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Given the increasing use of nanotechnologies in human life and the significance of nano-
electromechanical systems, this paper investigates the buckling and post-buckling behavior of
Euler-Bernoulli (EB) composite beams (CB) reinforced with graphene nanoplatelets (GPLs),
considering the nonlocal strain gradient theory (NSGT). Initially, the elastic properties of the
nanocomposite reinforced with GPLs were calculated using the rule of mixtures and the Halpin-
Tsai (HT) micromechanical model. Subsequently, the governing equations (GE) for the EB beam
were derived using the virtual work principle, the NSGT, and the von Karméan (VK) strain field.
These equations were analytically solved, and the achieved findings were checked against those
found in existing studies, showing excellent agreement. Finally, the effects of varying the weight
fraction and distribution of GPLs in the composite, changes in nonlocal parameter (NP) and strain
gradient (SG) parameter, as well as the ratio of beam's length to beam’s thickness, on the critical
buckling load were examined and as a results for a constant weight fraction, the critical buckling
load is highest in the X pattern, followed by the U and O patterns.

Extended Abstract

1. Introduction

onsidering that classical continuum theories have a deficiency in studying the mechanical behavior of

nanostructures—specifically, they overlook the voids between atoms and the atomic forces within

particles, ignoring the core physics and dimensions of the problem—this assumption becomes invalid at
the nano-scale. Due to the high cost of experimental tests at the nano-scale, generalized continuum mechanics
theories have been developed [1]. One of these generalized continuum mechanics theories is the NSGT [1, 2]. The
growing use of nanotechnologies in various industries and the limitations of classical continuum mechanics in
analyzing nano-scale, systems have led to the widespread adoption of generalized continuum mechanics theories.
Some research studies that have utilized these theories in solving various problems are listed below.

In a study by Wu et al. [3], nonlinear resonance in composite nanobeams reinforced with GPLs subjected to
external harmonic excitation was investigated based on the nonlocal strain theory. They extracted the GE using
the HT theory, the rule of mixtures, and Hamilton's principle, solving them using the generalized differential
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quadrature method. Finally, they examined the impacts of nanoplatelet weight fractions for different distributions
on the natural frequency.

Ghandourah et al. [4] used multilayered nanocomposite plates reinforced with graphene to enhance strength,
structural stiffness, and reduce the weight of the nanoplates. They applied the modified HT model and the rule of
mixtures to compute the effective Young's modulus along the plate thickness direction, as well as Poisson’s ratio
and mass density. They used an analytical Galerkin approach to solve the equilibrium equations governing the
nanoplate. Ultimately, they examined the effects of nonlocal scale parameters, SG scale parameters, graphene
distribution patterns, and weight fractions on the bending and buckling behavior of the plate.

Khorshidi et al. [15] investigated the buckling of rectangular functionally graded nanoplates considering
surface effects. They used the Mori-Tanaka model to define material properties and considered the displacement
field according to the modified shear deformation theories. Nonlocal effects and surface effects were incorporated
into the GE. Using the Galerkin method, they resolved the equations and analyzed the influence of parameters
such as surface residual stress, thickness-to-length ratio, width-to-length ratio, and NP on the critical buckling
load.

In another study, Khorshidi et al. [16] examined energy harvesting from heterogeneous beams with
piezoelectric layers using modified shear deformation theories. After deriving and solving the GE, they
investigated the impact of various parameters on the vibrational specifications and energy harvesting performance
of the system.

Hosseini-Hashemi et al. [17] studied the free vibrations of non-uniform and non-homogeneous beams with
non-classical boundary conditions. After deriving and computing the GE, they analyzed the influence of frequency
parameters and mode shapes.

Taheri and Ghane [18] investigated the effects of various parameters on the tensile strength, flexural strength,
and impact resistance of hemp-reinforced composites. They employed the E-fast sensitivity analysis method and
concluded that the molding temperature had the highest impact on the compression molding process.

Reviewing previous research on the implementation of generalized continuum mechanics theories, such as
NSGT, in nanocomposite structures reinforced with GPLs reveals that the buckling and post-buckling behavior of
Euler-Bernoulli CB reinforced with GPLs have not been studied using the NSGT. Therefore, in this paper, the
buckling and post-buckling behavior of an Euler-Bernoulli CB reinforced with GPLs will be investigated. First,
the governing buckling equations will be derived using the virtual work principle, the NSGT, the VK strain field,
and the classical beam theory. After solving the equations, the effects of NP, strain gradient theory (SGT)
parameters, weight fractions, and various distribution patterns of GPLs on the buckling and post-buckling behavior
of the beam will be examined.

2. Fundamental Equations

As discussed in the previous section, this study investigates the buckling and post-buckling behavior of a size-
dependent EB beam with simply supported boundary conditions at the beam’s endpoints. Figure 1 illustrates the
Euler-Bernoulli beam under these boundary conditions.

L
o o
A A Na X

Z
Figure 1. Size-dependent EB beam with simple supports at both ends

The displacement field governing the EB beam is expressed as follows, where Uj is the displacement in the x-
axis, V1 is the displacement in the y-axis, and W; is the displacement in the z-axis.

ow(x,t)

ox

Based on the VK strain theory and the displacement field presented in Equation 1, the nonlinear strain field is
calculated as follows:

Uy(x,z,t) =ulx,t) + z

Vilx,z,t) =0, Wi(x,zt)=w(xt) 1)
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Inthe NSGT [19], the stress field accounts for both the nonlocal elastic stresses and the stresses from the SGT.
Therefore, the general stress equation is written as follows:

92 92
<1 - (ea)zﬁ) Oxx = E (1 - lg W) Exx (3)
Where E is the elastic stiffness, ea is the NP, and Is is the SG length parameter.

To derive the governing equilibrium equations, the first-order variations of the strain energy 8U and the first-
order variations of the external work W are computed. Then, using the calculus of variations and the virtual work
principle, the equilibrium equations are derived. The equilibrium equations and boundary conditions, assuming
zero external forces, are obtained in the following form:

N _
ax
a<NaW) aZM_O
ax\" ox/)  9xz
3 2 2\ _ _ 207\ (ou 1 ow)?
(1 (ea) axz)N—Anb(l 153X2)(ax+2(ax))
62 62 aZW (4)

<1 - (ea)ZW)M = —Dub (1 -G W)W
Noulk = 0 Mc?(aW)L—O (Naw+azv1)6 L_O
ulg =9, ax/l, ox  Ox Wo_

L L
du 1 /0w\2 92w

(1) _ — Ws— =
N 6<ax+2(6x) >o 0. M 5<6x2>|0 0

The second part of Equation 4, in terms of the displacement functions, is expressed as follows:

— (ea)? _ bhu (LowE o\ 0w _p2 Pw

(1 (ea) 6x2) {(NO 2L fO (ax) dx) axz} + (1 I3 6x2) bDyy axt 0 ®)
To non-dimensionalize Equation 5, the following parameters are introduced, where | represents the moment of

inertia of the cross-sectional area [20]:

x=LX, w=LW, ea=AylL,

_ __I*Ng _ LZ_A
lS - ASGLr ﬁl - bDu' BZ Y] (6)

1 (w2
k=5, (5) dx
Using these equations and substituting them into the previous equations, the governing dimensionless equation
and boundary conditions are extracted.

L, dw L dw 2w
AsG axe (kAyy — PiAf, + 1) Xt + (= B1) o 0 @
wi—o, EWa o EWL

) Ch )

After solving the above equation and applying the boundary conditions, the following equation is obtained:

2 B 1+m?n2A%;
WX)=+t— -
K=z VB2 m?m?  1+m2m2a%,

sin(mnX) (8)

3. Mechanical Properties of CB reinforced with GPLs

The mechanical specifications of the CB reinforced with GPLs employed in this study are presented in Table

Table 1. Material Properties Used in the Beam [21]

Property Epoxy GPL
Young's modulus (GPa) 3 1010
Density (kg/m®) 1200 1062.5

v 0.34 0.186
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In the present work, three categories of symmetric distribution patterns for GPLs in the composite beam are
considered: U, X, and O distribution patterns. The distribution of these patterns is shown in Figure 2.

U-GPLRC X-GPLRC O-GPLRC

Figure 2. Symmetric distribution patterns of GPLs in the composite beam.

It is assumed that the number of composite layers reinforced with graphene, Ny, is an even number [21]. The
volume fraction of GPL for the i-th layer of the beam, VG(,?L, is computed for various patterns by next equations

[21]:

U= GPLRC:V) = Vyp, )
, _ |2i-N, -1
X — GPLRC:VY) = ZVGPL% (10)
L
: ~ 20— N, —1
0 — GPLRC: V2, = 2Vp, (1 - |N7L|> (11)
L
Where V;p,, is the total volume fraction of GPLs [17].
]7 _ WGPL
GPL = 12
Wep, + (1 — Wgpp) (p;PL) (12)
m

In the above equation, Wep is the overall weight fraction of GPLs in the beam.

To compute the effective Young's modulus for each layer of the CB reinforced with GPLs, the modified HT
micromechanical model is used, as expressed by the following equation [21]:

i i EgpL)_ EGgpL)_
E® — 3 (1+5L7ILV(,£2L) + 5 (1+§T71TV(§2L) E n = ( Em ) 1 _ ( Em ) 1 (13)
= 0] m 0] m» ML = 7E » Nt =78
8\ 1-n.Vgp, 8\ 1-nrVgp, (g—:l'“)*'ﬁ (EG—:;L)*'fT

Where & and &t are the geometric factors of the GPLs, computed from the next equation. In this equation, bep_
, tepL and acpL, represent the width, thickness and length of the graphene nanofillers, respectively.

a=2(02) &r=2(2) (14)

tepL
Based on the rule of mixtures, the density p® and Poisson's ratio v{) for each layer of the CB reinforced with
GPLs are calculated by next equations:

PO = p Vi + popr, Vo, (15)
y@® = Vim Vn(li) +VgpL ]/(fJ(FL;)l, (16)

In these equations, V. =1 — VéiIZL is the matrix volume fraction for each layer.
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— Present Work—1 =1g=0.5
— Li & Hu-Myp =1.056=0.5
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Figure 4. Dimensionless Displacement vs. buckling load
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4. Solution Validation

To validate the solution for an isotropic material, the dimensionless transverse displacement W* = W (0.25)
as a function of the dimensionless buckling load N* = 8, /m? is compared with the results of Li and Hu [20]. This
comparison is made for two cases, Ani=4sc=0.5 and An.=1,4s6=0.5, assuming L/h=10, showing an excellent
agreement. Figure 4 illustrates this comparison.

5. Results and Discussion

This part examines the effects of weight fraction variation, NP and SG parameter, and L/h ratio on the buckling
and post-buckling behavior of the beam, with material properties according to Table 1.

Figure 5 presents the change in non-dimensional mid-span displacement versus dimensionless buckling load
for different GPL distribution patterns, with An.=4s6=0.5 and L/h=10. As indicated, increasing the weight fraction
from 0.3% to 0.7% increases the critical buckling load. This occurs because the beam's stiffness increases, reducing
the mid-span displacement.

0.20 T T T T 020
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C
Figure 5. Dimensionless Mid-span Displacement vs. bucklir(lg)load for Various Weight Fractions and Distributions (a) U-
GPLRC, (b) X-GPLRC, (c) O-GPLRC

Figure 6 compares the dimensionless mid-span displacement for various GPL distribution patterns versus the
dimensionless buckling load for a 0.5% weight fraction, An.=4sc=0.5, and L/h=10. The findings show that the
highest critical buckling load occurs first in the X pattern, then in the U pattern, and finally in the O pattern. This
is because reinforcing the bottom and top edges of the beam with GPLs increases the beam’s resistance to buckling,
reducing the transverse displacement at mid-span.

— U-GPLRC
| — X-GPLRC
— O-GPLRC

0.20

0.00 0.02 0 &\4 0.06 0 65 0.10
Bucking Load (Ne:)
Figure 6. Comparison of Dimensionless Mid-span Displacement for Various GPL Distribution Patterns

Figure 7 shows the graphs of non-dimensional mid-span displacement changes versus the non-dimensional
buckling load for various GPL distribution patterns. These graphs are based on different L/h ratios, a weight
fraction of 0.5%, and An =1sc=0.5.
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Figure 7. Dimensionless Mid-span Displacement vs. buckling load for Various L/h Ratios and Distributions (a) U-GPLRC, (b)
X-GPLRC, (c) O-GPLRC
As seen, increasing the L/h ratio from 10 to 20 reduces the beam’s buckling resistance, thereby decreasing the

critical buckling load. This result is consistent across all GPL distribution patterns.

Figure 8 shows the effects of NP and SG parameter on the critical buckling load and mid-span transverse
displacement for different GPL distribution patterns. This graph assumes a 0.5% weight fraction and L/h=10. It is
observed that when the NP exceeds the SG parameter, the critical buckling load is lower than in the case where
the NP is smaller. In situations where the NP is smaller, the beam exhibits greater resistance to buckling, thereby
reducing the mid-span displacement.
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Figure 8. Dimensionless Mid-span Displacement vs. buckling load for Various NP and SG parameter (a) U-GPLRC, (b) X-
GPLRC, (c) O-GPLRC
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6. Conclusion

Present work investigates the buckling and post-buckling behavior of an Euler-Bernoulli CB reinforced with
GPLs, incorporating the NSGT. By using the rule of mixtures and the HT model, the elastic characteristics of the
graphene-reinforced nanocomposite were computed, followed by the extraction of GE according to the rule of
virtual work, NSGT, and VK strain field. The equations were then analytically solved and analyzed to assess the
effects of NP, SG parameter, weight fraction variations, GPL distribution patterns, and the L/h ratio on the beam’s
buckling and post-buckling behavior. Key findings include:

Increasing the weight fraction from 0.3% to 0.7% increases the critical buckling load.

With increased weight fraction, the beam's buckling resistance increases, reducing the mid-span
displacement.

For a constant weight fraction, the critical buckling load is highest in the X pattern, followed by the U
and O patterns.

Reinforcing the top and bottom edges of the beam with GPLs enhances its buckling resistance.
Increasing the L/h ratio from 10 to 20 decreases the critical buckling load.

The critical buckling load is lower when the NP is greater than the SG parameter.

If NP is smaller than SG parameter, the beam demonstrates greater resistance to buckling, resulting in

decreased mid-span displacement.

Mechanics of Advanced and Smart Materials Journal 4(2) (2024) 328 — 349






YEA G YYA lrio 15T Jlo ¥ oylos F 690 ciaign g 4id pibun Slgo SilSo

YYAY_FYY. Lo Siouligh g aid ity Slgo Sils ols alxo

eI ol b ol Coglli (0 jarolS i (citiloS Ly g (Liiles jLi3) ganlllng
SOg0 gk gy 1815 (6590 (8,5 Hha o b (S81,S
*“&J"-,’.SLZS} Se|

a.haghani117@amail.com ol 3,8 s o sodll ol3T olSiils 0,8 s aly «SilSle _pusikiges 09,5 ¢ Lol =

ouS ol (5519

35U lapi s Caodl 5 Ll (S5 50 95U las 9l 51 958l 59, sooliiwl iolidl 4 azg L ololyS 9=
b osdlu gl (S90S (Join bl 25 (oMleS Lay g (oS 18, (o 2 4 Al Gl ¢ SlSag 2SI ‘;w’”‘ wé
S (ol 18] s e i e 55 LT 5,95 G0 5 b LS lac Sl i s
SeilSag S Joo 5 boglive 556 5 eslic ol b 81,5 bS5l b oo 50y cujpelSyls lacasdlssils

255 gtz 5 ol 5l osliil U Jgip —ligl 3 y1 oSl c¥olne s i dslins cgld —ppllo Raitd
VP o ALD sl 5 g,

S pgmoty odalinsday SYolae 03,5 Elyisl (a)lS (58 G55 e 5 (xmdgayed G5 Lol
s a5 005 4 slie S0 b 10 35350 i b sl wday gl oy Tl g Wi o Ll IFTIAMGK5L &6
2 HL5 SeS §ib a8 (Ks5z 5 (s S eSS Caldye ol LS ) (93 Jlees Ciillae IRYLAINS ippd )6
L85y 2 S Seld @ Job G Grizmen 5 (A5 0Ll S 5 (b0 e Sla il s (o jrelS
3b it b (S5g S SG (sl 45 Sl Cas A ul 9 SOF 1B () 0590 (Sl LS

bl oo 31O @595 6551 5o Saleys s U s o8l 53 s X 8 55501 50 ol (Sl (3LeS

doddo —)

ailige el ol il boylislugl (SOl ) addllas ;o (SedlS gy oo slaay ylai 4ol @ az g L

S9d on faid po alins (ol olal 9 Su58 hlie )3 03 (19,8 (ool slog s 9 sl (o (1 slalad i las 955 (ol yo &S
il elede 10 (025 slagialesl (g ajey 4 az g b bl red 4 wgei zilas (g gai |y 28 0l 9 elide 50
Cangey Slolazms SlSo 2 (e slocs,s8 5 (Ko )] i 7 las a8l prans gy lolae SIS lags55
ind g cilite mlio 0 9l slas,9ld 09359, sarwss [T o) | atlge (rdge pé S L3l (69 AL s
s 555 5l 03 7nS gooliul 4y e sl olsio b (glbpinmems Lokt 10 SeasdlS g4y sl larims SoilSo (glics, 555
Ol oo Wdgesd ooliitul alidee Plue Jo ;0 bais;555 (ol 5l a5 (Slisiod aloar 5l ol aidly oo gy slodarone S

Dged 0,Lal 15 0lge 4

Gyl 5o s el LT (Gody sy A e2i9e e Li,S Ayl elul i pole e o [V ISen 5 g

S osliiul U1y oSl ¥olee by ] aizsls o)l Sigaylo S0 o 31,5 slae Sy b oabicasi o jeels

CYAYYYEY o oo iyalh ¢ Jghns 0diun i
a.haghanill7@gmail.com : Ssg xS Cony (0]



mailto:a.haghani117@gmail.com
mailto:a.haghani117@gmail.com
mailto:a.haghani117@gmail.com

e G5 LIS (5598 (885 a3 pO b (S81F Sl il b oo Cu gl (0 jgaolS p (LIS Luy g (LS LS, sadlllae | YYF

oged Jor Tably mrend Jedlyand gy o9y bt 5 glil ogthan Jol 5 labsle (156 wslus e (5,95
285 1,8 aslllas 950 (orb (558 (55, 4 i Slam 55 sl LESHL (Gi9 S DLl cales ;o

Caipal b Y iz Dlovio Sl amiogils ()5 (Rl g el (5l (5 S jsbiie 4 [F] Ko 5 ol g
Fe Sl Jgde dnlore gl labogliee (4536 5 T slud pdle oo 2ol Jae 5l o] ainges eolaiwl (31,5 L ooy gas
Sl amiogil oS Jobs S¥olas Jo gl isgas oolitol oz Iz 5 (ypmilsy o § Coslis Cgr olial o amio
OLSS hyy polie el sndgn yué wlaiio stally Sl euledyo siagas oslitul (a8 JIE iy S el 0,805, S
L85 B oy g0 o LS g e U3 (59, B3I (Sis S 9 @ o8l S

Lulyd 9o b G815 L oalica sl ((hjseelS (e lo i 55l Bl g (oS 25leST g 2 @ ==y o
15 £l Sl s 3 Wi il 1 oS S¥olas g sl 55 (6555 31 oobiasl b layT aizsls y aliseo (630
b e leS (59) p SVl sla el 5 GBI ooy puS (315 sladY olaas (315 bt lag o8 (o
308 )3 oy 2 3550 e bl AL SR,

O BNy b oudiia sl (joralS (slays (e Ly 5 Gyl LS S gz 4 [F] e 5 Sy
5 6l el St 51 oolizsl b 1 olge olss bl aiislsy wils 8 ot pud eVl sloasl g5 o5 aVoiz
IS5 i 5 6,55 51 1y 3 sl oSl (sl S¥slas wsne SIS ol &1 425 L 5 ioges dnlons labosline (53l
Lulyd (5970 S35 Ol Al Coledyd g wiad S Jouhiind g by, 4 @Sl S¥slae 000 5T Cews 4 Sl 4o (5
235 R sz 3590 LS Ly 5 ()l ileS p SVl (g 028 5 GIIS @5 6 BS (39 S s

o, T 350,5 gmoy 2 ) (5 GOSN, b oabysis Cujonals slayes (s é (5> )l V] oK 5 UL
6395 21y 3 Sl Vol G 5 33903 s | o0l ols ln bgline (9 5 (sld= el (55 51 ool b
sl a5 Sl a4y Sl (28 b Caled o 0, gl sl )8 (058 S Oldse 5 pgms 45y o JSE S
W35 oy 2 5 (SOl Sk sy R 1) (B S e slagsl (59 S g dwiia il la el )b S

3l Dlordioglh 9,50 (23S Ly 5 (23laS (b3 g a3 (55 ) sla S sadlllae 4 [A] ) Ken 5 ilages
51 oolizal b byl iz ls yy eens] 0 (6,15, (6 y5m0 sypots 45 28,5 Sy b oot sis Jiliis olge 5l oy
SYolae (2555 GbolS (6595 SeS 4 e 9 WSged (s | 03be (SIS (olgS L bogliie ()9l 5 slus-(dla (45
Szl 5l el e Sy ln AT Wy Az cal & Soledys WS S S I ) SeS g gl gl | oS >
Sbign GRS Ly 5 LSS g 23 53 8 53 1S Card G131 a0 st S5 Mo a5l i

SISl L oaby i (1 550elS (slo g e Sl31 (ol ) conirdlol (25,5 (Ll (655 bl 2 (3] L 5 S
03535 5 gl cyedle Jos 5l ooliiasl U1, 5 3500lS olge olas lazl Loy T il 18 dalllas o 50 Szl 3 (5, 1 03,8
) Sl (il yas S¥slas coygtleon ol g ondipdlal (26,5 (LolS (65955 5l osliinl b (s 5 w505 drnlons Lo boglne
5 GBSl iz SIS 5 g0y S 8 Sl Tl Gy, 4 ¥slas S 5l ey Salesyo i 5] oo @
L85 8 Eon 090 el 4 g, See SOl sla)lS,

S slagasly 5 sl (e aalllae (sl s ¥ and (6,95 ool p dgaza lodl Jaa o 1 -] ] 8o 5 5
) oadiogil Slge 6 S x> 5 @98 lagsl OISl gl s S ail) (815 SlacSDL 6l b oadu gl soie sla s
Wdged (o (Foee Sl (HleS g Al (e (59,

Saralind (Sl )8 dalllas (gl Wl o oS w0 ,S sloiiy 1) (olidie aiz (s292 (B3, o (1] o) Sem 5 STl
SN @i wsiye Lulpd SIS ol )s 0gh eolital (BIF GlacS b oadla gl (emelS sla s LALS
228,518 aalllae 890 ¢ (Senlins 5 (Sbial o Shee (G lSle (cwiin sl 5 (055w e la el (315

! Hamilton Principle

2 generalized differential quadrature method
3 Modified Halpin-Tsai model

4 Navier method

Y oolos /8 050 INEeY Sl [ ooivah g asb piiesy Slgo SesilSo



YYy Sls oesl

St 695 269 €95 T oSNy L oadagi Y wiz jsrelS Sliogil (2leS 1Y) ol Sen 5 (saazocls
el Jely S 51 0aliad oyl s, ) ond 2ol oxdgo et sl i po domios (5,555 3l oalio b 1, SxiasV]
Sldllae plo i liel gl auie Jlae SO lgieds Wilgs oo odelcasoa, b a wsged Jo |y oSl il yans Y olas
Sgds ool las e

Loyl 30 il (sl il (go3lonliy ey s las ) 5 (6, lbl anlline s VY] oS0 5 (v
| il s @5l ol S¥ln (ngnsed 5 b,T 555 57 pmlS 558 T oloes opileon bl i b
bl edsb (ol «Sslisly 2SI (9958 waddsl asals DIT s )5 SV ggigen by, bawg g winysl Cess 4y
33,5 aloe 5SS 7S 58, e bl g e

Lo yes 5o (smd90yed (3,5 HLol)S dlwgny Sl Jus jlosliiul 4y by o gl gy o M Sbog) 5 S r09>
cooled )| asile calbisrs (lo6,la5 )L Codi 15 g asrio (Sl L, cwy ol o ols sl ojlasl 4y aisly Slxas 4
28,5 )18 aslllas 3 90 LS LS, 5 izge L]

5018 8 gy 2 9550 ) el 1 5288 115 50 b (ebae e (nl5 sl 30 536 SaleS [V 0] o) Sem 5 gt
i SIS i o s Geb 1) almle Glae 5 ais S eolisl BLL-(g 00 Joo 5l olse (olgs iy jslateas Lo
Coledys 0,8 blod oSl SYolre 9,5 Caws 4y j0 mhaw Oljil g xdge ;e DI uzmen a8 T a5 0 culiz o
ol &1 s o gl ool 5 a5 ala s 15 wogas o |y ¥olan 5 I o g, 5 oolizad
w5k s Gl 8lST Sl b sy 2y xose m el s Jsb 4 (B e S

5 S5 31 oalil b S xSy ¥ b o Ranl slo s 1 (g5l Cetlogy (gmay a2 7] ) em 5 st yo
Slasie p it gloially b dapl > 5 oS> E¥olee il 5l Ly Caliys sl oSl by IS
WL8,5 18 (my 2 S50 i (555 SBls g (SO

3y50 S é (5350 blps by (e b g SIS e lays o] ikl VY] (Ko 5 aile (s
allan 350 1, g JSb 5 il 3 (glo ol il at¥olas cpl U 5 oS S¥oleo (280 51 ua byl ik 15 cas
IR

SOy 5ealS (gl o Zunglio § (e Luoglia ¢ 81T plSxtul  chlisee (sl yiel )l ST puyp a2 VAl B 5 (50l
Doy 400 ol s g inged eolatwl cand- (gl Comslus SJUT g, 5l gy ol jo ol oSl S Lawgi oadicg gas
810 (55l (65 B an T 0 1) (58,8 e (6B slos oS

ObolS (6555 et aiBliprand (alugey slolae SlKe slacs 95 5l ookl (gt cadplnl Dlardo jg e b
ol o5 2l ose sl SaeSSl 5l b orbugh irjorels claoslo o T 5 oolital 5 adge i 5,5
5 555 ool g T oSl b osngis i sonel§ s ol 5 LS Ly 5 S )
odbC gl (D9l (Jgip bl i Sy (AleS Ly g ileS U3, (g 4 Allie 0l 0SB (red el 00 (o)
e e ndge st S5,S Sl 65 esiln S Lol 3l oalial L Izl iy e o a5l 18,8 slaSSsil |
s bl S 3] ot 395 e Tl 5 Sy o5l ¥sln Bl 5 (595 5 eS8 S
Ly 5 leS )18, (59, (15 lacSigil g Glagjsi o8l 5 (i S (29,5 GLolS 695 Sl (oxdge
355 o0 0B i 3550 5 LS

bl &Yoleg Y

Lnly (Jgmshgl 55 Sy GleS Lay g (1leS JB8) (g 2 40 Galiod Gl 50 ik 2rkae (LB CeenS 50 45 5boilen

5 Levy Type
¢Von Karman
7 Homotopy method

Y oxlois [F 0595 INFo¥ Jlo | hoibgh g dib sy Slgo Seilo



e WS LIS (598 (885 A pO b (S815 Sl il b oo Cu gl jeuolS i (LS Ly g (LS LS, ganlllae  FYA

0dls S im0 dal i b Joim—5lgl 5V S 0gd s Bl g 5 sleil g0 50 ol SFAST (650 Jal b o oluil A
Ao oo oyl

I
f A Ner X
z

Ll 99 50 ool olFasT caxi 031wl &y diuly (Joi -y gl i V %

Vi X oslaial o glele U abaly cnl 5o o5 0gd 00 )] 5 abal) Gillae Jgip bl 25 2 oS (obnlr Ol
Dbl e 7 sl o Sbul Wi gy bl o ol

ow(x,t)
U (x,z,t) =u(x,t) + z Fra Vi(x,z,t) =0, Wy(x,zt) =w(x,t) QD)
dle g Oygods ozt 55 Glase ) galal) j0 el &l Sl laae 9 (005 (498 58S (5,95 (el
.oe)fsa
ou w2 0*w de
) _ _ (1 _ Zoxx 4]
Exx T 5y t3 <6x) oxz’ Exx 0x

OOl (65555 S 5 (g yed SVl (lo i 99 52 3l B (55 e V4] ordgarid (13,5 Lol ()95 0
Do s ALy py O ygod 5 (IS galuly alply s )5 e Bl (255

02 02
(1 - (ea)2 )axx = (1 —1? 32 )sxx \D)
il e 5,5 ool sb yiell ks 5 cxdgepmé ol €8 «Suias¥] e E alal, ol 4o a5

BW (2l (slag i SIS 5l 450 Dl 58U (55,5 (5551 sl a0 o5 o] oSl Jolos ¥oleo (538 sl
2305 oo Jol> ol Yoles (53lxe I8 ol g Ol i Gl oS 4y e 5 00l dcsls

205 (o0 Al pjy all, Sl (rdge 2 (26,5 0LILS (6595 (wlel 28U (£85,5 (655 sl 4 o Sl pis

2
85U = f (axx - aa,&?) 5eQav + f D50 da )
14
ol 85,5 6551 ol a4l o Slaad G a4 52 (S LKL g, Sl eslaal o B galaly 0 ¥ ikl (6 IS )
.éé;sn
85U = N& |L+(1vaw+a )5 '
= Noulo ox ox)”
ow\ 0*M ® 2w\ |"
—Ma f Nax) —)owlax  —MWs(= )
0

Jdu w2
N ( )
* (6 2 ox o

83,5 g0 dline 5 Ly Gl g a3l e sl sheS Gloa Mg a9, N alaly el o oS

(1

N=N©® - on
ox s )
N©® = faxdi, ND = —fa,E;)dA
A ox J,

(1
M=MO _ 616\/1_ )

X

Y oolos /8 050 INEeY Sl [ ooivah g asb piiesy Slgo SesilSo



Yra  Sls sl

d
M© = faxxsz, MD = afa,ﬁ?sz
A )

il (2B 955 Akl ol 5o

L
4 =f qéw dx )
0

Sy sn oolitul (g5lme JI5 Lol 5l a8 > Jolas wYolae el sl

tz
(W — 8U)dt = 0 @)
t1
Jol> pj e a5 Gy (og yho 23 L) bl s g Jols OYolae V g # Lalg, o YU sadaly 4 axgi b
;.\JQ;GA
N _
ax
0 (N HW) 9°M “o
dx\  0x ax?
5 02 5 82 (0u | 1 fow)?
(1= Ceay?55) N =aub (1- 25 )(at(a) )
92 9%\ 0*w )
(1 - (ea)2 )M = D11b< — 12 22 )axz
Néulk = 0 M6(8W>L—0 (Naw+aM)6 "o
wo =15 ax)ly ox  0x WO_
du 1 0m2\[" 22w\ |*
® = sl —\ =
N 6(6 (6x)>0 0. M 5(69(2)0 0

055 (ool 5 sabaly 3ok Dt g Aur (S5 o YU sakal) 0 &S

n hj EWD EW
_ 2
A= Zf (1 — )z )dZ Dy, = ZJ <1 — w02 ) dz A\Y)
]:

g g0 Sl g alaly gl CS > WSl (65,0 bbb plpln @yl 18 ol sBASS 5 slel g0 a4y ax i L

22wt

wlg =0, M= %0 0 o)
|t = |t —
N®| =0, MP| =0

Dlor Cewd a5 gamt V¢ abal) gl e |
du 1 /0w\?
4+ (=) =R [QAD)]
6x+2<6x)

aalgm awlre R ol g co drnls ) galaly gub a5 X slinly o ool » oS 65 lpd 4 axgi b aS

NoL

ulx:o =0, ulx:L = _b:n Qh9)
1 (L (aw)? NoL

R=0 0y (5) de =3 (&)

Y oxlois [F 0595 INFo¥ Jlo | hoibgh g dib sy Slgo Seilo



e )5 LIS (5598 (8 a3 yO b (S81F Sl il b oo a9l (o jguolS pu (LS Luy g (LS LS, sadllle  YF-

e e & 5 03 4 bl

82 b w2 8?2 82 a*
(1 - ear ) {(No - 222 (52) ax) 5} + (1 - ) bDus S5 = 0 (%)

1Y T asly oo o el oo ol o | 45 g oo 4135 1135 50 5 sla ol V7 (salad ) (53l g pslasen,

x = LX, w=LW, ea=AylL,
L?Ng L?A

ls = ASGL' ﬂ1 = D1y’ ﬁz = o1 (\V)
1 fow\?

K= 32 fo (E) ax
33,5 on ol e 3y 550 b8 b il s salslas 155 1Y slaalad, 3 VY sead, (s il

d*w aw

déw
A6 T (kAR — Bidj, + 1) xr T (= ﬁ1)—dX2 =0 YA
1 _ atw 1 _ a?w 1 _ O\
Wii=0, “¥j-0 =g

]y IS &S Sloz I YA galal, L,;L..Molfn.:o aJoles
W(X) = Q; cos(w,X) + Q, sin(w,X) + Q3 cosh(w,X) + Q, sinh(w,X) + Q<X + Qg QRY)

4 pj ey G @ g o polie yuores Wl wiales dule (550 il d 5l g e0g ol Qi il ps alaly (pl yo a5

2
2 J(KAIZVL_ﬁIAIZVL"'l) —4(k=p) A3~ (kAR ~B1ARL+1)
1= 212
sa

)

2
2 J(KAIZVL_ﬁIAIZVL"'l) —4(c- 1) A%+ (kAR ~P1AKL+1)
2= 222
sc

5o Jol s by VA galuly g9) 2 VA galal) (6550 Ll Jlasl b
Q1=03=05=0Qs=0
Q, sin(w,) + Q4 sinh(w,) =0 V)
Qz wisin(w;) — Q43 sinh(w;) =0

205 o0 Jol> 5 saatin gadlole VY (galal, Al calolae g0 4 axgi b

(w? + w3) sin(w,) sinh(w,) =0,

Y)
w, =mn, m=123,..

s gliws BB 5 lals, Voo galal) Jol galolas o VY (galal) 4y a>g5 b

1+ m?m2A%; K
(YY)

— 322
br=m'm (1 +m2n2)%, m?m?
W(X) = Q, sin(mmnX)
n.\J"GA Cawd 4y gadml, AV galal, ).>—\ cdolze 0 VY (galayl, pgo galolas (5,105 5

22
K= ﬁzanQg AP
s ity 2] 45 355 o drlims 3 bl illas Qo o Y gl sl calobes o Y gabal, o 3K |
2005 50 ISl YY (gabayl) pgo galolas o

4.2 | B 1+m2n22%; Yo
Q=% B2 \/m2n2 1+m2n22%, (&)
.2 | B 14mPm2%s . 73
wX) = i\/E\[mZnZ Py sin(mnX) %)

Y oolos /8 050 INEeY Sl [ ooivah g asb piiesy Slgo SesilSo



A1 4 I FEARVEY

15 e ¢l b owdiy gli sy jomols (Sl plgs -
Pedier Y Joaz Bl ctanl a8, SIS 15 0 4T (LS S g L esdiia gl glacajselS (SHl pls>

ANV 5 p0 ady 15 0lge (pl95 ) Jguz

dlgo plas Epoxy GPL

E (GPa) Y Ve
p (Kg/md) \Y- o AR AT
v AN <IVAS

Sl )le a5 0gd o0 a8 )5 Sl 0 059l 5y (S eI ol )lEe @595 slp $5) g5 A andllas (pl o
el o ol s ¥ St 4 gl ol 5 0555 O 5 X U ajs8 sl 5

U-GPLRC X-GPLRC O-GPLRC
(390 50 (SIS ey gl o)l @598 slagNINY S

o7 S Vg I a3lioe (255 998 G5 L oaiicusis Cujonels slaas slass NL &S 55300 3 allie ol 59
INV] 55 o dmslno 5 Lasls, 51 calien clogSIl (sl 45wl o 55 ol aY (gly 31,5 clocSL oib

U — GPLRC: VD) = Vyp, (YY)
N 2i-N -1
X — GPLRC: V() = ZVGPLlNiLl (YA)
L
D 2i—N,—1
0 — GPLRC: VD, = 2V, <1 - lNiLl) (Ya)
L

IV ] el (818 slacSM ¢ o> oS JS Vp, YU Lailg, yo a5
WGPL
Wepy + (1 — Wepr) (%)

)

Vepr =

el 553 (S8 SN $iU (S9 S S Wep Vb salail, 5o
Ol Silag S Joo 51 (81,5 Syl b oadicy i (5500lS 3 5l Y 58 50 Sk Jgie (sarmlne gl
IV 00,8 o olo pj sabaly Gub 45 095 o ooliiw] sadedlol (slus

i i EgpL EgpL
ED — §<1+ELTILVG(2L> E + §<1+$rané3 )E n, = ( Em )_1 Ny = ( Em )_1 )
= 0) m 0) mr ML = 7E v Nr =7
8\ 1-nLVgp, 8\ 1-n7Vgp, (Ea—:lL)R’L (g—;L)+fT

abaly cpl ;0 el oo dewlee iy alaly 5l a5 aiiie 815 eSO gl cwais sle e SB Er 9 & YU adall) o
LAl (5..9|)§ (5LQ).L~594L) u.cl?ha 9 uo).c ‘J}]a W)J L tGPL 9 bGPL «Agpr,

§p=2 (ach)’ $r=2 (m) Y)

tgpL tGpL

VO sulsy s 5 0O S8z (31,5 GeSd b onticusil 3eeels 53 5l o sy dabelie (5l Lulul
g oo dmmilne pj laly) Gl

PO = i Vi + parr Vi, )

Y oxlois [F 0595 INFo¥ Jlo | hoibgh g dib sy Slgo Seilo



e )5 LIS (5598 (885 a3 pO b (815 Sl il b oo Cu gl (o jeulS i (LS Luy g (LS L) sanllle  YFY

v = v, U v, Vi), \Ap)

aibios aY 8 6l G sle ooz WS VD =1 = V0 Lalg; ol 4
215 S ol gbray slowi a4 Jo SKiwnly pas owy o —F

ol emsas VE U 8 51 claay¥ olaws o L=10 ) Jguzr SuilSo Lolys = Aso= 0.5 >

0.10
— Num. of Layers=6
— Num. of Layers=8
Ej 0.08 Num. of Layers=10
.»_:_é — Num. of Layers=12
% 0.061 Num. of Layers=14
3
"f; 0.04}
—E 0.02F
R 7 R Y 7 YT 0.035 0040 0045 0.0s0
Buckling Load (Ng, )
(<alh
0.08
— Num. of Layers=6
— Num. of Layers=§
n.06L Num. of Layers=10

— Num. of Layers=12

Num. of Layers=14

Transverse Displacement [P s )

0.02+
0.00 . . , )
0.0235 0.030 0.035 0.040 0.045 0.030
Buckling Load (Ng,)
(<)
0.14 - — Num. of Layers=>6
— Num. of Lavers=8
[ Num. of Layers=10
— Num. of Layers=12
= 010F }
= Num. of Layers=14
g
5 008l
S 06l
2
B
5
g 0.04r
0.02-
0.00 L . .
0.01 0.02 0.03 0.04 0.05
Buckling Load (Ne;)
(&)

X- (@ U-GPLRC(AI sbag joi 9 alisio slaas slaai’ (gl (AleS )b com 32 1o awg a9 (alomlr Hloged ¥ IS
O-GPLRC (o 3 GPLRC

Ngd oo S0 G 4 LS VT UV slaas¥ slass gl Wyimpess Ol poss sl (aseios b jloges 5l as jobylen

Y oolos /8 050 INEeY Sl [ ooivah g asb piiesy Slgo SesilSo



A1 2 R - EQRVEY

a3, a5 o Ve Ly olaws dalol jo cplply ol oo Joiase Y olow jlalace YU a4 Y Ve olaws 1 aS cas o180 g

D9l R

)l) > 5 w* = W(OZS) S ] Ls.o).c ‘S'l.?ul} u‘).u.u s;s...:j)ajj." sole gSJ le).: LJ? W)LH—C‘ )5.‘4..‘414.»
5 ML=As6=0.5 cl> g8 (lp dmslio opl igd o dmolio (Vo] g0 g J mls L N"=8,/m? an gen LwleS

ol gam B USE wims oo iales |y asn lees Caillan gl aF 05,5 e sl =10 58 L 5 di=14s6=0.5

Transverse Displacement (7F7")

0.08

F— Li & Hu-lyp =lge=0.5
0.06]-
0.04

0.021

— Present Work-2y; =1g=0.5
Li & Hu-Ap =1 056=0.5

— Present Work-1;7 =1.05,=0.3

2 F 8
Buckling Load (N7)
oWleS 5L s a3 bl loge B S

S0 oo lid | anglie

oy g i -#

A8y 69y p L s g (255 Lol S (5,95 9 (ro90 e ol Fig S Sl Sl ey Cond (] j0
Dgd oo 48,5 a5 0 ) Jeao millae oole Sl plg> 4 09d oo aSld  ctileS Luy g ctileS
b sl e Lo foges ol 53 45 ysbisled msge bt L=10 5 5 Ani=hse=0.5 il oidl,5 (slacS gl

Ol P sl e 4y g il oo Gl Slme leST (L cas o IV a4 as e oY 5 G S Hlade iol8l

Transwerse Displacement (im0 )

015}

010

0.05F

— Wep =0.3%

— Wapy =0.5%

— Wiapy =0.75%

0.04 0.06 0.08

Buckling Load (Ng,)

(9,18 aslol JSb) U-GPLRC (Al @2 598 9 Alikn (59 pnS Sl bS5 o pod' L ams (y9e (lomler ylo905 & S

Y oxlois [F 0595 INFo¥ Jlo | hoibgh g dib sy Slgo Seilo



e G5 LIS (5598 (885 a3 pO b (815 Sl il b oo Cu gl (o jeulS i (LS Luy g (LS L) sadllle  YFF

— Wem.=03%

— Wap=0.5%

015 — MeL=0.7%

Transverse Displacement (W)

010
0.05F
0_00 A 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Buckling Load (N, )
()
— Wep=0.3%
0.20}
— Wep =0.5%
E — Wap =0.7%
= 0ast
s
g
oot
2
5]
2
£ oost
0.00 : . : .
0.00 0.02 0.04 0.06 0.08 0.10
Buckling Load (Ng;)

(&)

O-GPLRC (o 9 X-GPLRC (& sz 395 9 alico ()9 yS (515t (il 5 o i o Jwng oy (g (2 lmiler 51000d & JSCi
e 2 5 (1S Sl @95 alisee Slagll sl n 5 Ly dw Go bl Slpsd Gamlie Jloges £ SO
sdsliewsas LIh=10 5,8 § ANL=As6=0.5 Cl> o yd /0 S39 S (8l log05 () dms o (lis s (ygas (25leS b
858 G 50 G X 595 Gofl )0 i 4 Slimu (S )b o yiion el ovaline LB S0 )0 a5 j9bjlen ol

28l anlys alS 55 8 by o0se ol (izen 5 b ge Gl LS gl 50 8 Caglie 0gd ogis (1S

— U-GPLRC
0.20F
— X-GPLRC
E — O-GPLRC
= 015t
5
£ 010t
P
5
B
E 005t
0.00 s s
0.00 0.02 0.04 0.06 0.08 0.10

Buckling Load (Ng,)
S5 e gl @ jg o Gl gSIl gl i by w3 (2 lmiler Ol i (G Lo 13905 £ S

Ot GHLeS )l ey (IS Sl Sy gl w58 At oSl sl 5 Loy s G ailmlr Dl et sla loged

Y oolos /8 050 INEeY Sl [ ooivah g asb piiesy Slgo SesilSo



A1 7 - EQRVEY

INL=As6=0.5 b g ao s </ G5 S L/ Glize slacas gl b loged (pl aiiwse canlin B Y JS& o ax

Transverse Displacement (W)

Transverse Displacement (i

Transverse Displacement (W)

=
"

=}
=)
T

=

[=]

b
T

— L/h=10

70.00 0.02 0.04 0.06 0.08 0.10

Buckling Load (Ng. )
(i
0.20
— L/h=10
— L/h=13
— L/h=2
0.13}F L/n=20
010
0.05}
[]_00 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
Buckling Load (N, )
()
— L/h=10
0.20

0.15F

0.02 0.04 0.06 0.08 0.10
Buckling Load (Ng;)

(&)

Slodwlawsds

9 X-GPLRC (o U-GPLRC( ! slagy 3¢5 9 ilicko LIh Comns (gl 6leS jb w1 3 Jawg o (g0 ol 410408 VST

O-GPLRC (o

5 098 oo alS kSl j0 18 Caeglie JIYe w0 Ve LN s (il L el axin G 1 aS b les
il oo oamlin bl (281S slac S 9l x5 g5l a2 )0 Jols gazmil b oo (RS Sl RLeS L Az

Y oxlois [F 0595 INFo¥ Jlo | hoibgh g dib sy Slgo Seilo



e 55 01,5 (5595 (38,5 5 0 b (SB1)F LMy il b oo o gl (9 j9aelS i (AL Ly g (SleS LS, ganillan

Yves

by po0 2bmlr 5 Sl LS L 69, 2 1) RS 0L 6555 9 (o9 e byl s SISTA IS

LIN=10 (5,8 5 a0y + 10 (Gh9 S sl Jloged cul wasse (lad (L8155 SlacsDl o il mei slagSl sl 5
PGV TR S PR A U SN FICY S G O PR Y- PO OP SN [ FRPL ppied | ESRPL St RN PV J L WP PR E v PRI VY LIV
S Ao 5 rizan A5l 5Kz 25 Lol Al ) srbse s sl o ol Al S Sl S L
9 93 oo olas (LSl 3 093 Sl (i Saeglie 25 Bl S SaS A55 pbolS bl ) rdse e gl

Transverse Displacement [Fimiess )

Transverse Displacement (e )

Transverse Displacement (W)

b oo GrolS 5 lawg bl plplo

| — b<lse

— Ll

— M=

0.04 0.06 0.08 0.10

Buckling Load (Ng,)
(b

0.02

=

L

=
=)
T

e

=

b
T

| — La<ls

— M=l

— Lr=lse

0.04 0.06 0.08 0.10

Buckling Load (Ng, )
(<)

0.02

=]
=]
=

=
L

=
=

=

(=]

o
T

| — =l

— Lr=lse

— My <lee

0.04 0.06 0.08 0.10

Buckling Load (Ng,)
(&)

0.02

g alizeo i )5 (LIS (6595 9 (mbg0 sl S piolyly (5l WleS Hb cow g by way (e (2l Hloged A Sl

O-GPLRC (o g X-GPLRC (w U-GPLRC(I glags 565

Y oolos /8 050 INEeY Sl [ ooivah g asb piiesy Slgo SesilSo



PRV Slis aes!

Sy azms -V

2L B Gl 6l b sadcashs (hjeelS (Join —yhsl s o2leS Ly 5 (25leS [L8) gy allie (o
sl iyl s g Waloglive lsd 5l oolitul L 45 & jemipay b i3 1a s adgs et Li)S GbalS 6,55 18,5
6395 silme ) Jol 5l oolial b s g 0l drlone (1S (SlaciSB 1l b ol sl CojenelS il SVl olss
SYslee Soles)s w38 Al (Joip bl z58il oSl O¥olae 00)l5 (198 (2555 Gl 5 (mdge e (25,5 LIS
S g (S39 S et (M55 OIS (6595 5 (290 pE Syl yeis SIS Wl Jo (s g 5 eslanal L
@ aeldl )3 .85 18 (pwyp 3550 5 (LALS Ly g (LS J13) (595 2 LN s i 5 (1S slocS 5L @8
Dy go 0 )Ll snslawsds s 5l slasds
De on Syze (mileS b Giolidl el do o IV G as e Y Sig S lade ioli3l e
b anlgs pals 5 dawy olule cplply g ab co ial38l mileS plp jo 1d Caeglin Jig puS yiol¥l L @
2 Saledyd 9 U msr 658l 5o e X e85 5o ol Gl (AleS™ )L (i 2ol (S5g pS Se 6l @
sl e 351 O a5 555
b oo Gl LS Rl 50 pd Caeglie b Cugli (S oS b bawgs 5 (b g Vb gad 4z e e
oo SRS Sy ileS LYo e IR G bl e
S ol A ) S sl S5 S ST Sl e e il 45 e s o LS e
WSk S8 5 bl el 5l rdse el
oS Rl 50 093 1) (6 i Suglie 5 Bl S SE S A QLS il 5l rdge e el &S s e
lige 2R 5 by bz Galpls 5 aes e (LS

e Cow pod —A
oyl <y yx

E SV Jgoke

P S

v Ol o pd
Ner S g Sl pRleS L

\ o> S

W 2z S

ea o5 pf Sl

Is G555 Okl sk wlde el

Authorship Contribution Statement

Dr. Ahmad Haghani Biography: Assistant professor at department of Mechanical Engineering, Shahrekord
Branch, Islamic Azad University, Shahrekord, Iran.

Contribution Statement: Conceptualization, Methodology, Validation, Formal analysis,
Investigation, Software, Visualization, Writing — original draft, Writing — review & editing,
Resources, Supervision, Project administration.

Y oxlois [F 0595 INFo¥ Jlo | hoibgh g dib sy Slgo Seilo



e G55 LIS (5588 (85 a3 5O b (S81F Sl il b oo Cu gl (U jaaolS p (LIS Luy g (LS HLS) sadlllae | YFA

&1 yo -4

[1] Haghani A, Jahangiri M, Ghaderi R. Nonlinear vibrations of Timoshenko nanobeam using stress driven
nonlocal theory. Physica Scripta. 2022;97:095206.

[2] Zaera R, Serrano O, Fernandez-Séez J. On the consistency of the nonlocal strain gradient elasticity.
International Journal of Engineering Science. 2019;138:65-81.

[3] Wu Q, Chen H, Gao W. Nonlocal strain gradient forced vibrations of FG-GPLRC nanocomposite microbeams.
Engineering with Computers. 2020;36:1739-50.

[4] Ghandourah EE, Daikh AA, Alhawsawi AM, Fallatah OA, Eltaher MA. Bending and buckling of FG-GRNC
laminated plates via quasi-3D nonlocal strain gradient theory. Mathematics. 2022;10:1321.

[5] Gan L-L, She G-L. Nonlinear snap-buckling and resonance of FG-GPLRC curved beams with different
boundary conditions. Geomechanics and Engineering. 2023;32:541-51.

[6] Lv Y, Zhang J, Li L. Thermal buckling and postbuckling of functionally graded multilayer GPL-reinforced
composite beams on nonlinear elastic foundations. Heliyon. 2023;9.

[7] Babaei H, Kiani Y, Zur KK. New insights into nonlinear stability of imperfect nanocomposite beams resting
on a nonlinear medium. Communications in Nonlinear Science and Numerical Simulation. 2023;118:106993.

[8] Sahmani S, Fattahi AM, Ahmed N. Analytical treatment on the nonlocal strain gradient vibrational response of
postbuckled functionally graded porous micro-/nanoplates reinforced with GPL. Engineering with Computers.
2020;36:1559-78.

[9] Zhang J, Yao Y. Strain gradient theory-based vibration analyses for functionally graded microbeams reinforced
by GPL. Physica Scripta. 2024;99:045966.

[10] Pham SD, Karamanli A, Wattanasakulpong N, Vo TP. A Quasi-3D theory for bending, vibration and buckling
analysis of FG-CNTRC and GPLRC curved beams. Structures: Elsevier; 2024. 106431.

[11] Zhang L, Xu Z, Gao M, Xu R, Wang G. Static, dynamic and buckling responses of random functionally
graded beams reinforced by graphene platelets. Engineering Structures. 2023;291:116476.

[12] Shahmohammadi MA, Azhari M, Salehipour H, Thai H-T. Buckling of multilayered CNT/GPL/fibre/polymer
hybrid composite plates resting on elastic support using modified nonlocal first-order plate theory. Mechanics
Based Design of Structures and Machines. 2022;52:1785-810.

[13] Hosseini S, Torabi J, Ansari R, Zabihi A. Geometrically nonlinear electromechanical instability of FG
nanobeams by nonlocal strain gradient theory. International Journal of Structural Stability and Dynamics.
2021;21:2150051.

[14] Jorshari TD, Roudbari MA. A Review on the Mechanical Behavior of Size-Dependent Beams and Plates
using the Nonlocal Strain-Gradient Model. Journal of Basic & Applied Sciences. 2021;17:184-93.

[15] Khorshidi K, Ghasemi M, Bahrami M. Buckling Analysis of a Functionally Graded unidirectional rectangular
Plate considering the surface effect. Mechanics of Advanced and Smart Materials. 2023;3(1)21-53.

[16] Khorshidi K, Karimi M, Rezaeisaray M. Piezoelectric Energy Harvesting from Functionally Graded Beams
Using Modified Shear Deformation Theories. Mechanics of Advanced and Smart Materials. 2022;1(2):136-
154,

[17] Hosseini-Hashemi K, Talebitooti R, Hosseini-Hashemi SH. The exact characteristic equation of frequency
and mode shape for transverse vibrations of non-uniform and nonhomogeneous Euler Bernoulli beam with
general non-classical boundary conditions at both ends. Mechanics of Advanced and Smart Materials. 2023;
3(1): 1-20.

[18] Taheri M, Ghane F. Investigating the effective parameters on the mechanical properties of composites
reinforced by jute fiber in the compression molding process. Mechanics of Advanced and Smart Materials.
2024;3(4):413-431.

[19] Lim C, Zhang G, Reddy J. A higher-order nonlocal elasticity and strain gradient theory and its applications
in wave propagation. Journal of the Mechanics and Physics of Solids. 2015;78:298-313.

[20] Li L, Hu Y. Buckling analysis of size-dependent nonlinear beams based on a nonlocal strain gradient theory.
International Journal of Engineering Science. 2015;97:84-94.

Y oolos /8 050 INEeY Sl [ ooivah g asb piiesy Slgo SesilSo



Y Sl vwesl

[21] Haghani A, Kiani Y. Closed Form Expressions for Nonlinear Analysis of FG-GPLRC Beam Under Thermal
Loading: Thermal Postbuckling and Nonlinear Bending. International Journal of Structural Stability and
Dynamics. 2024;24:2450016.

Y oxlois [F 0595 INFo¥ Jlo | hoibgh g dib sy Slgo Seilo



