
type of lightweight material, exhibit exceptional energyabsorbing
capabilities and have found extensive use in various applications.

Cylindrical panel and cylindrical shells serve as fundamental load-
bearing elements in contemporary engineering structures. The investigation
and analysis of buckling and post-buckling behavior of shell structure made
from FGP material have garnered substantial interest among numerous
researchers.

From the above analysis, researcher chose the subject: “Nonlinear
stability analysis of cylindrical panel and cylindrical shells made of FGP
material subjected to mechanical loads in thermal environment”.

2. Objectives of the thesis

Nonlinear stability analysis of cylindrical panel and cylindrical shells
made of FGP material subjected to mechanical loads in thermal environment.

3. Subject and scope of research of the thesis

The research object of the thesis is cylindrical panel and cylindrical
shells are made from functionally graded porous materials (FGP). Research
scope of the thesis is shell structures made of FGP materials subject to
thermal mechanical loads.

4. Research Methodology

The research method in the thesis is analytical method: Thesis used
Donnell shell theory, the first-order shear deformation theory and the
improved Lekhnitskii's smeared stiffeners technique in conjunction with the
Galerkin method are applied to solve the nonlinear problem.

5. Scientific and practical significance of the thesis

Buckling and post-buckling analysis problems are topics of interest
and have important significance in the field of structural mechanics. The
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research results provide a scientific basis for designers and manufacturers of
FGP structures.

6. Layout of the thesis

The structure of the thesis includes an introduction, four content
chapters and a conclusion.

CHAPTER 1. OVERVIEW

Chapter 1 is presented in 16 pages, 10 figures, introducing functionally
graded porous (FGP) materials, static stability standards and Research status
of nonlinear stability problems of shell structures made from FGM and FGP
materials. From there, analyze the issues that have been researched and the
issues that need to be further researched in the thesis.

CHAPTER 2. NONLINEAR STABILITY ANALYSIS OF
CYLINDRICAL PANEL MADE FROM FGP MATERIAL

Chapter 2 is presented in 31 pages, which include:
2.1. Research problem

Chapter 2 of the thesis uses Donnell shell theory and Galerkin method
is applied to solve the following three nonlinear problems

Problem 1: Influence of porosity distribution pattern on the nonlinear
stability of porous cylindrical panel under axial compression.

Problem 2: Nonlinear stability of FGP sandwich cylindrical panels
with different boundary conditions.

Problem 3: Nonlinear stability of FGP cylindrical sandwich panels on
elastic foundation

2.2. Influence of porosity distribution pattern on the nonlinear
stability of porous cylindrical panel under axial compression.

Consider a thin circular cylindrical panel and the cylindrical
coordinate system with axes x, y, z depicted in Figure 2.1.
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Typed
Figure 2.1: Geometry and coordinate system of a porous circular cylindrical

The porous cylindrical panel is investigated with four porosity
distribution types.
Type a: Symmetric porosity distribution

E,(2)=E, {l—e0 cos(%zj } (2.1a)

Type b,c: Non-symmetric porosity distribution
= _ Tz 2.1b
E,(2)=E, {1 eocos(2h + 4} } ( )
- _e.sin| FELE 2.1c
E,.(2) Em[l eosm(2h+4j } ( )

Type d: uniform porosity distribution

E,.(z) =E, (1—e0/1) (2.1d)

Based on the Donnell shell theory with von Karman geometrical
nonlinearity, the nonlinear equilibrium equations of imperfect FGP
cylindrical panel are

AV* +% fo+ AV W f'yy(wyXX +W*xx)_2f,xy (ny +foy)+ o (WW +w*yy) -0 (2.18)

Vi +A1v4W_A2<W,2Xy_WxxW,yy _W,XX/R+ZWXYW:(Y_WXXWTW_WvWW*XX)=O (219)
Assume four edges are simply supported
w=M, =N, =0,N, =-r;h at x=0,x=a
S o (2.20)
w=M, =N, =0,N, =-ph at y=0,y=b

w, f function are chosen as



mzx . nzy.

. mzXx . Nz
w=W sin—-—sin y
a

w*:ghsinTsinT, 0<é&<1 (2.21)

f= F{sinr?(sinr?—ﬂ(x)—/l(y)}
Substituting equations (2.21) into equation (2.18; 2.19) then using
Galerkin method, yields
SW +S,W? +SW&h +S,W (W +&h)(W +2£h) +

(2.24)
m?b? 2]_ 16b* [mzbz

+S:h(W + &h)| r ——+ pyn
5( 5)[0 az Po mn7r2 az

Consider FGP cylindrical panel subjected to axial loading, taking

aZ

r, =
° —s;m’hb?(W +¢h)
The expression (2.25) is used to determine the critical loads and to

analyze the post-buckling load-deflection curves of nonlinear buckling shape
of porous cylindrical panel.

Survey results

2
h
+an IO%5152:0

[SW +S W2+ S eh+ SW (W +Eh) W +22h) | (2:25)

The effects of porosity distribution pattern are shown in Table 2.3.
They show that the critical compression load of the shell made of type a
distribution is the biggest, the second is shell made of type b and c
distribution, and the critical buckling load of the shell made of type d
distribution is the smallest.
Table 2.3. Effects of porosity distribution pattern and e, on critical load.
E=2.0779x10" Pa, h=0.01m, b/h=80, a/b = 2, a/R=0.5, &=0

r (MPa) &0 &=03 &=05 &=07 &=09

Typea 393936311  3338215(L1) 2037449(L1) 2536634(L1) 212600031)

Typeb  3939363(L1)  3109002(L1) 2675390(L1) 2108125(L1) 1420695(1)

Typec  39B9363(L1)  3199092(L1) 267530(L1) 2108125(L1) 1420695(,1)

Typed 3089363(L1) 3162687(11) 2607247(L1) 1997436(L1) 1256195(11)

2.3. Nonlinear stability of FGP sandwich cylindrical panels with
different boundary conditions

In this study, an symmetric porous sandwich cylindrical panel with FG
coating and the cylindrical coordinate system with axes X, y, z as depicted in
Figure 2.6.



Figure 2.6. Geometry of symmetric porous cylindrical panels with FG coating

Young module and Poisson’s ratios of shell is determined

(Euove) +(En Vi) 22+ eg e | kni Dee here oy o Do
e 2 2

(2.29)
]:| khl hcore < 7 < hcore
2 2

(Esnvan) = (Emlvm){l—%w{h

core

k
(Eclvc)+(Emclec)(_22+hFG +hcoreJ , khi MS 7< hFG +hcore
heg 2 2

Based on the Donnell shell theory with von Karman geometrical
nonlinearity, the nonlinear equilibrium equations of imperfect FGP
cylindrical panel are (2.18; 2.19).

Case 1: Four edges are simply supported (SSSS)
Consider FGP cylindrical panel subjected to axial loading, yields is (2.25).
Expression (2.25) is established to analyze the stability of an imperfect FGP
sandwich cylindrical panel subjected to axial compression.

Case 2: Two edges (x=0, x=a) are simply supported and two edges
are clamped (SSCC).

w, f function are chosen as

W= Wsmm (1 cos 2n7zyj
a b

mzx . nry d2A(y)
f =F|sin——sin—=-4 F =rh
|: a b (y):| dyz 0

(2.31)

2nzy

W= §hsinmm((1—cos
a

Substituting Egs. (2.31) into Egs. (2.18) and (2.19), and then using
Galerkin method, we have

j, m,n=1 2, 3..



—4a w

W (W +2&h)

r, =
" 3phm2z?

! (W +¢&h)

2 (W+eh)

+C,W +C, W(W +2£h)

(2.34)

The expression (2.34) is used to nonlinear stability of FGP sandwich
cylindrical panels with different boundary conditions

Survey results

Table 2.6. Influence of e, and core layer hcore/NF 0N critical load. p=1,

h=0.006m, a/b=1.5, b/h=50, a/R=0.5, &=0.

Boundary

For (MN) conditions e=0 =05 =08
e st SSSS 587.0261(1,1)  587.0261(11)  587.0261(L1)
sscc 6778300(31)  677.8399(31)  677.8399 (31)

e s SSSS 4689710 (11)  3829550(11) 3313454 (L1)
sscc 537.8872(31)  457.3680(31)  409.0579 (3,1)

e et SSSS 4524019(31)  3555114(11) 2968736 (L1)
sscc 5166474(31)  4221734(31) 365483931

Table 2.6 shows that the critical axial load decreases when porosity
coefficients ey or here /hec increases. The effects of two types boundary
conditions on buckling and post-buckling behavior of porous sandwich
cylindrical panels have been also carried out. It can be seen that the critical
axial loads when panels are simply supported four edges, are smaller than ones
when those structures are simply supported two edges and clamped two edges.

Figure 2.10 shows when value of volume fraction index increases, the
critical buckling load increases.

500

T T
h=0.006m, a/b=1.5

T T
h=0.006m, a/b=1.5

ro (MPa)

b/h=50, a/R=0.5 b/h=50, a/R=0.5
500 . :
40 \ £0=0.5, heore/Nre=5 N 20=0.5, heoro/ec=5
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(23 400N (2 o
0 5 @ A
SW hew
200 © o
000
...... k=0 v — e
o0 v —— : Perfect _§ tié 100+ — : Perfect :g k=5
; ----: Imperfect (5=0.3) | T\ 7> f,' | ----tImperfect 6=03) | ' y=op
. 0 ‘ : : \ |
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(a) FGP cylindrical panels with SSSS (b) FGP cylindrical panels with SSCC
Figure 2.10. Influence of p on ro — W/h paths
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2.4. Nonlinear stability of FGP cylindrical sandwich panels on
elastic foundation

In this study, an symmetric porous sandwich cylindrical panel with FG
coating and the cylindrical coordinate system with axes X, y, z as depicted in
Figure 2.6.

Young moduli and Poisson’s ratios of shell is determined (2.29).

Based on the Donnell shell theory with von Karman geometrical
nonlinearity, the nonlinear equilibrium equations of imperfect FGP
cylindrical panel, taking into account a two-parameter elastic foundation are
(2.19) and (2.38)

AV*§ +% fot AV W (w‘XX +W:(X)— 21, (vvw +W;y)+ (2.38)

+f (WW +wfyy)+ Ky (W, W, ) - Kw=0
Assume four edges are simply supported. the w function are chosen as
W:Wsinmxsin%y; w :éhsinmxsin%ﬂy, mn=1 2 3.. (2.39)
a a

Substituting equations (2.39 into equation (2.19; 2.38) then using
Galerkin method, yields
S;W + S, (W2 +22hW) + S3W (Eh +W) — S, (Eh + W)W 2 + 26hwW)

1 m’z®  n?z? 1 m?z? n“z?) N, 4
_4[K2[ o + b2 +K; W:(§h+W)Z N, o +N, b2 —?mnﬂzé'lb'z

(2.41)

Consider FGP cylindrical panel subjected to axial loading, taking
N,o =—th, Nyo=—ph=0, Eq. (2.41) yields
SW +SW (W +2&h) + SW (h+W)

—4a
® T (e W) |-SW (e W)W +2§h)—1[Kz [m;’fz + ”;’izj+ Kl}w 242
The expression (2.42) is used to nonlinear stability of FGP cylindrical
sandwich panels on elastic foundation.
Survey results
Looking at Figure 2.17, it can see that the upper axial load increase
when the foundation coefficients increases.

Figure 2.20 shows the postbuckling load-deflection curves of perfect
and imperfect porous panels. It can be seen that, the curves of imperfect
porous panels start at original coordinates and the curves of perfect porous
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panels start at a point on the vertical axis of coordinates that means the
deflection of the perfect porous panels only appears when the axial
compression load is large enough — buckling load.

12007 500

£=0, k=1, h=0.006m €,=0.5, h=0.006m,

alR=05, alb=15 b/h=50, a/R=0.5
007 bih=50, €205, hulhec=5 g 382955 MPa  alb=L5, Ki=K;=0
(m,n)=(3,1) Neore/hrG =5
k=1, (m,n)=(1,1)
=800 =300
o o
3 s
< 595.4156 MP; =
= 600 2200
—1: K;=9x107, K,=8x10° L =0
o ——2: K;=9x107, K=4x10° 0/ rg=0l
——3: K;=9x10, K=2x10° ---3:2=03
——4: Ky=9x107, Kz=0 3 “TT4 =05
200~ 0+
0 0.5 1 1.5 2 25 3 0 0.5 1 15 1 15 3 35 4
Wi Wih
Figure 2.17. Influence of K; and K Figure 2.20. Influence of &
onro—W/h onro—Wrh

Conclusion of Chapter 2

The content of Chapter 2 of the thesis addresses the following issues

1. Analyzed influence of porosity distribution pattern on the nonlinear
stability of porous cylindrical panel under axial compression.

2. Analyzed nonlinear stability of FGP sandwich cylindrical panels
with different boundary conditions.

3. Analyzed nonlinear stability of FGP cylindrical sandwich panels on
elastic foundation

CHAPTER 3. NONLINEAR STABILITY OF ES-FG POROUS
SANDWICH CYLINDRICAL SHELLS SUBJECTED TO AXIAL
COMPRESSION OR EXTERNAL PRESSURE

Chapter 3 is presented in 37 pages, which include:

3.1. Research problem

Chapter 3 of the thesis uses Donnell shell theory, the improved
Lekhnitskii's smeared stiffeners technique, Galerkin method is applied to
solve the following three nonlinear problems

Problem 1: Influence of porosity distribution pattern on the nonlinear
stability of porous cylindrical shells under axial compression
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Problem 2: Nonlinear stability of ES-FG porous sandwich cylindrical
shells subjected to axial compression

Problem 3: Nonlinear stability of ES-FG porous sandwich cylindrical
shells under external pressure

3.2. Influence of porosity distribution pattern on the nonlinear
stability of porous cylindrical shells under axial compression

Consider a thin circular cylindrical shell with mean radius R, thickness
h and length L only subjected to uniform axial compression load with
intensity p surrounded by elastic foundation in thermal environment. The
middle surface of the shells is referred to the coordinates X, y, z as shown in
Figure 3.1. The porous cylindrical shell is investigated in this work with four
porosity distribution types which are depicted in Figure 3.2.

Figure 3.1. Geometry and coordinate system of a porous circular
cylindrical shell surrounded by elastic foundation.

Typel Type 2a Type Type 3
Figure 3.2. Cross-section of a FGP cylindrical shell with different porosity distributions

Young’s modulus and coefficient of thermal expansion of the porous
cylindrical shells

Type 1: Symmetric porosity distribution
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Ey(2) = E,, {1— €, COS (%Zj }; ay(2) = {1—% cos (%Zj (3.1)

Type 2a,b: Non-symmetric porosity distribution

rz 1) |, _ 3 Lz
Esh(z)_Em{l—eocos[%+zj } ash(z)—am{l eocos[2h+4j | (3.2a)

Eq(2)=E, {1—% sin[z—ﬁ+%j }; ag(2) = apy [1—eosin(;r—ﬁ+%) | (3.2b)

Type 3: uniform porosity distribution

Eq(2)=E,(1-€1); au(2)=a,(1-e4) (3.3)

Based on the Donnell shell theory with von Karman geometrical
nonlinearity, the nonlinear governing equations of porous cylindrical shells
in thermal environment, taking into account an elastic foundation are

1
AV + =P + A VW P W =20, W, + K, (W'XX +W,, ) ~-K,w=0 (3.4)

V4¢7+AiV4W—A\2(\A{2)(y—W w —W,xx/R)=0 (3.5)

XYY
Assuming that the cylindrical shell is simply supported at the edges
x=0and x = L. The deflection of axially loaded shell
w=w(x,y) = f, + f,sinax.sin gy + f,sin? ax (3.6)
Substituting Eqg. (3.6) into Eq. (3.4; 3.5), then applying Galerkin
method in the ranges 0<y<2zR and 0<x<L, lead to

ZO'Oyh

~-K(f,+2f))=0 (3.9)
,_Pha’ 4001 = [ Hor + Hou 124 Ho Fy + K, (2 + 82) + K, | (3.10)
! HOS
Hog f, +86 f,ph+ Hop £2 4 Hog £ 21, —800Ryh —8K,a?f, - 6K, f, 8K, f, =0 (3.11)
The circumferentially closed condition of cylinder, lead to
* 1 4 *
8C_ ph —SEO'Oyh +o(2f+ fy)— B2 +8Coh =0 (3.12)

Using equations (3.9-3.12), lead to
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1 2
p=- [HorLip + (Hag + HoyLis + Hoply ~ 8K, — 4K, ) £
[H07L11+(8a2+H08L11)f2}h m ( voTEmE 1) 2 (3.17)

Hy H .
+(Horlue + Hoglag) £,7 + Hoglog f: ~8RK, ALy [HW+HOB fzjczs@}
03 Mo

That the maximal deflection of shells
Wi = Loy Ph+ Lo, +(Log +1) f5 + Lo 7 +8L,Cosh

2 /2 (3.20)
J{Luph +Llp+ L f+ Ly f22 - 8R||<_|1ﬂ L C;e@}
03

Combining equations (3.17) with (3.20), the effects of porosity
distribution pattern, foundation parameters, and temperature on the post-
buckling load - maximal deflection curves of porous cylindrical shells can
be analyzed.

Survey results

Table 3.3. Effects of porosity distribution pattern and AT on critical load

for porous cylindrical shells. h=0.01m, R/h=100, L/R=1.5, e;=0.4 ,
K1=2x10"N/m? K,=1.5x10°N/m

P (MPa) AT=0K AT=200K AT=400K AT=600K  AT=800K
Typel 10269885(84) 9849455(84) 892.0460(84) 7482919(84) 5533334 (68)
Type2a 1884.2215(12,2) 1806.6467 (12,2) 1634.6992 (12,2) 13683791 (12,2)1007.6865 (122)
Type2b  9622595(85) 9227552(85) 8356489(85) 7009435(85) 5185824(7,7)
Type3  9457243(85) 9069270(85) 821.3684(85) 689.0515(85) 509.9844(85)

The effects of porosity distribution pattern are shown in Table 3.3.
They show that the critical compression load of the shell made of type 2a
distribution is the biggest, the second is shell made of type 1 distribution, and
the third is with made of type 2b distribution. The critical buckling load of
the shell made of type 3 distribution is the smallest. Table 3 also show that
the critical load of shell reduces when AT increases.

3.3. Nonlinear stability of ES-FG porous sandwich cylindrical
shells subjected to axial compression

Let's examine an eccentrically stiffened - functionally graded porous
sandwich cylindrical shell under uniform axial compression (load intensity
denoted as p) on an elastic foundation within thermal environment, as
depicted in Figure 3.7.
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FG porous sandwich cylindrical shell
Young module and thermal expansion of three-layered shell

k
[Ec]+£Emc][22+h;G+hm] | _hFG+2hm£ZS_hC7Sre

a, (24

E EC mc FG (3.21)
|24 T | 1-e, cos| 22 || Moo ¢ p P
Ay, O hcore 2 2
k
E.), (e )( 224 P e | N _ ;< e+
. Xne hes 2 2

Incase 1: Inside stiffened cylindrical shell
E_(E),(Ew)(22=0)" [P
a,) \a) \ay )l 2h )7 2727 (3.22)
ho,h
2 2

G

Incase 2: Inside stiffened cylindrical shell

E.) (E) (E “
s 2| Be ] ] Fre | - 22£N LN
aS aC amc 2h5 2 2 (3'23)
E) (E) (E.) 2z+h)" h h
= |+ - ———h<z<-—
a, a, e 2h, 2 2

Based on the Donnell shell theory with von Karman geometrical
nonlinearity, the nonlinear governing equations of ES-FG porous cylindrical

shells in thermal environment, taking into account an elastic foundation are
allw + alZ\N,xxyy + a13w yyyy + alA(D, XXXX + alsg XXyy + al(i(p,yyyy

| XXXX

) (3.35)
+E(p,xx + (p,yyvv,xx + q’,xxvv,yy - 2(p,xyvv,xy + KZ (Vv,xx + Wyy) - K1W: 0
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1
ﬂll?xxxx +ﬂ12(0,xxyy + ﬁ13¢,yyyy +ﬁ14Wxxxx +ﬂ15Wxxyy +ﬂ16w,yyyy _Wiy + W,xxW,yy +Ew,xx = 0 (336)

Assuming that the boundary conditions at two edges X =0 and x = L of
cylinder is simply supported. The deflection of shell under axial load is (3.6)
Substituting Eq. (3.6) into Eg. (3.35; 3.36), then applying Galerkin
procedure, result in

RK, (f,+2f
Ooy =~ ! 22h+ ! 39
o pha’ + o, h.5° —[HO1 +Hg 2+ Hyf, + K2(062 +ﬂ2)+ Kl] (3.39)
! Hos
h
Oy —8K20t2 f,—6K,f, —8K,f,=0 (340)

Hos f, +8a f,ph+ Hy, f2 + Hy, f 2, -8 .
The circumferentially closed condition of cylinder, lead to
8Cf2 ph —8C;0'0yh + %(2 fo+ f,) - B° f12 +8(C;e¢1 - C;¢1Tx + C;¢1Ty) =0 (3.41)

Using equations (3.38-3.41), lead to

1
P :_|:H07|-11"'(80‘2 + Hos'—n) fz:|h[HO7L12

+(H06 +Hg Ll +Hely, -8K,a* _4K1) f, +(H07|-14 + H03L13) f,?

(3.46)

H, H . . .
+Hgely, f¥ —8RK B7L, (H_ov + H_os fzj(czsgbl -C 4 +C 4 )J

03 03

The upper buckling compressive load
1 ) ) *
m[Hosle _8RK1,32L0 (C26¢1 - C12¢1Tx + C11¢1Ty )j| (3.47)

That the maximal deflection of shells
Wi, = Loy PN+ Ly + (Log +1) F, + Lo, F2 +8Ly (Cooh —Cff, +C 4] )

pupper -

’ . (348)
{Luph I s (S B c;¢fy)}

By merging Eq. (3.46) and Eq. (3.48), it becomes possible to scrutinize
the impact of material and geometric factors on the post-buckling load-
maximum deflection curves of shells.

Incase f, =0 and f, =0, the average end-shortening ratio Ax as



p (MPa)
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A . CURK, C.R'K, (. P o e ey (3.53)
e |:CZZ - C; Kle +l:| ph - C:l Kle +1(C26¢1 _C12¢1X +C“¢1y)_(cw¢1 +C72¢1X _Clz y)

Combining Eqg. (3.46) with Egs. (3.53), The analysis can explore how
inhomogeneous and dimensional parameters affect the curves depicting post-
buckling loads and average end-shortening ratios of shells.

Survey results

Figure 3.11 illustrates the impact of A7 on p- Ax postbuckling curves.
As observed, the starting point of lines with AT = OK is not on the vertical
axis of the coordinates. This implies that the temperature field causes the shell
to deflect outward (resulting in negative deflection) before the mechanical load
is applied. When the shell experiences an axial load, its outward deflection
diminishes. Upon surpassing the bifurcation point of the load, an inward
deflection is observed. As AT increases, both the upper and lower axial
loads of the shell decrease.

Observing Figs 3.12, it's evident that as the porosity coefficients eo
increase, the curves demonstrate a lower trajectory.
The influence of k and the foundation on the bearing capacity of shells is
depicted in Figs. 3.16 and 3.17. The research reveals that the critical buckling
load diminishes as k decreases. And when the foundation parameters K; and
K increase, the critical load value also increases. Specifically, the shell's
critical load is smallest when there is no foundation.

500\ 1 800 r\ ; dati
h=0.006m, R/h=200, L/R=2, _ h=0.006m, L/R=2, R/h=100, oundation:
k=1, €0=0.5, heoelhc=1 Puupser=449.5140 MPa (12,10) 87 heoulhe=1, AT =300K, k=1
Foundation:
Ki=2.5%10'N/m®
K2=2.5x10°N/m

K1=2.5%10’N/m®

Ll

S

Puioner=378.2387 MPa (3,6)
Paioner=293.5376 MPa (4,7)
Pouy=247.9087 MPa (6,9)

o7

€ Tower critical load
Piiower=298.3926 MPa (6,9)
@ Paiower=280.9345 MPa (6,9) ] 50
Paiower=264.4067 MPa (6,9)

200~

Inside stiffeners:

100 Bs=h=b:=0:=0.006m | — 1. AT-0K 400 \nside stiffeners:
ns=n=20 T 2AT=100K bs=b=hs=h=0.006m
3 AT=200K nEn=20
0: L N 2 R 1J’ 30% A T 6 9
- 1 2 2 5 $
3.(mm) Whai/h
Figure 3.11. The impact of AT Figure 3.12. The impact of eo

on p-Ax curves on p - Wmad/h curves



Foundation: The upper critical load
/n  Paupper=459.5029 MPa (10,10)
Paupper=438.4654 MPa (10,10)

Puupper=394.6988 MPa (10,10)

K1=2.5x10"N/m®

The lower critical load
Psiower=298.3926 MPa (6,9)
Paiower=289.4233 MPa (6,9)
Pliower=270.9525 MPa (6,9)
h=0.006m, R/h=200, L/R=2,

AT=0K, €0=0.5, hcore/hr6=1
Inside stiffeners:

p (MPa)

15

630

60 I
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Table 3.12. The impact of stiffener on critical load for ES-FG porous
sandwich cylinders. k=1; 47=300°C; h=0.006m; L/R=2; bs=b,=0.006m; hs=
h=0.006m; K1=2.5x10"N/m?; K,=2.5x10°N/m; €9 =0.5; hcore/hrc=1

pe (MPa) Rh=100 Rh=200 Rh=300

Khonggin (n=n=0) 6302644 (11,1)  3437590(161)  250.9132(195)
0.0 Gantrong  7082389(58)  3789682(10,12)  263.3646 (13,15)
Ganngodi  7454105(68)  38L2173(138)  266.0357 (14,14)

220 20 Gantrong 6985920 (7,8)  367.6248(12,10)  258.7624 (14,14)
Ganngodi  7496283(102)  3739650(151)  264.8245(19)

0.1t Gantrong  6445673(97)  350.7274(139)  251.3729(16,13)
Ganngodi 7031807 (121)  36L1648(161)  2585777(20,)

Table 3.12 demonstrates the impact of stiffeners on both the upper and
lower critical loads of ES-FG porous sandwich cylindrical shells. It is evident
that both the upper and lower critical axial loads of ES-FG porous sandwich
cylinders reinforced by outside stiffeners is bigger than inside stiffeners and
the worst bearing capacity is the unreinforced shell. Furthermore, Table 7
indicates that among shells with identical numbers of stiffeners, the critical
axial load is highest for the shell reinforced by rings, followed by the shell
reinforced by orthogonal stiffeners, with the shell reinforced by stringers
being third. The unstiffened shell exhibits the lowest critical buckling load.
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3.4. Nonlinear stability of ES-FG porous sandwich cylindrical
shells under external pressure

Consider an eccentrically stiffened FG-porous cylinder subjected to
external pressure as shown in figure 3.7.

Young’s moduli of shell and inside FGM stiffener are expressed by
(3.21) and (3.22).

Based on the Donnell shell theory with von Karman geometrical
nonlinearity and smeared stiffeners technique, the governing equations
are (3.56) and (3.36)

allw,xxxx + alZW,xxyy + alSWWW + 0!14(/71 XXXX + alsgo,xxyy + a16¢,yyyy

(3.56)
P | R+ Wy +0 W =20, W+ K, (W +W ) —Kw+q =0
Assuming that the boundary conditions at two edges x =0 and x = L of
cylinder is simply supported. The deflection of shell under axial load is (3.6)
External pressure is

1 ) Dy Lagz + (Dos + DorLss + Lz Dog ~8K 0" ~2Ky ) f, | (3.64)
(DorL s + Doslnus ) +(DorLaga +LassDog ) 7+ LasaDog 7
Expression (3.64) is used to determine the buckling loads and to

analyze the postbuckling response.
Maximal deflection of the shells is

12
Wi = Loy + Lagp + (Laos +1) fo + Los f22 +(LA11q Ly + Las T+ Lae fzz) (3.66)

Combining Eg. (3.64) with Eq. (3.66), the effects of the geometric
parameter, porosity parameters, the thickness of the porous core, stiffeners,
foundation, and material parameters on the post-buckling load - maximal
deflection curves of cylinder can be analyzed.

Survey results
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Fig. 3.20 indicates that the load-carrying of the sandwich cylinder is
decreased when eg is increased. Fig. 3.21, observed that the critical external
pressure increase when the foundation parameters K; and K separately or
together increase.

Table 3.16. Effects of stiffeners and volume fraction index on critical
pressure. h=4mm, R/h=80, L/R=2, hcore/hrc=3, hs=5mm, h,=5mm, b;=5mm,
b,=5mm, ns=30, N,=30, A7T=0K, K;=2x10" N/m*® K,=6x10*N/m, e,=0.4

er : : _ : _ Orthogonal
(kPa) Unstiffened Stringer (ns=60) Ring (n,=60) (n=n,=30)

k=0 1237.277 (1,6) 1244.460 (1,6) 4687.754 (1,4) 3761.575 (1,5)
k=1  1393.725(1,6)  1400.241 (1,6) 4516.512 (1,4) 3468.308 (1,5)
k=5 1485.786 (1,6) 1491.131 (1,6) 4534.340 (1,4) 3407.016 (1,5)
k=co  1524.934 (1,6)  1529.547 (1,6) 4552.000 (1,4) 3385.620 (1,5)
Table 3.16, the critical load of un-stiffened FGM shell is the smallest,
the critical load of FGP cylindrical shell reinforced by rings is biggest.
Conclusion of Chapter 3
The content of Chapter 3 of the thesis addresses the following issues
1. Analyzed influence of porosity distribution pattern on the nonlinear
stability of porous cylindrical panel under axial compression.
2. Analyzed nonlinear stability of FGP sandwich cylindrical panels
with different boundary conditions.
3. Analyzed nonlinear stability of FGP cylindrical sandwich panels
on elastic foundation
CHAPTER 4. NONLINEAR STABILITY ANALYSIS OF A
CYLINDRICAL SANDWICH FGP UNDER TORSIONAL LOAD
Chapter 4 is presented in 30 pages, which include:
4.1. Research problem
Chapter 4 of the thesis uses Donnell shell theory, the first order shear
deformation theory, the improved Lekhnitskii's smeared stiffeners technique,
Galerkin method is applied to solve the following three nonlinear problems
Problem 1: Nonlinear behavior of FG porous cylindrical sandwich
shells reinforced by spiral stiffeners under torsional load
Problem 2: Nonlinear stability of ES-FG porous sandwich cylindrical
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shells subjected to torsional load

4.2. Nonlinear behavior of FG porous cylindrical sandwich shells
reinforced by spiral stiffeners under torsional load

In this study, a spiral stiffened FGP cylinder with two FG coating
under torsion load as shown in Fig. 4.1 is considered.

Figure 4.1. Spiral stiffened FGP sandwich cylinder

cosf=(n,d,)/(27R)
Young module and thermal expansion of three-layered shell

k
(ECJ_‘_[EWCJ[ZZ + hFG + hcore ] _ hFG + hcore <7<— hcore
ac amc hFG 2 2 (321)
[ESh]: (E"‘] 1eocos( nz J ——h°°fe<z<h°ﬂ
sh P hcore 2 2
E, . Enc [ —22+heg + hCore Neore re heg + heore
& e heg 2 2

Inside spiral stiffener

Kp
EP _ Ec 4 Emc 2z—h (41)
a, - a, e )\ 2h,

Based on the Donnell shell theory with von Karman geometrical

nonlinearity, the nonlinear governing equations of FGP porous cylindrical
shells under torsional load, in thermal environment taking into account an

elastic foundation are
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W e + 0o Wy T 013W yyy + 004 A + s Ay + 16 A

XXXX XXYyY \ XXXX \ XXYY yyyy
1 (3.35)
+E A T AW + AWy —2A, W —KW+K, (W,xx +Wyy) =0
2
ﬁllA,xxxx + ﬂlZA,xxyy + 1813A,yyyy + ﬂl4W,xxxx + ﬂlsw,xxyy + :B16W,yyyy - (W,xy) + (3 36)

W,xx
W o W + R =0
Consider the simply supported cylindrical shell at two butt-ends
x=0and x = L, the deflection of the shell is assumed as
w=w(x,y) = fo+ fsinaxsin B(y—1x)+ f,sin’ ax (4.3)
Applying Galerkin procedure, result in
[21hﬂ2/1+ D, +D,f, + D, f? + D, f? - K, —K, (az + 2%+ pP )] f,=0 (4.6)

D, f, — D f,” + D, f 2, 4K, f, — 3K, f, 4K o f, = 0 (4.7)
1.2 * * T * T
2fo+ = RIS +2R(C, 4 —C. 4], +C.4,)=0 (4.8)

From expression (4.6-4.8), lead to
. . 2D, 12 + KRE 252 —8K1R(C:6¢1—C;¢1TX +cl*1¢jy)+ o5
- 1 2 31
2hp% A 2(D5+D7 ff—Kl—4K2a2) (4.9)

* * * 2
2D, 2 + KR 247 -8K,R(CL 4 ~C g, +Cl ], s e
+D, - 3 Ky~ Ky (o + 222+ )
2(D+D, f7 - K, ~4K,0’)

That the maximal deflection of shells

1c2p2 * T e T
Wmax :ngl B - R(C25¢1_C12¢1X +C11¢1Y)+ fl

. * * 4.15
. 2D, f}? + K,Rf 7% —8KR(C, 4 —C_ 41, +C. 4, ) (4.15)
4(D5+D, f K, —4K,a?)
The twist angle of the shell is defined as
2
* n ﬂa 2

By merging Eq. (4.9) and Eq. (4.15), it becomes possible to scrutinize
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the impact of material and geometric factors on the post-buckling load-
maximum deflection curves of shells.

The 7— relation curve of shells can be derived by a combination of
Eq. (4.9) and Eq. (4.18). From Eq. (4.18), it is clear that the relation between
twist angle y and shear stress is linear when f, =0. Furthermore, =0

when f,=0and r=0, therefore the 7—y curve passes through the

original coordinates.
Survey results
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Figs. 4.2a and 4.2b show that each different set of parameters will give
different optimal n, values. This indicates that increasing the number of
stiffeners does not always increase the bearing capacity of the cylindrical
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shell. Since the number of stiffeners depends on the angle of stiffeners, when
the number of stiffeners changes, the angle of the stiffeners also changes,
resulting in a change in the bearing capacity.

In addtion, Fig. 2b illustrates the effect of the porosity coefficient on
the upper critical loads. Obviously, an increase in the pososity coefficient eo
reduces the stiffness of FGP cylindrical shells, resulting in a decrease in the
upper critical loads.

Combining Eg. (4.9) and Egs. (4.15), (4.18), Figs. 3a and 3b are
presented. They describe the effect of temperature on the T — Wma/h and t —
w curves. In Fig. 3a, curves 2 and 3 do not start at a point on the y-axis of
coordinates. That means the temperature field causes the shell to deflect
outward (negative deflection) before it is subjected to mechanical load.
When the shell is under torsional load, its outward deflection decreases until
the torsional load reaches the bifurcation point, an inward deflection occurs.

4.3. Nonlinear stability of ES-FG porous sandwich cylindrical
shells subjected to torsional load

Consider an eccentrically stiffened FG-porous cylinder subjected to
external pressure as shown in figure 3.7.

The nonlinear equilibrium equations of cylindrical shell, taking into
account an elastic foundation, based on the first order shear deformation
theory are given by Egs. (4.28-4.32)

Assume that a torsion-loaded cylindrical shell surrounded by elastic
foundations in thermal environment and it is simply supported at two butt-
ends x=0and x= L. In this case, the deflection of shell is expressed by

u= Usm(mﬂx nyj V= Vsm[mﬂx nyj w= Wcos(m”X nyj
L R L R L R (4.33)
. [ mxX . (mzx ny
@, =cI>xsm(T+—) ¢y = d)ysm(T+Ej

Introduction of Eq. (4.33) into Egs. (4.28-4.32), then applying
Galerkin method in the ranges 0<y<2zR and 0<X<L, lead to

D, D,
g1 8 > A + (¢1+¢1x) <¢1 ¢1y)
LR D D
2mnzh m’z®  n’ (4490
x|

D D
T+¥]+a3433+a3534+a3ﬁwz

T=-
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Based on Eq. (4.40), the nonlinear buckling and post-buckling of ES-
FGM cylindrical shell surrounded by elastic foundations and in thermal
environment are analyzed.

Survey results
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The effects of volume fraction index on the critical buckling load of
FGP shell are considered in 10 and 11. It is found that, the critical buckling
load decreases with the increase of k. This property is suitable to the real
property of material, because the higher value of k corresponds to a metal-
richer shell which usually has less stiffhess than a ceramic-richer one.

The effects of stiffeners on critical loads are given in Figs. 10. As can
be seen that, the critical load of FGP shell reinforced by stringers is the
smallest, the critical load of FGP cylindrical shell reinforced by rings is
biggest.

The effects of temperature on buckling load are also shown in Fig. 11.
It can be seen that the upper torsional load of shell reduces when AT
increases.

Conclusion of Chapter 4

The content of Chapter 4 of the thesis addresses the following issues

1. Analyzed nonlinear behavior of FG porous cylindrical sandwich
shells reinforced by spiral stiffeners under torsional load.

2. Analyzed nonlinear stability of ES-FG porous sandwich cylindrical
shells subjected to torsional load.

10°
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CONCLUDE

The thesis has the following outstanding new contributions

1. The thesis has established analytical expressions for the influence
of 4 porosity distribution models on the nonlinear stability of FGP cylindrical
plate structures and FGP cylindrical shells subjected to axial compression.

2. The thesis uses Donnell shell theory, the thesis has established
nonlinear stability analysis expressions of FGP sandwich cylindrical panels
subjected to axial compression. Then, use the Galerkin method to find the
ultimate load and draw the load-deflection curve describing the post-critical
response of the structure.

3. The thesis uses Donnell shell theory, the first order shear
deformation theory, the improved Lekhnitskii's smeared stiffeners technique,
Galerkin method is applied to find the ultimate load and draw the load-
deflection curve describing the post-critical response of cylindrical sandwich
FGP subjected to mechanical loads in thermal environment.

4. Numerical investigation, analyzing the influence of input
parameters such as: types of void distribution, pore density coefficient,
volume fraction, imperfection, boundary conditions, geometrical
dimensions, ribs, foundation, heat, to the problem of nonlinear stability of
FGP cylindrical panels and FGP cylindrical shells.

5. In the chapters, the thesis has drawn a number of comments that
have scientific and practical value for designers and manufacturers of shell
structures made of FGP materials.
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