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INTRODUCTION

1. The necessity of the thesis

Nonlinear buckling and buckling are important problems in analyzing
the mechanical behavior of engineering structures in general and
construction engineering in particular. The type of advanced carbon
nanotube-reinforced composite material with modified mechanical
properties that has received special attention in recent years is called
Functionally graded carbon nanotube-reinforced composite (FG-
CNTRC). Due to their superior thermo-mechanical properties, they can
be widely used in engineering structures subjected to severe loads.
Stiffening plate and shell structures with stiffeners is a common method.
Current design standards only focus on the overall linear buckling design
of isotropic plates and shells. Therefore, there is a need for theoretical
research on these problems as a basis for developing structural design
standards. Based on the above reasons, this thesis researches: "Nonlinear
elastic buckling of construction structures in the forms of FG-
CNTRC plates and shells taking into account stiffening methods™.

2. Research objectives of the thesis

1) Propose methods to stiffen the FG-CNTRC plates and shells

i1) Develop suitable improved smeared stiffener techniques for stiffened
structures

i) Analysis of buckling and postbuckling behavior of FG-CNTRC
civil structures in the forms of plates and shells with stiffeners

iv) Evaluate the effects of input parameters and other parameters of civil
structures in the forms of FG-CNTRC plate and shell structures

3. Subject and scope of research of the thesis

Research object: plates and shells such as FG-CNTRC rectangular
plates and cylindrical shells, considering the stiffening methods.

Research scope: nonlinear buckling and postbuckling problems.

4. Research Methodology

Theoretical research method based on analytical approach.

5. Structure of the thesis: Includes introduction, 4 chapters,
conclusion, list of author's scientific works, and references.
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Chapter 1. OVERVIEW OF THE RESEARCH PROBLEM
1.1. Nanocomposite materials and applications in construction
1.1.2. Functionally graded carbon nanotube reinforced composite (FG-
CNTRC)

With the discovery of carbon nanotubes (CNTSs) by lijima [58, 59],
CNTs have begun to receive research attention and application in many
different fields of science and technology. Originating from the idea of
FGM, the functionally graded (FG) distribution model of CNT was first
proposed by Shen [119]. Many studies on the thermomechanical behavior
of FG-CNTRC beams, plates, and shells were performed.

1.1.3. Application of Nanocomposite materlals In constructlon

Fig. 1. 1 Appllcatlon of advanced composite materials for constructions
[62, 94, 103, 110]

1.2. FG-CNTRC, buckling and postbuckling, and studies on thermo-

mechanical behavior of FG-CNTRC structures

1.2.1. Distribution rules and mechanical properties of FG-CNTRC
According to the mixture rule, the shear modulus and effective Young's

modulus can be expressed as [119-129]

P! _VCNT Vi Ms _VCNT Vi

m

E, EJ" E™ G, GI" G’"’

E, =0V, ES" +V_E", (1.1)



The thermal expansion coefficients in the CNT direction and the
orthogonal direction can be expressed as [119-129]

o, = Voo +V o™,
Qo = (l+ vl )VCNTOLgVT +(1+ V" )Vmocm — V0,
Poisson ratio is determined as follows [119-129]
Vi, = VSNTVENT + vam’ (1-6)
The matrix material chosen is Poly (methyl methacrylate) (PMMA).

Temperature-dependent properties are assumed to be v™=0.34,
o =45(1+0.0005AT )x10° /K, and E™ =(3.52-0.0034T) GPa.

1.2.3. Studies on the thermomechanical behavior of FGM and FG-
CNTRC plates and shells
1.2.3.1. FGM plate and shell structures

Many international authors researched FGM plates and shells such as
Shen and Wang [125], Chen et al. [20], Huang and Han [53-55], Sofiyev
and Schnack [131], and Vietnamese authors [7, 13, 28, 29, 89, 142, 145].
1.2.3.2. Stiffened FGM plate and shell structures

Dao Huy Bich et al. [11], Najafizadeh et al. [98].
1.2.2.3. FG-CNTRC plate and shell structures

International authors analyzed FG-CNTRC plate and shell structures
such as Shen et al. [119-124, 126-129, 149], Kiani et al. [61, 63, 64, 65,
66, 67, 95, 96, Lei et al. [74, 75, 76], Liew et al. [87], Sofiyev et al. [133-
135], and Vietnamese authors [ 25, 30-41, 8, 92, 51, 52, 143, 144...].
1.2.3.4. Auxetic structures

Typical research works on Auxetic structures are: Zhu et al. [158].
Nguyen Van Quyen et al. [109]. Pham Hoang Anh et al. [9] Le Ngoc Ly
etal. [92] Lanetal. [71] Li et al. [79-82]
1.3. Potential application of FG-CNTRC shell plate structures in
construction structures

With the superior characteristics of FG-CNTRC compared to traditional
metal and composite materials, there is great potential for application in
many construction components and especially special projects with
particular requirements in bearing capacity, durability, and reliability.

(1.5)
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Some potential applications can be seen such as water transport pipes,
high-pressure compressed air transport, and cylindrical structures in
marine constructions, and other special construction structures...

1.4. Domestic and international achieved results and further research
requirements
1.4.1. Domestic and international achieved results

1) Linear and nonlinear static buckling problems of FG-CNTRC plate
and shell structures were investigated relative-comprehensively.

2) Linear and nonlinear dynamic buckling and vibration problems of
FG-CNTRC structures were also investigated relative-comprehensively.

3) The lack of research on the stiffened plate and shell structures with
stiffeners can be observed.

4) Studies on the FG-CNTRC plates and shells with Auxetic core were
not mentioned much.

1.4.2. Further research requirements

1) Improved smeared stiffener techniques for FG-CNTRC stiffeners
need to be developed.

2) Research on nonlinear buckling and postbuckling of FG-CNTRC
plates with FG-CNTRC stiffeners in thermal environment.

3) Research on buckling and postbuckling of the FG-CNTRC
cylindrical shells with stiffeners subjected to different types of loads.

4) Research on nonlinear buckling and postbuckling of FG-CNTRC
cylindrical shells with Auxetic core.

Chapter 2. NONLINEAR BUCKLING OF FG-CNTRC
CYLINDRICAL SHELLS STIFFENED BY FG-CNTRC
STIFFENERS SUBJECT TO EXTERNAL PRESSURE OR AXIAL
COMPRESSION IN THERMAL ENVIRONMENT

This chapter proposes a stiffener design option made of FG-CNTRC for
the FG-CNTRC cylindrical shells. The improved smeared stiffener
technique for FG-CNTRC stiffeners is developed based on anisotropic
beam theory combined with Lekhniskii's classical smeared stiffener
technique idea. The governing equations are established based on Donnell
shell theory, including von Karman geometric nonlinearity and Pasternak
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elastic foundation model. The Galerkin method is applied to obtain a
system of equilibrium equations in nonlinear algebraic form.
2.1. The FG-CNTRC cylindrical shells with FG-CNTRC stiffeners
and the governing equations

FG-CNTRC cylindrical shells in this thesis are studied with a
coordinate system Oxyz place on the middle surface of the shells as
shown in Fig. 2.1. The shell is subjected to external pressure g uniformly
distributed on the shell surface or axial compression p uniformly distributed
on the edges and surrounded by two-parameter Pasternak elastic foundation.

In addition, the FG-CNTRC cylindrical shells are stiffened by FG-
CNTRC stiffeners in the circular or longitudinal directions on the inner
surface of the shell.

Expressions for extension forces NN ,N, and moments

M, M, M, of stiffened FG-CNTRC cylindrical shells can be obtained
by summing the stiffnesses of the stiffened shell, which are expressed as

8X
— - 0 — —
N, _All 4, 0 B, B, 0 ] o (I)lj;‘
0
Ny A12 Azz 0 B12 Bzz 0 Ty ¢1Ty
N, 0 0 A, 0 0 B,| ow 0| (28
= 2 - ’ '
Mx Bll B]_2 O Dll D12 O ajc (I)gx
M y B, B, 0 D, D, O —aa li) (I)gy
M,| L0 0 By 0 0 Dgf Y 0
. - _2 a w L I
| Oxdy |
The stiffnesses of the shell with longitudinal stiffeners are obtained as
(Ay,By,Dy)=(AT, B, DY )+ (A, BT, D), (2.9)
(A22’A12’A66’BZZ’312’B(36’D22’D12’D66’) (210)

:(A;g, 82h7ASh Bsh Bsh Bsh Dsh Dsh

sh
66 272272712 2766077220 127D66)’

Stiffnesses of longitudinal stiffeners A7 ", BY " D" are calculated



tff—L tff—L AL DL

|: Sl Blsl } _ A11 Bll
stff —L stff-L |~ | A A

Bll D11 BlLl D/

AL 0 BL o] Tar B
X X 2 2 : Bs| (2.14)
AL 0 B, 0|0 AL o0 B 0 0
B: o D of|B, o D o | |B; D/
0 B, o Di|LO O

with Q, is the integral region over the height of the stiffeners.

Internal thermal forces of the shells with L stiffeners can be determined
as follows

(I)lx = i}cl +¢f§iﬁc’ d)ly = Zf;l’ (218)
and for L stiffeners are presented by
b;
= d;ﬁ (Qyy 01, + Q0 WTdz, (2.21)
stff Qr,

1 -
I ( X

Fig. 2.1. Geometric parameters and coordinate system of FG-CNTRC
cylindrical shells stiffened by FG-CNTRC stiffeners surrounded by
elastic foundation
The compatibility equation can be obtained directly from Eq. (2.7), as
azazg N azszg Oy 1 82‘f _dw a%g 52‘;’ 0. (2.22)
oy~ ox° oxoy R ox® oxoy ox° oy
Equilibrium equations according to nonlinear Donnell shell theory are [3]
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ON, ON 0N, &N

+—+=0, +—~+=0,
ox oy ox oy
2
"M, +2a M, + 82My + N, (2.23)
ox* oxoy oy R
2 2 2 2 2
wNIW N W N T g kw-K,| RO
x 2 xy 2 1 2 2 2
ox oxoy Yoy ox: oy

The third equation of (2.23) can be rewritten by substituting Eqgs. (2.8)
and (2.24) into this equation, leading to

. 0'w ; ; .\ 0w . 0w
@ED11ﬁ+(D12+D21+4D66)—+D

ax28y2 22 a—‘yzl
o'y N . 0% 0%y o'w
+le o’ (B B 2B66)8x28y2 - P12 8y4 o ayz o2 (2-25)

2 2 2 2 2 2
_8)§6L£)+28x cw 10y _g+Kw-K, aw o‘w _o.
ox“ oy 0x0y Oxoy R’ ox? 6y
The deformation compatibility equation (2.22), combined with
equations (2.8) and (2.24) becomes

ax o'y . o0'w _.0'w
A, h (4245

axzay Azz a—y4+321y+312 a—y4
dw [(Fw) dwow 10w
ox2oy? | oxoy 8x oy’ R ox?
2.2. Boundary conditions and solution methods

The deflection of the shell satisfies the boundary condition (2.27) in an

approximate sense chosen in the form of three terms as follows [53, 54]

(2.26)

+(B,,+B,,—2B,)

W =K, +k,sin M sin ny+K2 sin? 7" (2.28)
L R L

Substituting expression (2.28) into Eq. (2.26), the stress function form
IS determined by

=0, coszanx+Q2 cosz%
(2.29)

hx’ 2
—Q,sin ™ sin™ 40 sin S gin W _ Soy _phy ,
3 4

L R L R 2 2
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Substituting the expressions (2.28) and (2.29) into Eqg. (2.25). The
Galerkin method is then applied to the three deflection terms, leading to
Gy, 1 K, (k,+2xk,)

—qg-——12 o 2.31
r 4 5 (2.31)
2 4 _4 4714 4
p+5 fi+ mr . n*L L +m4n4n4(l’j (£+lj1<11<§
A 164,, 16A.R R)\A E
202212 n?[*(I?/R—-4B, m*n’ hnzL4
n 2Bm nan B ( / i 221 ) KK, — (O 1(232)
AR 4A R
—m*n’L*hpw, + L'K x, + I’K x |: }:o,

mmn 1(mn) n’I?
4321 D 2 252
L R\ L 16A,m°n°R 2A
mn )’ mmn 1/ mn
() () R J
L L R\ L

LZ/R—4BZIm nZ}K
* 2 _2 2
4A m'n (2.33)

h 2 2
+ oo —q—ph(%) K2+K1(K2%+KOJ+KZK2(?j =0.

R
The closed condition is added in the average sense [53-55]
2nR L av
[ [Z—dxdy=o. (2.34)
2 00y

2.2.1. Nonlinear buckling analysis of FG-CNTRC cylindrical shells
with FG-CNTRC stiffeners subjected to external pressure(p =0)

Substituting o, inexpression (2.31) into Egs. (2.32), (2.33), and (2.35),

and applying p =0, the new forms of the equilibrium equations is
o Kf—le— s + Jas q, (2.36)
2J,, 1 2% 2J, 2J,

J11 + leKo + J13K12 + J14K2 + J15K§ - J16q =0, (2-37)

Ky =



L (2.38)
J21 + J22K2

Substituting «,, x? from Egs. (2.36) and (2.38) into Eq. (2.37), as

J,,J J,.,J,.J J
q:{Jll_ 12 34_|: 12¢ 23Y 32 _l_( 14_£j:|](2_
2J,, 2J31(J21+J221<2) 2

J23K2 } 2J31 )
J21 + Jzsz 2J31J16 o J12J33

(2.39)

2
+J15K2 o J13

The maximum deflection is obtained as
1/2
w =q J33 . J34 . J32J23K2 +ﬁ+[ _J23K2 j ) (2_42)
- 2J31 2J31 2‘]31 (J21 + J22K2 ) 2 J21 + J22K2
2.2.2. Nonlinear buckling analysis of FG-CNTRC cylindrical shells
with FG-CNTRC stiffeners subjected to axial compression(g =0)

Substitute the average stress in the o, inner ring direction (2.31) into

equations (2.32), (2.33) and (2.35), and let g =0, get
J32 2 J35 l J34

K, = K — — =K, ——, 2.43
°2J, ! 2J31p 2 % 2J, (2.43)
I, +Jx, +J K +J K, +J ks —J,p=0, (2.44)
K12 _ J24K2p_J23K2 ’ (2_45)

J21+J22K2

Substituting «k,and «?from equations (2.43) and (2.45) into Eq. (2.44),
the relation of p and «, can be determined as follows

p=|J+tJduK, _lele —dJy, S +J15K§ —dJy, I I, -
2 2J ., 2J,, J, +dJ,,x%,
. (2.46)
J i3 55K, j[_J J J K, . Ji3d 5K, o g 4J J 5 ]
12 17 T .
Iy +J K, 2Jy JytdpK,  J,+d,K, 2J,

Substituting equations (2.43) and (2.45) into expression (2.41), the
maximum deflection of the shell can be rewritten as

_ Sy Juk,P—J K, _J35p+ﬁ_ Jy +\/J24K2p—J23K2. (2.48)
2Ty Ip K, 20, 20 2Jy, RPN




The shortening A _ is determined as

J32 J24K2p_J23K2_J35p_ﬁ
2J,,  J, +J,,K, 2J,, 2
J «2(mn) 1(mn\ J,x,p—J,K . .
——3 +—2(—j +_( j — = 2_(A22¢17;_A12¢1Ty)'
2J 4\ L 8\ L S+,

2.4. Applying theoretical results to nonlinear buckling analysis of FG-
CNTRC cylindrical shells with FG-CNTRC stiffeners subjected to

external pressure

A, = A;ph+%+AQRK{
(2.50)

18 K, = 105N/?, K,= 10°N/m 19 K, = 10°N/u?, K, = 10°N/m —a: FG-V
- ] a— |/ bFGX
LRt i i I T s — oo
higy = hizr = 0.003m, —b: V6 CL T —croa
s 7 = bl = 0.002m, o g e
cwe | g, T ——
= , = Nd-—_
i 1By = 0.003m, bG; = 0.002m, nG; = 12.
—/ C/ g e—1
12 * : ‘ 1.3 L : .
2 0 1 wih 7 10 2 0 1 W 7 10
Fig. 2.5. Effect of rib direction on Fig. 2.9. Effect of the CNT
postbuckling curve of C-FG- distribution law on the postbuckling
CNTRC cylindrical shell curve of the C-FG-CNTRC

cylindrical shell
2.5. Applying theoretical results to nonlinear buckling analysis of FG-
CNTRC cylindrical shells with FG-CNTRC stiffeners subjected to
axial compression

450 — 420 YT ———
a: Vo LL V6 CL, FG-A, R/ — 80, AL

—b: Vo LC L =1.5R k= 0.002m, —b: VE".N»[‘ =0.17
—c Vo L By = Higg= 0.003m, —C Vinr = 028
340 1yl BCr = 0.002m,
n_gg— 12, ns]g,y— 50
£ c
5290 i 260 | .
= | a /b
/ .
210 - ' c 180 .
/ .
T K, = 107N/, K, = 10°N/m

K; = 107N/m, K, ~ 105N/m

FG-X, R =80, Ve = 0.12,
L =1.5R AT = 300K,
h =0.002m,
370 - hfi[/ = h,%jf= 0.003m,
b‘[iff_ bS= 0.002m,
nGy= 12, nky= 50

p (MPa)

100 !
4 6 -2 0

130 1

-2 0 6 8

2 2 4
Waax'h Wonax/h

Fig. 2.12. Effect of FG-CNTRC Fig. 2.22. Effect of CNT volume
stiffener direction on postbuckling fraction on postbuckling curve
curvep—W__ /h of the L-FG- p—W.__ /h of the C-FG-CNTRC

CNTRC shell shell
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2.6. Conclusion of Chapter 2

From the numerical results, the outstanding remarks are obtained

1. FG-CNTRC stiffeners largely affect the critical buckling pressure
and postbuckling load-carrying capacity of the shells. The maximum
critical buckling pressure is achieved with the FG-V CC shells.

2. The snap-through phenomenon was not observed for the L-FG-
CNTRC cylindrical shell in all numerical investigations.

3. Geometric parameters, thermal environment, elastic foundation, and
CNT volume fraction largely affect the buckling behavior of the shell.

4. FG-CNTRC stiffeners largely improve the critical axial compression
and postbuckling capacity of the FG-CNTRC cylindrical shells.

5. The designs of CNT distribution rules of the shell and stiffeners
largely affect to the effect of the FG-CNTRC stiffeners.

6. Pasternak elastic foundation, geometrical parameters, material, and
thermal environment largely affect the buckling behavior of the shell.

Chapter 3. NONLINEAR BUCKLING OF FG-CNTRC
CYLINDRICAL SHELLS UNDER TORSION AND STIFFENED
BY FG-CNTRC STIFFENERS OR AUXETIC CORE

The FG-CNTRC cylindrical shells are considered in a more complex
load case, that is torsion load, with two cases of the FG-CNTRC
cylindrical shells with stiffeners and with Auxetic core.
3.1. Material and structural designs
3.1.1. Design of FG-CNTRC cylindrical shells with FG-CNTRC stiffeners

The FG-CNTRC cylindrical shells with stiffeners, the distribution rules
of CNTs, and the coordinate system are similar to Chapter 2.
3.1.2. Design of sandwich FG-CNTRC cylindrical shells with Auxetic core

An FG-CNTRC sandwich cylindrical shell with an Auxetic core
subjected to uniformly distributed torsion 1T is considered. The
geometrical parameters of the cylindrical shell, honeycomb Auxetic core,
and FG-CNTRC coating layers are shown in Fig. 3.1.

Instead of calculating with a complex honeycomb core structure, we
can analyze the behavior of the core layer as an anisotropic homogeneous
layer with elastic constants estimated as follows [150]
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6;(6, —siny)

By =B cosg’y[1+(tan2 v +0, sec’ y)eg] ’ 3.7
Bz =B cosy(, —sinef)(tan2 y+9§)’ (3.8)
Gg" =E" 0, (1+ 29931)c0sy ’ (3:9)
e siny(l—@ﬁ)(@l—siny) (3.10)

[l+(61 sec’y+tan’ y)eg}cosz y

- siny(1-63)
v __(tan2y+9§)(61—siny)’ (3.11)

Lo1 Auxetic

Lép mit FG-CNTRC /

]
hL‘N'l'l{C . : : .
.......
® & 8 e & 8 s
h hpux Ld1 Auxetic
* & @& 8 @ * 8 9 9
henrre * e s e e’
FG-O
..................
e & & & & & ® & & & & @ @
e & & & @ e & & & & & 8 8
. o e *® & @ * @ ° °
L] L] * L] L] L]
Lo1 Auxetic Lo1 Auxetic
e r  |® ® ® @ @ & & =& »
. o @ ®a & & @ & & 8 8 9
* & & & @ e & & & & & 8 * @
................
..................
FG-X uD

Fig. 3.1. Design of the FG-CNTRC cylindrical shell with Auxetic core
3.2. Nonlinear equilibrium equation system and stress function
The expressions of the stiffness matrix components and internal
thermal forces are determined as
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(4;,B

CNTRC CNTRC CNTRC Aux Aux Aux
5By, Dy ) = (A7, B, DN )+ (A7, B, D™ ), (3.12)
¢, = by, =0, ¢y =43, =0, (3.13)
where
CNTRC CNTRC CNTRC
(A5, BN, DV ) =

QNIRCut (1 7,2 Ydz + | QSN (1,2,2%)dz, (i,] =1,2,6
ij v ( )
I1

out inn

(3.14)

(Af“x,B;w‘,Dg‘w‘): I Q;f‘”x(l,z,zz)dz, (1,j=12,6) (3.15)

IT Ay

with IT_, and II. is the thickness region of the outside and inside
CNTRC layers, I1, _is the thickness region of the Auxetic core.

The equilibrium equations of the cylindrical shell according to Donnell
shell theory and von-Karman geometric nonlinearity, is presented as

out

ON
N, Do g (3.16)
ox oy
ON_ 0N
Y+ —2 =0, (3.17)
ox oy
2 O*M. M, N 2 2 2
M, 20V vy Ny TW oy W N W4 (3.18)

o oxoY i dy> R o Yoxoy Y oy:
3.3. Deflection form and Galerkin method

The three-term solution form of the deflection can be chosen as follows [55]

w=w(x,y)=9,+9 sinoxsinp(y—ix)+9,sin“ox, (3.22)

The expression for the stress function can be determined by substituting
the deflection form in equation (3.22) into equation (3.20), after some
calculations to obtain

% = Fcos2ox + F,cos2B(y —A.x)

+FscosB{er(%—ij}]ﬂcosﬁ{y—(%%]x} (3.23)

+P;cosB{y—(%a+ij} + FGCOSB{yJ{%X—?»]x}—rhxy,
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Substituting equations (3.22) and (3.23) into the equilibrium equation
(3.19), then applying the Galerkin method, the new system of balance
equations in algebraic form is obtained as follows

2thB’A+ N, + N,9,+ N,9 + N,9. =0, (3.24)
N9, - N9+ N,9?9, =0, (3.25)
Circular shell structures rotate tightly like cylindrical shells subject to

torsion and must also satisfy the closed perimeter condition below [55]
2nRL

[] —ydxdy 0. (3.26)

Substituting the relations (2.7), (2.8), and (2.24), taking into account
(3.22), into equation (3.26), we have
; ; 1
29, +9, +2R( A0, —Alzq)fx)—ZRSfBZ =0. (3.27)
Eliminating 3, and3, from Eqgs. (3.24), (3.25), and (3.27) and solving
T accordingly 9, contact expression =9, receive the following

2 2 ?
S L) NGNSy e, 2N L (g 0)
2hB*\ | 2( N, + N, 9}) 2(N,+N,97)
When 9, — 0, equation (3.28) leads to
N.
e — — 1 3.29
’ 2hE?\ (3:29)

The dimensionless maximum deflection is rewritten in terms of the
linear deflection amplitude of the postbuckling state, resulting

RO RIA,-A4) o 2N
8h h h ~ 4h(N,+N,9;)

W=W, |h= .(3.30)

The torsion angle is defined in the average sense as follows [55]
1 ZF%(ou ov n°A9’
= d h+ : 3.31
? T onRL { '([(Gy ax] Y= Ath ot (33

3.5. Applying theoretical results to nonlinear buckling analysis of FG-
CNTRC cylindrical shells FG-CNTRC stiffeners subjected to torsion
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65 : e “ _
hly = hSy=0.003m, a: Vo CC v
=5 -Vo CL ——b: AT = 100K

bl = bSy= 0.002m, —b: Vo CI

Yy L _ — Ve _/—:AT—3OOK
55 | nSy=12, nky = 50 b c:Vo C b ¢

17 (MPa)
&

T (MPa)
&

Ry = hSr = 0.003m,

bl = Gy = 0.002m,

nSy = 12, nky = 50

Vo CC,FG-V, Vyy = 0.12,

1= 1.5R, Rh =80, h = 0.002m
L 1

FG-X, Vi =0.12,L = 1.5R,

35 T R = 80, h = 0.002m, AT = 300K

C—-——.________—_________.—-""

0 4.5 Wm:.;x/h 13.5 18 0 0.1 0 Of-zad 0.3 0.4
Fig. 3.6. Effect of stiffener direction Fig. 3.14. Effe(ct)of thermal
on torsional postbuckling curve temperature on torsional
t—W of C-FG-CNTRC cylindrical postbuckling curve t—¢ of FG-
shells CNTRC cylindrical shells

3.6. Applying theoretical results to nonlinear buckling analysis of FG-
CNTRC cylindrical shells with Auxetic core subjected to torsion

75

—a:h =0
FG-X, Vi = 0.17,L = LR, & NAux M

R = 80, hexrpe = 0.001m, Vo C —Db: h aux = 0.0005m
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Fig. 3.17. Torsional postbuckling  Fig. 3.26. Torsional postbuckling
curves t—wW with three CNT curves 1-¢ with different

distribution rules of sandwich geometrical parameters of
cylindrical shell with Auxetic core cylindrical shell with Auxetic core

3.7. Conclusion of Chapter 3

For FG-CNTRC cylindrical shell with stiffeners subjected to torsion

1. The torsion load capacity of the FG-CNTRC shells with FG-CNTRC
stiffeners is much greater than that of corresponding unstiffened shells.

2. The greatest effect of stiffeners is obtained for circumferential stiffeners.

3. The angle of the pre-buckling straight line t—¢ remains unchanged
in cases with and without stiffeners.
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For sandwich FG-CNTRC cylindrical shells with Auxetic core

1. The critical buckling torsion of the L-FG-CNTRC cylindrical shell is
much smaller than that of the C-FG-CNTRC cylindrical shell

2. The influence of the geometric properties of the Auxetic core on the
critical torsional buckling load of the shell is insignificant.

3. The thickness of the Auxetic core strongly influences the critical
buckling torsion and the postbuckling load-carrying capacity of the shells.

Chapter 4. NONLINEAR BUCKLING OF FG-CNTRC PLATES
STIFFENED BY FG-CNTRC STIFFENERS UNDER COMBINED

LOADS ACCORDING TO HIGHER-ORDER SHEAR
DEFORMATION THEORY

4.1. The design of the FG-CNTRC plates stiffened by the FG-CNTRC
stiffeners

Consider the FG-CNTRC rectangular plates stiffened by FG-CNTRC
stiffeners, subjected to axial compression P, and external pressure g in

thermal environment. Where, CNT is reinforced into the isotropic matrix
in the longitudinal or transverse directions of the plates (Fig. 4.1).

S S N T O T

%

KI}K:’J

Fig. 4.1. Design of the stiffeners of the FG-CNTRC plates and geometric
parameters of plates and stiffeners
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4.2. Establishing the governing equations
HSDT is used taking into account the geometric imperfection of the

plates with von Karman geometric nonlinearity.

Expressions of internal forces N,;, moments M, and the higher-order
moments T, of the FG-CNTRC stiffened plates are expressed as

N 1 r
N
N Xy 0
M, | |B,
) My r=| B},
M,| |0
T, Cu
Ty Cp
\Txy - O

X <
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A12 O Bll BlZ
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where
(A. B..D..C.. F LJ)

k| R A R A | R Rl | (48)
P pP NP AP P TP A D N A T '
:(Aij By, Dy, Cy, ’Lij)+(Aij’Bij’Dij’Cij’Ej’Lij)’
h
2
(A;JB;J,le)C;’EJP?LS): LQ§(LZ,Z2,Z3,Z4,Z6)dZ, (49)
2
and
Au Bu Cu B
Bu Du Eul|= Blsltﬁ Dlsllﬂ Fl‘?ﬂ
Cu Eu Lul| |CY EY L7
A7 0 BY 0 G 0
-|By 0 Dy 0 E 0|x
¢y 0 F¥ 0 LY 0
A0 BY 0 cf o [[ar B C¥
0 AY BY BY o0 CY 0 0 0
By o DF o F' o ||B DY EY
0 BY 0o DY o EY||o0o o 0 [(410
¢y o0 EY o CcF o | |cyf EF LY
0 LY o FY o0 LY|| O 0 0 |
and
o =07 +o; 7 = [ (Qla +Qfas, )ATdz +¢; 7,
(4.11)
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and @ = “ﬁ [[QF o +QF 0 |ATdz, g% =0, for the case of
stﬁ Q
plates stiffened by stiffeners in the direction x

ol = “ﬂ N Q¥ i + Qi ol |ATdz, ¢} =0, for the case of the
stﬁ‘ Q

plates stiffened by stiffeners in the direction y.

The expressions for shear forces and higher-order shear forces are
calculated as follows
C sw S
H44_+H44¢x
ox

ow
H55 E + H55(I)y

ow
66 6_ + H66(I)x
X

ow
77 @+H77¢y)

Q Q

N
<
~
Il
~~

(4.12)
x H

"t

H
where

(H,u»Heg, Hg, Hoy)

4457557 662
(Hﬁl’HSI;’Hé;’HP ) (H44’H55’H66’H77)’
and the plate is stiffened by stiffeners in the direction y of the plates

(4.13)

H44:O’
H, =0,
H, = Oy W dz — 3% W z’dz |,

(4.17)

H, = Oy W 7’ dz - 3k W z'dz |,
with Q is the integral region over the height of the stiffeners.

The equilibrium equation system of FG-CNTRC imperfect plate with
stiffeners according to HSDT is written as follows [102]
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YTV S A MY | Q =0, (4.18)
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4.3. Boundary conditions and solution methods

Three simply supported boundary conditions are considered as follows:

- FG-CNTRC stiffened plates with four movable edges (FFFF)

- FG-CNTRC stiffened plates with two movable edges x =0, x =a and
the two remaining immovable edges y =0, y=b (FIFI)

- FG-CNTRC stiffened plates with four immovable edges (1111)

The solution forms of deflection, imperfection, and rotations are chosen
in the following approximate forms [2, 7, 8, 102]

w=Wsinoxsinfy, w=~E&hsinoxsinfy,

i : 4.27
¢, =P, cosaxsinfy, ¢, =P, simoxcosPy, (4.27)

By substituting Eq. (4.27) into Eq. (4.23), after some calculations, the
stress function can be obtained as

f = f,cos2ax+ f, cos 2[3y+f3sinocxsinBer%Nxoy2 +%Ny0x2, (4.28)

Substituting the relations (4.27) and (4.28) into Egs. (4.24)-(4.26), and
applying the Galerkin method, we get the equilibrium equations in the
form of the nonlinear algebraic equation, as follows
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y2q+(lex0+y3 )(h§+W)+y6<I) +y D
+y4(chDx+X26Dy)(hé’;+W)+y7(2hZ;+W) (RE+W)

+Yy (2RE+W)W +y X W (hE+W ) +y, W +y, W’ =0,  (4.29)
z,(2hE+ W)W +z,W + 2,0+ 2,0, =0,
z;(2hE+ W)W + z W + 2,@_+ 2,0 =0,

4.4. Nonlinear buckling analysis
By extracting @, and @ from the last two of (4.29), and substituting

into the first of (4.29), the load-deflection relation is obtained.

WY W W
ym(?j h2+(§+7j(Nx0yl+NyOy3)+u F"'y;lq

w w ) W\W WA\W
+u57(§+?)h+u6h (25,+ n j h (§+ n j+u7h(2§+7j7—0,

For immovable edges, u=0 on both edges x=0,x=a and v=00n
both edges y =0, y=>b. The immovable conditions in the average sense
are written as follows [2, 7, 8, 102]

(4.30)

j j —dxdy 0, (4.31)
j j —ydydx 0. (4.32)

The expressions of N ,N , can be obtained form Egs. (4.31) and
(4.32), by using Eqgs. (4.2), (4.7), (4.22) and (4.27), leading to
N, =p®, +p,P, +pW (2hE+W )+ p,W -0, (4.33)
N, =p®@, +p®@, +p,W(2h&e+W)+pW-q,, (4.34)
4.4.1. Buckling analysis of FG-CNTRC plates with FG-CNTRC
stiffeners subjected only to external pressure
Substituting Eqgs. (4.33) and (4.34) into Eq. (4.30), and applying P. =0,
the relation between g and W is obtained as
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114 114 114 W\W
q=4, 2&+—j(a+—j h(w;) g a+7j—

wY W a,Q a,p W (4.55)
+q“(7 +q57+h(ﬁl a2x+Bza—2j(E’+7’

4.4.2. Buckling analysis of FG-CNTRC plates with FG-CNTRC
stiffeners subjected to external pressure and axial compression
In the case g=0, the four edges are movable, coefficient 3, =0 is

applied. Axial compression P, is determined from Eq. (4.37)

(WY, W(W 7%
Yo (_j h* +_(_+2aj(_+ij%
- 1 h nlh h .39
(h+§)(hy1)_+e (¥+2§)W v}‘:(‘;‘:+§)+e %

Consider the second boundary condition, two edges x=0,a are
movable, two edges y =0,b are immovable, B, =1 is applied, obtained as

ylo(¥) h? +%+[2§+ v":jw(@+ WjeS

h h
+e6(2§+Wj (§+ j+e

W W W), W
h)h °h\® h) "h

+e, (é"’ %j Y0Py —(@-i- %jyfﬂ(ply + (&_,‘F %j(y?:zl _hyl)Px

4.6. Applying theoretical results to buckling analysis of FG-CNTRC
plates with FG-CNTRC stiffeners
Table 4.2. Effect of CNT direction, stiffener, and thermal temperature on

the critical axial compression P" of perfect FG-CNTRC plates (MPa,
without elastic foundation, FFFF, UD)

(4.40)

=0.

XandY X plates X plates Y plates Y plates
AT(K) plates without andY and X and 'Y and X
stiffeners stiffeners stiffeners stiffeners  stiffeners
0 2.182 4,346 6,704 6,704 4,346
100 2.119 4.127 6,568 6,568 4,127
200 2,066 3,910 6,464 6,464 3,910
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4.7. Conclusion of Chapter 4

Numerical results show some notable points:

1. FG-CNTRC stiffeners significantly increase the critical axial
compression and the postbuckling load capacity of the plates.

2. The effect of the FG-CNTRC stiffeners on the critical axial
compression of the FG-V plates is the largest.

3. Nonlinear foundation stiffness does not affect the critical axial
compression value of perfect plates.

4. Geometric parameters and thermal temperature significantly affect
the critical axial compression and the postbuckling curve of the plates.
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CONCLUSIONS

The thesis has obtained the following new results:

1. A method to stiffen FG-CNTRC cylindrical shells and plates with FG-
CNTRC stiffeners, and CNT distribution rules for stiffeners suitable for FG-
CNTRC cylindrical shells and plates are proposed. The improved smeared
stiffener techniques for the FG-CNTRC stiffeners are developed. The
stiffening solutions for the FG-CNTRC cylindrical shells with Auxetic core
and CNT distribution rules for the coatings are proposed.

2. The governing equations of the nonlinear buckling problem of the FG-
CNTRC cylindrical shells with stiffeners and Auxetic core in thermal
environment are established. Three-term solutions are chosen to model the
buckling and postbuckling behavior of two cases: cylindrical shell under
external pressure and axial compression, and cylindrical shell under torsion.

3. The governing equations of the nonlinear buckling problem of the
FG-CNTRC plates with stiffeners on the nonlinear elastic foundation are
established. The solution form is chosen and the Galerkin method is
applied to obtain buckling behavior expressions of the plates.

4 . Theoretical results are applied to analyze the effects of geometric
parameters, and materials... on buckling and postbuckling behavior. The
potential of applications in engineering and building design standards for
FG-CNTRC plates and cylindrical shells in the future is shown.

RECOMMENDATIONS FOR FURTHER RESEARCH
1. Buckling and dynamic of FG-CNTRC plates and shells with stiffeners
or Auxetic core under thermal and combined thermo-mechanical loads.
2. Nonlinear buckling and dynamic of FG-CNTRC structures with
oblique FG-CNTRC stiffeners using FSDT and HSDT.
3. Buckling and dynamics of conical and truncated conical shells, spherical
shell segment, FG-CNTRC revolution shell... considering stiffening method.
4. Buckling and dynamic of shells with complex shapes, discrete
boundary conditions... made of FG-CNTRC considering the stiffening
methods.
5. Research and develop the structural design standards for FG-CNTRC
plates and shells for construction projects.
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