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ABSTRACT

In this paper, we present a non-local non-linear finite element formulation for the Timoshenko beam
theory. The proposed formulation also takes into consideration the surface stress effects. Eringen's non-
local differential model has been used to rewrite the non-local stress resultants in terms of non-local
displacements. Geometric non-linearities are taken into account by using the Green-Lagrange strain
tensor. A C° beam element with three degrees of freedom has been developed. Numerical solutions are
obtained by performing a non-linear analysis for bending and free vibration cases. Simply supported and
clamped boundary conditions have been considered in the numerical examples. A parametric study has
been performed to understand the effect of non-local parameter and surface stresses on deflection and
vibration characteristics of the beam. The solutions are compared with the analytical solutions available
in the literature. It has been shown that non-local effect does not exist in the nano-cantilever beam
(Euler-Bernoulli beam) subjected to concentrated load at the end. However, there is a significant effect
of non-local parameter on deflections for other load cases such as uniformly distributed load and
sinusoidally distributed load (Cheng et al. (2015) [10]). In this work it has been shown that for a
cantilever beam with concentrated load at free end, there is definitely a dependency on non-local
parameter when Timoshenko beam theory is used. Also the effect of local and non-local boundary
conditions has been demonstrated in this example. The example has also been worked out for other
loading cases such as uniformly distributed force and sinusoidally varying force. The effect of the local or

non-local boundary conditions on the end deflection in all these cases has also been brought out.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The classical theory of hyperelasticity is used to solve a large
number of problems in engineering, wherein the stress at a given
point uniquely depends on the current values and possibly also the
previous history of deformation and temperature at that point
only. Deformation in this case is characterized by the deformation
gradient or by an appropriate strain tensor, that is, it is fully
determined by the first gradient of the displacement field. In
modeling micro/nano structures where the size effect becomes
prominent, for example, study of elastic waves when dispersion
effect is taken to account and the determination of stress at the
crack tip when the singularity of the solution is of concern, the
classical theory cannot model the material behavior accurately.

The inhomogeneities present in any material at the microscopic
scale influence its properties at the macroscopic scale: materials such
as suspensions, blood flows, liquid crystals, porous media, polymeric
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substances, solids with microcracks, dislocations, turbulent fluids with
vortices, and composites point to the need for incorporating micro-
motions in continuum mechanical formulations [13]. There has been
considerable focus towards the development of generalized continuum
theories [19] that account for the inherent microstructure in such
natural and engineering materials (see [36,15]). The notion of general-
ized continua unifies several extended continuum theories that
account for such a size dependence due to the underlying micro-
structure of the material. A systematic overview and detailed discus-
sion of generalized continuum theories has been given by Bazant and
Jirasek [8]. These theories can be categorized as gradient continuum
theories (see works by Mindilin et al. [45-47], Toupin [68], Steinmann
et al. [13,34,66,37], and Casterzene et al. [52], Fleck et al. [20,63], Askes
et al. [3-5]), microcontinuum theories (see works by Eringen
[18,16,19]), Steinmann et al. [35,28], and non-local continuum theories
(see works by Eringen [17], Jirasek [33], Reddy [54], and others
[7,12,51,10]). Recently, the higher order gradient theory for finite
deformation has been elaborated (for instance see [21,38,39,52]),
within classical continuum mechanics in the context of homogeniza-
tion approaches. A comparison of various higher order gradient
theories can be found in [20]. A more detailed formulation of
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gradient approach in spatial and material setting has been presented
in [35].

Classical continuum mechanics takes exclusively the bulk into
account, nevertheless, neglecting possible contributions from the
surface of the deformable body. However, surface effects play a crucial
role in the material behavior, the most prominent example being
surface tension. A mathematical framework was first developed by
Gurtin [23] to study the mechanical behavior of material surfaces. The
effect of surface stress on wave propagation in solids has also been
studied by Gurtin [24]. The tensorial nature of surface stress was
established using the force and moment balance laws. Bodies whose
boundaries are material surfaces are discussed and the relation
between surface and body stress examined in a recent work by
Steinmann [64] and by Hamilton [25]. The surface effects have been
applied to modeling two [31] and three-dimensional continua in the
frame work of finite element method (see [32,14]). Similar studies on
static analysis of nanobeams using non-local finite element models
have been done by Mahmoud [43].

The focus of this work is on non-local non-linear formulation
together with surface effects for static and free vibration analysis of
Timoshenko beams. The non-local formulations can be of integral-
type formulations with weighted spatial averaging or by implicit
gradient models which are categorized as strongly non-local, while
weakly non-local theories include for instance explicit gradient
models [8]. Herein we consider a strongly non-local problem. The
Timoshenko beam can be considered as a specific onedimensional
version of a Cosserat continuum. Recently various beam theories
such as Euler-Bernoulli, Timoshenko, Reddy, and Levinson beam
theories were reformulated using Eringen's non-local differential
constitutive model by Reddy [54]. The analytical solutions for
bending, buckling and free vibrations were also presented in [54].
Various shear deformation beam theories were also reformulated in
recent works by Reddy [55] using non-local differential constitutive
relations. Similar works have been done to study bending, buckling
and free vibration of nanobeams by Aydogdu [7], Civalek [12].

Eringen's non-local elasticity theory has also been applied to
study bending, buckling and vibration of nanobeams using
Timoshenko beam theory (see [40,60,72,48]). Numerical solutions
were obtained by a meshless method. Two different collocation
techniques, global (RDF) and local (RDF-FD), were used with multi-
quadrics radial basis functions by Roque et al. [58]. Static deforma-
tion of micro- and nano-structures was studied using non-local
Euler-Bernoulli and Timoshenko beam theory and explicit solutions
have been derived for deformations for standard boundary condi-
tions by Wang et al. (see [71,70]). Analytical solutions for beam
bending problems for different boundary conditions were derived
using non-local elasticity theory and Timoshenko beam theory by
Wang et al. [69]. Iterative non-local elasticity for Kirchhoff plates has
been presented in [62]. Thai et al. [67] developed a non-local shear
deformation beam theory with a higher order displacement field
that does not require shear correction factors. Some explicit solu-
tions involving trigonometric expansions are also presented recently
for non-local analysis of beams [74]. A finite element framework for
non-local analysis of beams has also been made in a recent work by
Sciarra et al. [61]. Size effects on elastic moduli of plate like
nanomaterials have been studied in [65].

Non-local elastic rod models have been developed to investigate the
small-scale effect on axial vibrations of the nanorods by Aydogdu [6]
and Adhikari et al. [1]. Free vibration analysis of microtubules based on
non-local theory and Euler-Bernoulli beam theory was done by Civalek
et al. [12]. Free vibration analysis of functionally graded carbon
nanotube with various thickness based on Timoshenko beam theory
has been investigated to obtain numerical solutions using the Differ-
ential Quadrature Method (DQM) by Janghorban et al. [30] and others
(see [11,27,2]). Studies to understand thermal vibration of single wall
carbon nanotube embedded in an elastic medium using DQM have also

been reported in [49]. The recent studies have been towards the
application of non-local non-linear formulations for the vibration
analysis of functionally graded beams [53]. Analytical study on the
non-linear free vibration of functionally graded nanobeams incorp-
orating surface effects has been presented in [26,59,42]. The effect of
non-local parameter, surface elasticity modulus and residual surface
stress on the vibrational frequencies of Timoshenko beam has been
studied in [73,41]. The coupling between non-local effect and surface
stress effect for the non-linear free vibration case of nanobeams has
been studied in [29]. The effect of surface stresses on bending proper-
ties of metal nanowires is presented in [75]. There has been some
works on transforming non-local approaches to gradient type formula-
tions [9]. Semi-analytical approach for large amplitude free vibration
and buckling of non-local functionally graded beams has been reported
in [50].

In this paper, we present a non-local non-linear finite element
formulation for the Timoshenko beam theory. The proposed
formulation takes into consideration the surface stress effects.
Eringen's non-local differential model has been used to write the
non-local stress resultants. Geometric non-linearities are taken
into account by using Green-Lagrange strain tensor. Numerical
solutions are obtained by performing a non-linear analysis for
bending and free vibration cases. Simply supported and clamped
boundary conditions have been considered in the numerical
examples. A parametric study has been performed to understand
the effect of non-locality and surface stresses on deflection and
vibration characteristics of the beam. The solutions are compared
with the analytical solutions available in the literature. The
following Section 2 gives a background on Eringen's non-local
theory. Section 3 gives the mathematical formulation for the non-
local Timoshenko beam theory. The finite element formulation
for the Timoshenko beam theory is explained in Section 4. In
Section 5 numerical examples are presented together with para-
metric studies to demonstrate the effect of non-local and surface
stresses on the bending and vibration characteristics of the beam.

2. Non-local theories

In classical elasticity, stress at a point is a function of strain at that
point. Whereas in non-local elasticity, stress at a point is a function
of strains at all points in the continuum. In non-local theories, forces
between the atoms and internal length scale are considered in the
constitutive equation. Non-local theory was first introduced by
Eringen [19]. According to Eringen, the stress field at a point x in
an elastic continuum not only depends on the strain field at that
point but also on the strains at all other points of the body. Eringen
attributed this fact to the atomic theory of lattice dynamics and
experimental observation on phonon dispersion. The non-local
stress tensor ¢ at a point x in the continuum is expressed as

6= /K(|x’—x|,r)t(x/) dx’ (1)

where t(x) is the classical macroscopic stress tensor at point x and
the kernel function K(|x' —X|, 7) represents the non-local modulus,
| X' —x| is the distance and 7 is the material constant that depends
on internal and external characteristic lengths.

Stress and strain at a point are related to each other by Hooke's
law as

t(x) = C(X) : &(X) (2)

where t is the macroscopic stress tensor, € is the strain tensor, C is
the fourth-order elasticity tensor and ‘' denotes double dot
product. Egs. (1) and (2) together form the non-local constitutive
equations of Hookean solid. Constitutive equations can also be
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expressed in equivalent differential form as

(1-72Pv3)5 =t 3)

T="2" C))

where eg is a material constant, and a and [ are the internal and
external characteristic lengths respectively.

3. Mathematical formulations
3.1. Classical Timoshenko beam theory

In Timoshenko beam theory, the effects of shear deformation
are also considered. A linear distribution of transverse shear stress
is assumed. The displacement field is given by

u=u(x,t)+zp, (5a)
w=w(x,t) (5b)

where ¢, is the measure of rotation of the beam cross-section. The
non-zero components of Lagrangian strain tensor can be written as

e |du, 1dwN? g,
= aﬁ(a) T
= [eQ] +2[e] (6a)
1 d
e=3(0+ ) (6b)
1
szzzi(pf (6¢)

Since €, is positive and non-zero, two-dimensional Hooke's law
should be used. But it makes the beam flexible by 38% [56]. So, its
contribution is through certain material length scale parameters (see
[56,57]). Therefore, for an isotropic material, following stress—strain
relationship is used:

o =Eex+aey, (73)
oy, = GKsy,, (7b)
0r = Uxx+ P (70)
0 =10+ E e (7d)

where @ and f are certain material length scale parameters (for
example, in the case of a soft material embedded with hard
inclusions they may describe the geometry and distribution of the
hard inclusions), and E, G and Ks(=%) are Young's moduli, shear
moduli, and shear correction factor, respectively. ¢° is the surface
stress in the direction of the length of the beam (see [23,22]). The
stress resultants can be written as

Nxx:/axxdmffds 8a)

A r

My = / oz dA+ }1{ o’z ds (8b)
JA JI

N, = /A 02 dA 80)

Ny — / 6, dA 8d)
A

Using Eqgs. (6) and (7), the stress resultants in Eq. (8) can be written
as

Nex =AeQ) +Ce,+27%b+h) (9a)

My = Dell) (9b)
N, =CeQ +Fe,, (90
Nyz =Gy, (9d)
where

A =EA+2E5(b+h) (10a)
C=0aA (10b)
D =EI+F° h63 bgz (100)
F=pA (10d)
G =KGA (10e)

3.2. Non-local Timoshenko beam theory

Using Eq. (3), the non-local stress resultants in terms of strains
can be written as

dZan N
N = p o — 2 AeQ +Cer+27°(b+h) (11)
2 p gl
M — Moy ey (12)
dx?
NM =CeQ +Fe,, (13)
d2an N
N)r(lé =Hu < 4 nyz (14)
dx?

3.3. Equations of motion

By using the principle of virtual work, the equations of motion
for the classical Timoshenko beam can be obtained as

dN. d’u

dxx+fx7m0d2 (15)
d dw dzw
Mt NG|+ =me Y (16)
dM d?

o= (N +Nozgpy) = m]dTZD a7
where
m; = //)zi dA

A

and f, and f, are the axially and transversely distributed forces,
respectively. The boundary conditions are

Geometric: u,w,,

dw

Force: Ny, Ny, +N”‘K’ M

Considering the stress resultants in Eqgs. (15)-(17) to be non-local
and using the relations from (11) to (17), the following equations
for non-local stress resultants are obtained:

3
| i > df d’u
NQX:AS;?C)+C822+ZTO(b+h) /,ld):—‘,—/,l dedtz

(18a)


https://www.researchgate.net/publication/264050023_Nonlinear_theories_of_beams_and_plates_accounting_for_moderate_rotations_and_material_length_scales?el=1_x_8&enrichId=rgreq-4d4137dfd9e1c5e3f1135d8f59d1e3ad-XXX&enrichSource=Y292ZXJQYWdlOzMwODc0MjU1MjtBUzo0MTE4MzgwMjcxOTAyNzJAMTQ3NTIwMTI0NTQ3Nw==
https://www.researchgate.net/publication/256203958_Surface_stress_in_solids?el=1_x_8&enrichId=rgreq-4d4137dfd9e1c5e3f1135d8f59d1e3ad-XXX&enrichSource=Y292ZXJQYWdlOzMwODc0MjU1MjtBUzo0MTE4MzgwMjcxOTAyNzJAMTQ3NTIwMTI0NTQ3Nw==
https://www.researchgate.net/publication/225935208_A_Continuum_Theory_of_Elastic_Material_Surfaces?el=1_x_8&enrichId=rgreq-4d4137dfd9e1c5e3f1135d8f59d1e3ad-XXX&enrichSource=Y292ZXJQYWdlOzMwODc0MjU1MjtBUzo0MTE4MzgwMjcxOTAyNzJAMTQ3NTIwMTI0NTQ3Nw==
https://www.researchgate.net/publication/268038053_Non-linear_analysis_of_functionally_graded_microbeams_using_Eringens_non-local_differential_model?el=1_x_8&enrichId=rgreq-4d4137dfd9e1c5e3f1135d8f59d1e3ad-XXX&enrichSource=Y292ZXJQYWdlOzMwODc0MjU1MjtBUzo0MTE4MzgwMjcxOTAyNzJAMTQ3NTIwMTI0NTQ3Nw==
https://www.researchgate.net/publication/268038053_Non-linear_analysis_of_functionally_graded_microbeams_using_Eringens_non-local_differential_model?el=1_x_8&enrichId=rgreq-4d4137dfd9e1c5e3f1135d8f59d1e3ad-XXX&enrichSource=Y292ZXJQYWdlOzMwODc0MjU1MjtBUzo0MTE4MzgwMjcxOTAyNzJAMTQ3NTIwMTI0NTQ3Nw==

P. Kasirajan et al. / International Journal of Non-Linear Mechanics 76 (2015) 100-111 103

o d*w
dxd2 T 2 uf,

M = Del) +pum, R

7/4; <A£(O)+C822+210(b+h) /AC;::+,M Od dZ)i;ﬂ

+ﬂ%[<(~"s§g)+l:'£zz)(px] (18b)
N =CeQ +Fe,, (180)
N = Gy 'udfz

2

d 50 0 df, d’u \dw
_”WKAS +Cer+27%b+h)— —Hg THM 0 dl ) &

(18d)

It is clearly seen in the above equation that the non-locality
reduces the resistance offered by the beam to the external forces.
By substituting the expressions for non-local stress resultants (18)
back in the equations of motion (15) to (17), we obtain the
equilibrium equation for non-local Timoshenko beam theory
including surface stress effects as

d*u du d ~ d
c-_ ) 0 _ Y
modr2 ﬂmodxzdt dx(As +Céez,+27°(b+h) ”dx>+f"
(19)
w d'w d d*f,
Odt2 7”‘”0dxzdt dX< yXZ) d Jrfz
d[( . df du \dw
(0) 0 X
+dx{<A8"" +Céz+27°(b+h)— Hix +pm Od dt2>dx}

3

d ~ df dw
_y_ (0) 0 X aw
'udx3 KAS +Céeyp+27%b+H)— —H g THM o dr 2> dx} (20)

dz%c d4¢x d 1) = )
mq i ﬂlm]dxzdt dX(De ) GYy,— (px( Ex +F£ZZ)

n ﬂ(;‘_;[(ﬁsggwﬁga)%} @1

4. Finite element formulation

The principle of virtual work for the Timoshenko beam has the
form

0= / INUSeQ + MU Sel) + NSy, + N2 Se,,
—fxou—f,0w+mplidu+mewdw +my pop] dx —Q16u(0)
—Q46u(l) — Q26wW(0) — Qs6w(h) — Q36¢(0) — Qs5¢(0) (22)

After substituting the expressions for stress resultants from
Eq. (18) into Eq. (22), we obtain

T ol /. f d3
0:/ / (As(’+Cezz+210(b+H) U "+;4modd >6<°)
0 0

2

N & d°w
+ <D8§<}<’+,um1 L + pump—s-

58(1)
dxdt? iz z)

d © 0 df dw |
ﬂdeAexx +Cezr+27%b+H)— H gy THM od dt2 o | 6%

d - dPw  d
+hgy [(Ceﬁ&#Fszz)gax}&g(” <nyz+,umod e —/4({;)5;/)(2

—p

© f dw
<A£XX)+CSZZ+21°(b+H) Fgx X +,um0d dt2> I ]57/,(2

+ (63;92 +Fszz) Sz —f Su—f,ow

+moudu+m;wéw+m; g, 6¢, dx
— [Q16u(xa) + Qabu(xp) + Q26W(Xa) + Qs 6W(Xy) + Q369(Xa) + Qs Sp(xp)| T
(23)

The underlined expressions in the above equation do not allow us
to construct a quadratic functional. So after omitting the under-

lined expressions in Eq. (23), it can be equivalently written into the
following three equations:
Tt > d d’u \déu
0) 0 o x -
/0 /0 [(Aexx +Céz+277(b+H) H i +'um0dxdt2 X
—fxOu+mgiidu] dx
—[Q16u(xa)+ Qqdu(xy)] dT =0 (24)

//<A8‘0’+Cezz+210(b+H) /t({x“rﬂ Odd2>f1‘;<vdi‘</v

dxdt? Fax | dx

—f 0w+ moewow dx
—[Q20W(Xa)+Q50W(xp)] AT =0 (25)

Tl dw  df

Gy, +um Z 15
/0 /0<sz H Od dt ﬂdx Py
+<De“>+/ml =Py od—W—Hfz>
-[Q

3
( L2 cw dfz> dsw

dég,

dxdt de?
+(CeQ +Fezz) @OP+ MG, O, dx
5(px(xa) + QGé(px(Xb)} dr=0 (26)

The generalized displacements (u,w,@,) are approximated
using the Lagrange interpolation functions

u(x) = ZA v (%) (27a)
j=1
wE =Y AP (27b)
j=1
P 3.3
70=> ApP® 7¢)

=1

By substituting Eq. (27) for @, W and @,, and putting &u =y,
6w =y?, 6@, =y} into the weak form statements (24)-(26), the
finite element model of the Timoshenko beam can be expressed as

Kll K12 K13 A1 Mll M12 M13 s Fl
K21 K22 K23 AZ + M21 MZZ M23 { A 1 AA } — FZ (28)
K31 K32 K33 A3 M31 M32 M33 F3

where the stiffness coefficients K;ﬂ , mass matrix coefficients M;ﬂ
and force coefficients F{ (a, f#=1,2,3) are defined as follows:

M g (1)
Kiljlz/ Ad‘//z Y

dx dx
@
2 [Mdwdy) dy;
Ky = 2A dx dx dx dx

dyV
13 _ i 3)
K / ZC(pX l 1//] dx

)
21 dwdy ? dy/;
K _/Adx dx dx d
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Table 1
Variation of non-dimensionalized central deflection W for various L/H ratios and
non-local parameter x (for L/H = 100).

u Reddy [54] Thai [67] W (present)
0 1.3134 1.3024 1.3024
1 1.4492 1.4274 1.4274
2 1.5849 1.5525 1.5524
3 1.7207 1.6775 1.6774
4 1.8565 1.8025 1.8024
5
£ 4
=}
E
23
=
s}
=
5}
<2
[}
=
—
B
1y
(@) H
0e
0 5 10 15 20 25

Intensity of distributed load, ¢y (in N/m)

Fig. 1. Plot of load versus transverse center deflection for C-C beam and S-S beam
under sinusoidally distributed load.

(2)
K2 _ Gdy/lz) dy;
v dx dx

1) /dw 5 | dy'? dy (2)
+§{A<a) +C( X)} i dx dx (29)

K3 = / Gy dx

)
dy
<31 / & x'/’?) ]

(2)

dy;
32 _ i
K / Gy/ - dx

dx

dl// 3) dw(3)
33 _ i (3),,3)
K / D dx dx ax ¢ l//' i

LU AN YR C N
+§{C<K> +F(o,) }wi Wy dx

dllll)d'l/(l)
Mj' = moy My pumo—l——
(1)
V2 — Odel/I(z)dV/
y dx dx dx
d ) d’l/(z)
V2 = map Py o 30
dw(z) dl//
M3 = pmoyr '~ —+ pmo—g Ly f?

(3) dw(3)
3),,,3)
dx dx MY

Mj?=0, M?=0, M’=0, M;'=0

33
My” = pmy

! df, dy'\V
1_ ) Wi
Fi /o {fxll/, T dx dx

+ Q"0+ QM)

(1)
—20%b+h) i "" }dx

dx dx dx| dx
+ QP (0)+QsyP ()

2) (2)
F2 / {fZW(Z) {@_‘_%dﬂ} dWl _27 0(b+h)del//x }dX

d
Fi = / { ‘gx +({;wf3> dx-+Qsy P (0)+ Qe (D 31

5. Numerical results

In this section we will present numerical examples to demon-
strate the application of the above discussed non-local non-linear
formulation. The first example deals with non-local non-linear
bending analysis of beams and the second example deals with
non-local non-linear free vibration analysis of beams. Various
boundary conditions, such as both ends simply supported (S-S)
and both ends clamped (C-C), are considered. Two cases of load
distribution (uniformly distributed load and sinusoidally distributed
load) with load intensity qo are considered. Numerical implementa-
tion is made after developing a MATLAB code for the Timoshenko
beam finite element as discussed in the previous section.

Based on the non-local non-linear analysis of the beam, a
parametric study has been performed for all the boundary condi-
tions considered. For the static bending analysis the following
cases are considered for the parametric study, namely (a) the
effect of non-local parameter g, (b) the effect of surface modulus E;
and (c) the effect of surface tension parameter 7 on the non-linear
behavior of the beam. For the dynamic analysis the effect of non-
local parameter ¢ on (a) the variation of fundamental frequency
ratio with aspect ratio (b) surface frequency ratio versus amplitude
ratio (c) the effect of surface modulus E; on the variation of
fundamental frequency with aspect ratio of the beam are con-
sidered for the parametric study.

5.1. Example 1: static bending analysis

In this example a beam with aspect ratio L/H varying from 10 to
100 is considered for the non-local non-linear bending analysis.
The material properties of the beam are taken as elastic modulus,
E=17.73 x 10'° N/m? and Poisson’s ratio v = 0.27. The breadth B
and height H of the beam are taken as 1 nm. Simply supported (S-
S) and clamped (C-C) boundary conditions are considered. Taking
the symmetry of the beam (about x =L/2) in both cases, one half
of the beam is only considered for analysis. The boundary condi-
tions for the two cases read as

S-S beam :
C-Cbeam :

Wx=0=0, Ux=12=0, Pp_12=0

=0, Wx=0=0, Pn_q=0

U =0)

For verification of the non-local non-linear analysis results
obtained from the present study as a specific case the linear analysis
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results are compared with the analytical solutions given by Reddy
[54] and with other methods available in the literature [67]. Table 1

gives the values of dimensionless static deflection W = %W—E’ for
0

various values of non-local parameter y ranging from 0 to 4. It is
observed that with increase in the non-local parameter there is an
increase in the dimensionless central deflection w. This clearly
shows a decrease in the stiffness with increase in the non-local
parameter, and the trends and values obtained from present analysis
are very close to the analytical results.

To study the effect of non-local parameter y on the non-linear
behavior of the beam, the non-local parameter y is varied from
0 to 5nm?. S-S and C-C boundary conditions are considered. A
non-linear non-local analysis is performed. The plot of intensity of
sinusoidally distributed load versus the central deflection w is
shown in Fig. 1. It is observed that for both S-S and C-C boundary
conditions with increase in the non-local parameter yu there is an
increase in the non-linear behavior and the values of the central
deflection w. As expected the deflections in simply supported case
are higher than those with clamped boundary conditions.

To study the effect of the surface modulus Es on the non-local
non-linear behavior, the surface modulus values of (Es) 0 N/m,
13 N/m and —3 N/m are taken. The plot of intensity of sinusoidally
distributed load versus the central deflection w for various surface
modulus is shown in Fig. 2(a) and (b). It is observed that for both
S-S and C-C boundary conditions the effect of considering the
surface effects results in an increased value of stiffness and hence a

O]

o w o~

—_

Center deflection, w (in nm)

Intensity of distributed load, ¢y (in N/m)

reduction in the deflection of the beam. Positive value of E; tends
to increase the stiffness of the beam and hence results in reduced
deflection. On the contrary, negative value of E; reduces the
stiffness of the beam and results in increased deflection. As
expected, the deflections in simply supported case are higher than
those with clamped boundary conditions.

To study the effect of surface tension 7 on the non-local non-
linear bending behavior, a surface tension value of 7=1.7 N/m is
taken for the analysis. It is observed that non-local effect tends to
relax the stiffness of the beam resulting in increased deflection as
seen from Fig. 1. On the contrary the surface tension (7) stiffens the
beam and reduces the deflections. A plot of load versus transverse
center deflection for SS and CC beams for different values of 7 is
presented in Fig. 3(a) and (b).

5.2. Example 2: dynamic analysis

In this example a beam with aspect ratio L/H varying from 10 to
100 is considered for the non-local non-linear free vibration
analysis. The material properties of the beam are taken as elastic
modulus, E=17.73 x 10'° N/m?2 and Poisson's ratio v = 0.27. The
width B and height H of the beam both are taken as 1 nm. Simply
supported (S-S) and clamped (C-C) boundary conditions are
considered. Taking the symmetry of the beam about x=L/2 in
both cases, one half of the beam is modeled.

b

w

[\

—_

Center deflection, w (in nm)

Intensity of distributed load, ¢y (in N/m)

Fig. 2. Plot of load versus transverse center deflection for various values of surface parameter (E;) for (a) S-S beam and (b) C-C beam under sinusoidally distributed load.
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[\ w W~

Center deflection, w (in nm)
—

[\) w

Center deflection, w (in nm)
—

Intensity of distributed load, gp (in N/m)

Intensity of distributed load, gy (in N/m)

Fig. 3. Load versus transverse center deflection plot for different values of surface parameter (z) for (a) SS beam and (b) CC beam under sinusoidally distributed load.
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For a verification of the non-local non-linear free vibration
analysis results obtained from the present study as a specific case
the linear and the non-linear analysis results are compared with
the analytical solutions given by Reddy [54] and with other
methods available in the literature [67]. Table 2 gives the values

of non-dimensionalized natural frequency @ = @ x I B for var-

ious values of non-local parameter y ranging from 0 to 4. It is
observed that with increase in the non-local parameter there is a
decrease in the dimensionless natural frequency @. This clearly
reflects a decrease in the stiffness with increase in the non-local
parameter and the trends and values obtained from present
analysis are very close to the analytical results.

Table 3 contains the values of frequency parameter (ratio of
non-linear natural frequency to linear natural frequency) for
different amplitude ratio obtained from a non-linear analysis.
The results are compared to those obtained from the DQM [44]
and from the Ritz method [42]. There is an increase in frequency
parameter with increase in amplitude ratio.

To study the effect of non-local parameter on the variation of
frequency ratio with the aspect ratio of the beam, various non-
local parameters ¢ from O to 5 are considered. The frequency ratio

Table 2
Variation of the dimensionless natural frequency ratio obtained from linear analysis
for various non-local parameter x (for L/H = 100).

u Reddy [54] Thai [67] @ (present)

0 9.8683 9.8679 9.8677

1 9.4147 9.4143 9.4141

2 9.0183 9.0180 9.0179

3 8.6682 8.6678 8.6676

4 8.3558 8.3555 8.3553
Table 3

Variation of frequency parameter (@yon_jinear/@iinear) With various amplitude ratios
for a non-linear analysis.

W /1 DQM [44] RM [42] Present

1 1.0630 1.0486 1.0465

2 1.2505 1.1794 1.1751

3 1.5987 1.3635 1.3626
a

Frequency ratio

10 20 30
Aspect ratio, L/H

B
[es}
at
o

is defined as

wp(with non — local effect)
wpy(without non — local effect)

Frequency ratio =

The plot of frequency ratio versus aspect ratio L/H for S-S and
C-C beams is presented in Fig. 4. It is observed that with the
inclusion of non-local parameter there is a stiffening effect on the
beam, thereby resulting in lower values of natural frequencies. For
the values of L/H less than 25, the difference in frequencies for
different values of y is very prominent. The trend is same for both
S-S and C-C beams.

To study the effect of non-local parameter on the variation of
surface frequency ratio with the aspect ratio of the beam, various
non-local parameters ¢ from 0 to 5 are considered. The surface
frequency ratio is defined as

wy(with surface effect)

Surface frequency ratio = -
q y wp(without surface effect)

The plot of surface frequency ratio versus amplitude ratio plots
for both beam cases is presented in Fig. 5 for various values of p.
On the contrary to non-local effect, surface effect stiffens the beam
which results in higher frequencies.

The effect of non-local parameter on non-linear natural fre-
quency variation with aspect ratio is studied. The plots for both
S-S and C-C beam cases are presented in Fig. 6. Positive values of
E; stiffen the beam and thus resulting in higher frequencies.
Negative values of Es have the opposite effect and decrease the
frequencies. Surface tension 7 has no effect on the vibration
characteristics of the beam.

5.3. Example 3: cantilever beam example

In this example a cantilever beam with aspect ratio L/H varying
from 10 to 50 is considered for the non-local non-linear bending
analysis. The material properties of the beam are taken as elastic
modulus, E=17.73 x 10'° N/m? and Poisson's ratio v =0.27. The
breadth B and height H of the beam are taken as 1 nm. The non-local
parameter is varied from O to 5. In an earlier work [10] it has been
shown that non-local effect does not exist in the nano-cantilever
beam (Euler-Bernoulli beam) subjected to concentrated load at the
end. However, it is shown in [10] that there is a significant effect of
non-local parameter on deflections for other load cases such as
uniformly distributed load and sinusoidally distributed load. In this
study example, we mainly concentrate on studying the behavior of

opu=1nm
o =2nm
0.97 <y =3 nm
o =4nm
o =5 nm

Frequency ratio

NN NN N

10 20 30 40 50
Aspect ratio, L/H

Fig. 4. Frequency ratio versus aspect ratio L/H for (a) S-S beam and (b) C-C beam for different values of non-local parameter (u).
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Fig. 5. Surface frequency ratio versus amplitude ratio (W, /r) for (a) S-S beam and (b) C-C beam for different values of non-local parameter (u).
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Fig. 6. Non-linear natural frequency versus aspect ratio L/H for (a) S-S beam and (b) C-C beam for different values of surface parameter (Ej).

b
1.756 1
=175 | 0.95
‘ i _
o =0
X 178 ) 0.90 +Z =2 nm?
Z 1. Z 0. D 5
5 D’d@ w=4nm
gs 1.744 £ 0.85
[} (]
g 3
) A
g 1.740 0.80
m
. 0.75
! 7360 1 2 3 4 5 10 20 35 40 50
Nonlocal Parameter, p (in nm?) Aspect Ratio, L/H

Fig. 7. (a) Non-local parameter versus end deflection of the cantilever beam subjected to point load (Qy = 10 N) at the end (for L/H = 50). (b) Aspect ratio versus ratio of end
deflection of the cantilever beam for different values of non-local parameter when subjected to the point load at the end (Qo =10 N).

cantilever beams subjected to different load conditions namely a Let us consider the transversely applied point load case on the
point load at free end, uniformly distributed force and sinusoidally cantilever beam as dirac delta function given as

varying force. The beam has been modeled using the Timoshenko P = Qod(Xx—xy) 32)
beam formulation. The effect of the local or non-local boundary 0 P
conditions on the end deflection has also been brought out. where Qo is the point load applied at the point x,, on the beam.
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deflection of the cantilever beam for different values of non-local parameter when subjected to uniformly varying load (g, = 10 N).
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By using the principle of virtual work, the equations of
equilibrium for the Timoshenko beam can be obtained as

dN XX

+fX =0 (33)
d d
dx |:Nxz +Nxxd_‘;vj| +fz +P=0 (34)
dM
dxx" —(Nxz+Nz@y) = (35)

and, f; and f, are the axially and transversely distributed forces,
respectively. The boundary conditions are

Geometric: u,w,p,
dw

Nix, Nxz +Nyx—— dx’

Force : s Mix

Manipulating Egs. (33)-(35) and using Eringen's non-local differ-
ential model, the following relations are obtained:

N =AeQ +Cep+27°(b+h)— ﬂdfx (36a)

d’u \dw
dxdt® ) dx

My =Del) — uf , —uP

d ~ ~ d
—Hi [(Asg? +Cer+27%b+h) —ﬂd—;ﬂmo

+ﬂ;7 [(Ce@+Fez) o, (36b)
NY = CeQ +Fe,, (360)
NI =Gr Dz
—M£{</:\g(o)+Ceﬂ+210(b+h) /4‘(11"+/4 Odddt )Z‘;V]
(36d)

By substituting the expressions for non-local stress resultants
(36) back in the equations of motion (33)-(35), we obtain the
equilibrium equation for the non-local Timoshenko beam theory
including surface stress effects as

0= ;<A8(0)+C€zz+210(b+h) /tdf">+fx 37)

O:%(GYXZ) dfz+fz+P

o du ) dw
dx dedt2 dx

3
_u;éKAg“JrCeZZJrZTO(bJrH) ”cic“r” ™ axde® >dw} >

(Ag;fy +Céeyy+27%b+h) —ﬂ%+/4m

0= % (De‘;})) —GY— @y (Ceﬁg) +F£ZZ>

& iz
+/4W[(Cexx +Fezz) (px} (39)
Finite element formulation for Timoshenko beam with point load:
The principle of virtual work for the Timoshenko beam has the
form

0= / N SEQ + MYSe) + N5y, + N2 Se.,

—fyou—f,0w—Péw] dx
—Q;6u(0) — Q40u(l) — Q26w (0) — Qs6w(l) — Q369(0) — Qe dg(l)
(40)

After substituting the expressions for stress resultants from
Eq. (36) into Eq. (40) and by substituting the corresponding shape
functions for virtual displacements, we obtain the finite element
model as before. The stiffness coefficients K;ﬂ and mass coeffi-
cients M;}ﬁ remain same. Force coefficients F{ (a,f=1,2,3) are
given as

d
fle G

(1)
—27%b+h) "’l }dx

+Quyp 0+ Qe () (41a)
2 @ @ . [df,  dfydw]dy® _ dwdy
P = /{fzy/ + Py “‘[ﬁ*aﬁ] Y2000+ dx

+ QP (0)+ Qs () (41b)

dx+Q3y?(0)+Qey P ()

-l dl//(3) l//(3) df 3
Fi= / {Z P T

(410

As seen in Eq. (41c¢), the point load function (P) is associated with
the non-local parameter (). Therefore, point load subjected at any
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point in the beam brings out non-local effect. If the point load is
applied at the end, the terms highlighted will become the nodal
quantities but will be still associated with non-local parameter.

Numerical results: In this example, cantilever beam case is
studied under the following three load cases have been considered
for analysis: (a) uniformly varying load (UVL), (b) sinusoidally
varying load (SVL), and (c) point load acting at the end of the beam
(PL). The material properties taken are same as those for examples
in the paper. To study the effect of non-local parameter () on the
non-linear behavior of the beam, the non-local parameter y is
varied from 0 to 5 nm?. Fig. 7(a) shows the non-local parameter
versus end deflection of the cantilever beam subjected to point
load Qo = 10 N at the end (for L/H = 50). It is observed that there is
a decrease in the deflection with increase in non-local parameter
for the cantilever beam. Fig. 7(b) shows the aspect ratio versus
ratio of end deflection of the cantilever beam for different values
of non-local parameter when subjected to the point load at the
end (Qo=10N). This clearly indicates that the non-local para-
meter has a significant effect on deflection characteristics of the
cantilever beam.

Fig. 8(a) shows the non-local parameter versus end deflection of
the cantilever beam subjected to sinusoidally varying load g, =10 N
at the end (for L/H = 50). It is observed that there is a decrease in the
deflection with increase in non-local parameter for the cantilever
beam. Fig. 8(b) shows the aspect ratio versus ratio of end deflection of
the cantilever beam for different values of non-local parameter when
subjected to the sinusoidally varying load (g, = 10 N). This clearly
indicates that the non-local parameter has a significant effect on
deflection characteristics of the cantilever beam.

Fig. 9(a) shows the non-local parameter versus end deflection of
the cantilever beam subjected to uniformly varying load (g, = 10 N)
at the end (for L/H = 50) . It is observed that there is a decrease in
the deflection with increase in non-local parameter for the canti-
lever beam. Fig. 9(b) shows the aspect ratio versus ratio of end
deflection of the cantilever beam for different values of non-local
parameter when subjected to uniformly varying load g, = 10 N. This
clearly indicates that the non-local parameter has a significant effect
on deflection characteristics of the cantilever beam.

5.4. Example 4: cantilever, simply supported and clamped beam with
varying boundary conditions

In [54], it is suggested that the boundary conditions for the
non-local beam theory will remain same as that of local theories.
In [10], it is suggested that bending moment and shear force in the
boundary conditions should adopt the corresponding non-local
expressions (i.e., the boundary conditions still keep non-local). To
study the effect of local and non-local boundary conditions, the
examples considered above were analyzed with both local and
non-local boundary conditions. Results vary with the choice of
boundary conditions (local or non-local). The choice of boundary
condition did not affect the bending behavior of the cantilever
beam. In the case of simply supported and clamped beams, the
results had a dependency on the boundary conditions. Fig. 10
(a) and (b) shows the variation of deflection with the non-local
parameter for both local and non-local boundary conditions for
the simply supported case.

Fig. 11(a) and (b) shows the variation of deflection with the
non-local parameter for both local and non-local boundary con-
ditions for the clamped-clamped case. In both the cases it is
observed that when local boundary conditions are applied the
deflection is found to increase with non-local parameter and when
non-local boundary conditions are applied the deflection is found
to decrease with non-local parameter.

6. Summary and conclusions

Using Eringen's non-local differential model together with
Gurtin and Murdoch surface elasticity theory, the effect of non-
local parameter and surface stress on non-linear bending and
vibration characteristics of beams is formulated. Green's strain
tensor was used to model geometric non-linearity. The finite
element method is used to solve the resulting non-linear equa-
tions. Parametric studies are carried out to investigate the influ-
ence of non-local parameter (1) and surface parameters (E; and 7)
on bending and vibration characteristics of beams. It is found that
the non-local parameter as well as the positive values of surface
parameters relaxes the stiffness of the beam and results in larger
deflections and lower frequencies. Negative values of Es decrease
the deflections and increase the frequencies. In the case of a
cantilever beam with concentrated load, the non-local effects are
found to significantly affect the results.
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