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Abstract In the current chapter, a finite element theory has been developed based
on the nonlocal integral elasticity using Hamilton’s principle. Formulations have
been derived using Euler-Bernoulli beam theory and classical plate theory in order
to study the bending, buckling and vibration behavior of nanostructures. The cur-
rent method is capable of modelling complex geometries and boundary conditions.
Besides, effects of nonlocal parameter, geometrical parameters, boundary condi-
tions and viscoelastic parameter on the mechanical behavior of nano-scaled beams
and plates have been studied.

1 Introduction

There are several fields, which cannot be examined thoroughly using classical theo-
ries. Solid fracture, stress field on the dislocation core and crack tip, singularities at
points where loads are applied, sharp corners and discontinuities in the body, elastic
short-wavelength behavior prediction, and viscosity increase of fluid flows in micro-
scopic channels are some weaknesses of the classical theories. Besides, polaritons,
gyrotropic effects and superconductivity cannot be investigated using the classical
field theories. Also, classical continuum field theories are unable to predict the cor-
rect behavior of materials in micro and nano-scale. So, for studying the mechanical
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behavior of materials in small-scale and phenomena that inherently happens in small-
scale, atomic or nonlocal theories, which can consider the long-range interatomic
force effects, should be employed. Atomic theories have relatively higher computa-
tional cost than nonlocal theories.

In summary, in nonlocal theories, the behavior of the material at one point is a
function of the state of all points. One of the most popular non-local theories for
studying nano-scale structures is Eringen’s nonlocal theory [1]. In Eringen’s nonlo-
cal theory, stress at a point is a function of strains at all points of the material [1].
Under certain conditions, the nonlocal differential form could be extracted from the
more general nonlocal integral theory. Despite the relative simplicity of nonlocal
differential elasticity theory, it has some restrictions, e.g., some individual kernels
must be considered for nonlocal differential elasticity to be derived, applying the
natural boundary conditions for nano-plates are somehow ambiguous, investigating
the complex geometries are intricate. Therefore, it is more reasonable to use the
nonlocal integral theory for the accuracy of some applications and problems. Some
researchers have conducted some investigations using the nonlocal integral elastic-
ity theory. Finite element nonlocal integral elasticity theory, which first have been
prepared by Polizzotto [2], is one of the best-known methods, that have advantages
of both the nonlocal integral theory and finite element method. Also, Marotti de
Sciarra [3, 4] has proved the complete family of variational principles, developed a
consistent nonlocal finite element procedure based on a suitable definition of weight
function and provided some numerical applications for a bar in tension. The nonlo-
cal FE method has been then further developed by Pisano et al. [5] (for analyzing a
nano-plates under tension), Taghizadeh et al. [6, 7] (for analyzing the bending and
buckling of nano-beams and nano-plates), Koutsoumaris et al. [8—10] (for investi-
gating the bending and dynamic response of nano-beams considering the modified
kernel type), Norouzzadeh and Ansari [11] (for Bending of nanobeams), Tuna and
Kirca [12] (for analyzing the bending, buckling and vibration of nano-beams) and
Naghinejad and Ovesy [13-16] (for considering the viscoelastic effects and studying
the vibrations and buckling of nano-beams and nano-plates).

For accuracy of analyzing the nanostructures in some applications, the viscoelas-
tic properties have been taken into account, in some studies. For example, the proper
functioning of oscillators depends on considering their damping characteristics [17].
Also, by assuming the viscoelastic characteristics in the nano-scale mass sensors,
which works by measuring the shift in the vibration frequency, more accurate detec-
tions can be achievable. Also, considering these properties leads to the excellent
image quality of atomic force microscopes (AFM) [18]. Knowing the importance of
considering viscoelasticity in some applications of nanostructures, recently some
researchers have combined the nonlocal theory with viscoelastic properties. For
instance, Ghavanloo and Fazalzadeh [19] have studied the flexural vibration of vis-
coelastic carbon nanotubes conveying fluid and embedded in viscous fluid. They con-
sidered the nonlocal Timoshenko beam model and used Hamilton’s principle to derive
the formulations. Lei et al. [20, 21] have investigated the free vibration of nano-beams
based on nonlocal differential elasticity theory by considering viscoelastic properties.
They obtained complex frequencies by the transfer function method. Pouresmaeeli



Finite Element Nonlocal Integral Elasticity Approach 263

et al. [22] have investigated the vibration behavior of viscoelastic orthotropic nano-
plates using the nonlocal differential theory and the Kelvin-Voigt viscoelastic model.
They have studied the effects of nonlocal parameter, structural damping, stiffness
and damping coefficient of the foundation on the vibration frequency. Free vibra-
tion of multi-nanoplate system embedded in viscoelastic medium have been studied
by Karlicic et al. [23] using nonlocal differential theory. Governing equations have
been derived using D’ Alamberts principle and Kirchhoff-Love plate theory. Nagh-
inejad and Ovesy [15] have developed a non-local integral finite element method to
investigate the free vibration of viscoelastic Euler-Bernoulli nano-scaled beam. The
formulations have been obtained using Hamilton’s principle, and effects of different
parameters and boundary conditions on the free vibration behavior have been dis-
cussed. They have also studied the viscoelastic buckling of nano-scaled beams using
the nonlocal differential theory and the Kelvin-Voigt viscoelastic model [14].

In the current chapter, firstly, the constitutive equations of nonlocal elasticity and
viscoelasticity theories are derived, then the aforementioned finite element nonlocal
integral elasticity theory is developed using Hamilton’s principle and the formula-
tions are explained. Besides, applying the boundary conditions for beams and plates
in the current method and the governing formulations of bending, buckling, and
vibration are discussed. Finally, bending, buckling, and vibration of nano-scaled
beams and plates are investigated through numerical examples, and the effects of
different parameters on the mechanical behavior are studied.

2 Nonlocal Integral Theory

2.1 Elastic Constitutive Equations

In classical elasticity theory, the stress-strain relations are stated only for a single
material point. Whereas, weighted averages of a material state-variable over a region
should be taken into account for defining the constitutive law at a point, in an integral-
type nonlocal theory. Eringen and Edelen [24, 25] developed the theories of nonlocal
elasticity in which the nonlocal characteristics have been attached to many fields,
including mass, entropy, internal energy, and body forces. Because of their ambiguity,
yet to be verified and be used in real problems, simplifications have been considered
later. After that, equilibrium and kinematic equations have been used as a standard
form, and only the nonlocal form of the constitutive equations have been considered
[26, 27]. Thus, in mentioned non-local theory, stress at any point of the material is
a function of all strains at the vicinity. For a linear isotropic elastic continuum, the
constitutive equation is given by Eq. (1)

t(x):fa(}x’—x

1%

. 7)o (X)dV, V¥xeV (1)
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in which t, « and o are nonlocal stress tensor, nonlocal kernel function, and local
stress tensor respectively. The local stress tensor is written as ¢ (x) = D : € (x) in
which D is the fourth-order elastic moduli tensor, and ¢ is a strain tensor. The nonlocal
kernel is a function of distance, between any point in the domain and reference point,
and T = epa/l in which a and [ are the internal (e.g. lattice parameter or granular
distance) and external (e.g. wavelength or crack length) characteristic lengths. e
is a constant for any material which can be calibrated by comparing the results
with different methods such as molecular dynamics or lattice dynamics according to
various parameters, e.g. geometry, mode shapes and boundary conditions [13]. As a
result, the nonlocal stress is expressed as a weighted value of the strain field:

t(x):/a(|x’—x

Vv

, r)D:e(x’)dV’, Vx eV 2)

It is known that, if the nonlocal kernel was taken as the Dirac delta function, the
nonlocal constitutive equation reduces to that of the local theory. It is worth noting
that the nonlocal constitutive equation can be considered as two-phase [2, 5]. The
first phase corresponds to the local part (local fraction &) and the second phase to the
nonlocal part (non-local fraction ;). Itis evidentthat §; + & = land ¢y, & > 0. ¢
and ¢, can be obtained using different methods. An approach to calculate values of
1 and ¢, can be determining the contribution of reference point and all points in the
region (except the reference point) on the stiffness [13, 15, 28, 29]. For example, in
the current study, for determining the values of ¢; and ¢, on each element, nonlocal
kernel is integrated on the whole domain (the value is called I;). Then kernel is
integrated on the element containing the reference point (namely /). Obviously the
remaining portion is named I3 = I} — I,. So, the ratio of I, to I} corresponds to ¢
and the ratio of I3 to I; corresponds to ¢,. The two-phase model mathematically
handles the constitutive equation. In particular, the two-phase model transforms the
first kind Fredholm integral equation into a second kind one. In applications in a finite
domain, the first kind Fredholm integral equation leads to an ill-posed problem, which
is difficult to deal with [30]. Assuming the kernel function as follows:

T) =08 (X —x) + oa (X —x

a(x —x

,7) 3)

in which, & is the typical nonlocal kernel function, Eq. (2) could be written as the
two-phase nonlocal constitutive equation:

(0 = o 0+ 62 [ @ (¥ —x

14

,7)D:e(X)dV VxeV 4)

The better performance of the latter form in some applications has led to the usage
of this form over the original form in some recent articles [13, 15, 16, 31].
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2.2 Viscoelastic Constitutive Equations

For a nonlocal viscoelastic material, Eq. (1) can be written as follows [15, 20]

t' (x) = /a (|x’ —X

Vv

, r) o’ (x’) dV VxeV 5)

in which, t"* and ¢*¢ are the nonlocal and local viscoelastic stress tensors, respec-
tively [15, 20]. It is known that the viscoelastic constitutive equation for a linear
homogeneous solid is as follows.

a”:G(l)e(O)—i—/G(l—T)
0

de (T)
aT

dT (6)

where G is the stress relaxation tensor and ¢ is the strain tensor. Substituting Eq. (6)
into Eq. (5) gives

£ (x) = /a(|x’—x

v

+fWQg_x

1% 0

, 7)G (e (x, 0)dV

t

de (x', T)

Equation (7) is the constitutive equation of a nano-material considering nonlo-
cal integral theory and viscoelastic properties. The relaxation tensor of a general
viscoelastic model (see Fig. 1) could be stated as

il N
G =6o=Y G, (1-¢™") =Gut Y Gue™™ 8)

n=1 n=1

in which, Gg = G, + XG,, is the initial relaxation tensor and T,, = G,,’lnn are the
relaxation times (in which T, and 7, are diagonal). Using the Boltzmann super-
position principle and substituting Eq. (8) into Eq. (7), the nonlocal viscoelastic
constitutive equation is obtained as (due to the fact that, as time passes the values of
T, ! and strain increases, and the value of T, is relatively small, we can neglect
> Gue T ‘e (0) compared to other terms)
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Fig. 1 General viscoelastic
model schematic according
to relaxation modulus

M nN

t (x) = /a (X = x|, 1) Ge (X', 1)dV
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Different viscoelastic models are assumed by considering different values for
parameters of Eq. (9). For example, by taking N = 1 and G; — oo Kelvin-Voigt
model is given, and by considering N = 1, the three-parameter standard viscoelastic
model can be yielded [20]. By considering the above parameters the Kelvin-Voigt
and the three-parameter standard model are respectively obtained as follows. For the
Kelvin-Voigt model the derivation process is as follows

tve(x)zfa(

Vv

+/a(}’

1%

, T) Goot (X, 1) dV

L 0e (X, T)

dT) dv (10)

T) (Gle—(t—T)Tl

By carrying out the integration, considering the Kelvin-Voigt assumptions,

tVE(X)Z/a(| /

Vv

1) (Gooe (X, 1) + me) v

So,

0 &
, T) (Gooe (x', t)—l—yn])dV (12)

t”e(x)=/a(

Vv

and by introducing T; = G, ~'#,, finally we have
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t7 (x) = /a(|x’—x

1%

de (X', 1
. 7) G (e (x', 1) +Td%> dv (13)
It is noted that the classical form of the above constitutive equation is as follows:

9
6% = G (e + Tda_f) (14)

Also considering the three-parameter viscoelastic model, Eq. (9) can be simply
written as

, 7) Goe (X, 1)dV

t' (x) = /a(|x/ —X

14

+/a(|x/—x

\%

LK, T
1) <Gle_(’_T)T‘ 1%(”) dv (15)

For a two-phase nonlocal theory, using Eqs. (4) and (9) the constitutive equation
will be obtained as

_(I_T)T;l de (X, T)
oT

' N
t” x) =1 | Gooe (x, t)—l—/ZGne dT

0 n=1

, 7) Goot (X, 1)dV

+{2/&(|x’—x

Vv
N
_ T
+§2/&(|X/—x , T) /ZGne(’T)T“l%dT dv  (16)
v o =l

2.3 Notes on the Kernel Type

Looking at the constitutive Eq. (1), the three dimensional nonlocal kernel
o (|x/ — X/, ‘L’) has the (length)’3 dimension. Besides, it is known that « is a function
of the characteristic length ratio (a/[). Also, the nonlocal kernel has some notable
specifications. For example, as it has been expressed by Eringen [1]:

(i) Nonlocal kernels maximum value happens at the reference point (i.e., X’ = x).
(i1) « converts to Dirac-delta whenever T — 0, i.e., the classical theory must be
extracted when T — 0.
(iii) & can be determined for a certain material by curve-fitting the plane waves
dispersion-curves with those of experiments or atomic lattice dynamics.
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Fig. 2 Modifications of kernel function near the boundaries

It is noted that because of defining the kernel function on the infinite domain, for
using it in the finite domain it must be normalized and, in the current approach,
truncated at the boundaries [5, 7, 13] (e.g., see Fig. 2). The normalization process is
carried out since the nonlocal kernel should satisfy the following condition

/a(|x/—x

Voo

,7)dV =1 (17)

where V, is an infinite domain, in which the working domain is embedded [2, 5]. The
condition (17) also guarantees that for an infinite domain, when the strain is uniform,
the related stress will also be uniform [2]. For this purpose in the current study the
kernel function, which may violate the condition (17) considering a finite length or
truncating near the boundaries, is normalized by dividing it by the normalization
parameter. The normalization parameter is obtained by integrating the kernel value
in the finite domain of the problem.
Some examples of kernel function are [1]:

e One-dimensional form:

|x’7x| f
oc(’x’—x ,@)= eo%‘(l_eo_“) [ = x| = eoa (18)
l 0 |x’ — x| > ega
epa 1
o (|x/ — x|, %) = 2es exp (— |x/ — x| /eoa) (19)
r @ _ 1 AN
o (|x x|, ] ) = Wexp( (x x) /eoal) (20)
e Two-dimensional form:
epa 1

o (|x/—x

)= g o x| @
0
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in which K is the modified Bessel function of the second kind.

o (’X’ —Xx

e Three-dimensional form

e em)(_(i——x)(x“—x)) o)

8(r1)? 4¢

eay 1 , ,
, T) = reodl exp (— (x — x) . (x — X) /eoal) (22)

a(x —x

where t = epal/4.

A N
(I . l)_4n@mﬁ
1 x —x).(xX' —x)
x VX —x). (X' —Xx) xp <_ epa ) @4

In addition to the above solution to deal with the normalization problem, Kout-
soumaris et al. [9, 30] have used the so-called modified kernel which has been defined
by Bazant and Jirasek [32]. This modified kernel preserves symmetry with respect to
X, satisfies the normalization condition at each point of a finite domain V and satis-
fies all the properties of a nonlocal kernel [9]. In addition it is seen that the modified
kernel recalls the locality only when the normalization condition is violated [9] (i.e.
near the boundaries).

1) = l—/aqi—x
+a(x—x

Uoa (|x — X/ ,7)dV |8 (]x—x)

. 7) (25)

3 Nonlocal Integral Finite Element Method

3.1 Variational Equations

In this section, the finite element nonlocal integral method is developed considering
viscoelastic properties as it has been proposed by Polizzotto [2] for elastic materi-
als. The finite element formulations are derived using Hamilton’s principle based
on nonlocal integral theory. These formulations are then extended in the following
sections to study the bending, buckling, and vibration of nanostructures. Considering
the two-phase non-local theory using Egs. (4) and (5), and taking into account the
inertia effects, the total potential energy can be written as follows
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M= %glfe(x) 0 (x)dV

v
1 /
+§§2//05(|X—X

vV v
- Winrt - Wext - Wg (26)

, 7)e(X) 0" (X)dV'dV

where W;,,, is the work done by inertia forces, W,,, is the work done by external
forces, and W, shows the energy due to geometric stiffness. Considering the Kelvin-
Voigt model (Egs. (13)), (26) can be written as [15]

_1 . de (X, 1)
H_Eglfe(x).D.<e(x,t)+Td a7 )dV

v
1 /
+§§2//a(|x —X

, T)e(x):D:e(x)dV'aV

v v
1 , de (X, 1) )
+§§2//a(|x—x,t)e(x):D: Ty— —|dv'dv
v v
- Winrt - Wext - Wg (27)

in which D = G is the fourth rank elastic moduli tensor. It is noted that the above
statement can be extended for other viscoelastic models by using the explained

procedure. Now, applying the variations, the total potential energy (Eq. (27)) is
minimized as

8H=§1/5€(X):D; (e(xft)‘i‘TdagS;’t))dV
%
+§2//a(‘x’—x
v v
+§2f/a(‘x’—x
v v

— Winrt — Wers — (SWg =0 (28)

, T)8e(x):D:e(x)dV'dV

7)de (x):D: (T m) dv'av
’ B P

By substituting the corresponding terms of W;,,;, W,,; and W,, we have

SI1 =§1/5€(x):D; (s(x’t)"‘Tdaeg’t))dV

v
+§2//a(|x’—x
v v

, r) de(x):D:e (x’)dV’dV
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+§2//a(|x’—x
v v

— /8u-(—pﬁ)dV—/B~8udV

T)de(x):D: (T m) dv'av
3 . . d at

\%4 v
- fi-su ds—/ao,,,aen, x)dV =0 (29)
S; \%4

where &, is the nonlinear strain tensor, o, is the external compressive stress, p
is the mass density, t and b are respectively the surface force on the surface S, and
body force in volume V and u is the displacement field. It is seen that Eq. (29) is
of a general form that can be used for analyzing the various mechanical behavior
of nanostructures. For example, it can be used for extracting the formulations for
studying the bending, buckling, and vibration.

3.2 Finite Element Formulations

In this section, the foundation of finite element formulation is to be established. For
developing the finite element nonlocal integral theory Eq. (29) should be discretized.
So, domain V will be partitioned to N subdomains, and displacement field u(x) and
strain tensor & (x) of the n-th element can be written as

u(x) =N,xd,, n=1,..., N 30)

e(x)=B,(x)d,, n=1,..., N (31)

Matrices N, (x), B, (x) and d,, (x) include the shape functions, corresponding par-
tial derivatives, and node degrees of freedom, respectively. Applying the discretizing
process and using Eqgs. (30) and (31), then Eq. (29) can be written as

N
STT=10,) 8d) /BZ:D:Bndv d,
n=1 v,

N
+01)_sd) /TdB;:D:BndV d,
n=1

Vi
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N N
+0y Y sd] //a(
V. V,

n=1 m=1

7)B! :D:B,dV'dV | d,

m

N N
+0y > sd) //Tda (X —x|,7)B! :D:B,dV'dV | d,

n=1 m=1
Vi Vin

N N

> 5dT/NT.BdV -y ad,f/NnT.idS

n=1 n=1 St

N

Z sd! N,{.(—pNn)dv d,

n=1

N

-3 (sa ( B gy Bgdv) ):0 (32)

n

It is noted that matrix B is related to nonlinear strains and dn = ad,,/dt. More-
over, as it has been defined ¢; and ¢, correspond to the local and nonlocal fractions
&1+ & =1,¢, & > 0). Using the Boolean matrix Q, the degrees of freedom of
the n-th element (d,,) is connected to the structural DOF matrix (U)

d, =Q,U (33)
Substituting Eq. (33) into Eq. (32) gives

N
ST = ;IZ(SUTQ,{ /B,{ :D:B,dV | Q,U

n=l v,

N
+0) sUTQ) /TdB,{:D:BndV Q.U
n=1

Va

T D:B,dvV'dv | Q,U

N N
1633 sUTQ! / /

n=1 m=1

,7)BI :D:B,dV'dv | Q,U

n=1 m=1

N N
10 Y suTQ! / / Ta

N N
- aUTQ,{/N;.de -y [su"Q /N,f.tds

n=1 v, n=1 S
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N
-y [su"Q] /N,{.(—pN,,)dv Q.U

n=

Va

_XN: (BUTQ,{ (fv B¢ oy : BﬁdV) QnU) =0 (34)

n=

Equation (34) is the governing finite element equation based on the nonlocal
integral theory considering the Kelvin-Voigt viscoelastic model. Mechanical behav-
ior of nanostructures (e.g., bending, vibration, and buckling) can be analyzed by
considering the related terms of the current equation.

3.3 Element Types

Noting that the proposed method has a finite element base, various types of elements
can be used for analyzing different problems. For example, to analyze the simple
tension problem of a plate (for axial behavior), elements of the C° continuity class
will suffice, however, for analyzing the bending, buckling or vibration assuming
the classical beam theory elements of the C! continuity class is usually needed. C°
continuity means that the displacements between the elements are continuous, but
their first derivatives are not (Lagrange elements). However, in C' continuity, both
the displacements and their first derivatives are continuous (Hermite elements). In
this section, some of the sample elements that have relatively more applications are
introduced.

Hermite beam element (Fig. 3) is used later in this chapter for analyzing the
mechanical behavior of Euler-Bernoulli beam elements. These elements include two
nodes with two degrees of freedom for each node, i.e. displacement and rotation.
The displacement matrix and shape functions of Hermite beam elements in the local
coordinate system are considered as

WII ) * - )
aw o aw
(), ),

Fig. 3 Hermite beam element
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Fig. 4 Local and general
coordinates of the beam

-1 0
. | + §
L) l | -
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_ (&),
d, = s (35)

(5),

2(1 -6 Q2 +8)

L] -9>0+8
Nl@Ey=-1%* 36
O =5 204028 GO
L(1+8°E -1
The general coordinates can be converted to local ones using (see Fig. 4)
2x
$=l——1; 0<x=<l, —-1=<&=<1 (37)

in which , is the element length.

Conforming elements (displacements are always continuous between adjacent
elements) are mostly based on higher degree polynomials and need relatively high
computational cost for producing the corresponding matrices. Moreover, the nonlocal
integral finite element method has more computational cost in comparison to the local
method. Therefore, it is more efficient to use elements with polynomials of lower
degree (e.g. non-conforming elements) for modelling the nonlocal plate problems.
If the assumed elements pass the “patch test”, the results will converge [33]. The
original patch test, developed by Irons et al. [34] is a check that determines whether
a patch of elements subject to a constant strain reproduced the constitutive behavior
of the material and resulted in correct stresses when it became infinitesimally small
[35]. In other words, patch test is a sufficient requirement for convergence.

The Adini-Clough quadrilateral element (Fig. 5) is a non-conforming element,
which despite being unable to pass the patch test, is known to give good convergent
results for bending and buckling of thin plates, i.e. it is a generalized conforming
element [36]. These elements consist of four nodes with three degrees of freedom
for each. Matrix d,, for the n-th element is expressed as
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Fig. 5 Adini-Clough Wy
quadrilateral plate element
(W4 ) X

(Wz),y

(Wz ),x

dn = [Wl Wix Wi,y W2 W2 x W2y ...

(38)

T
Co W3 W3 W3y Wy Wax Way]

Also, the shape functions of the Adini-Clough elements are as (—1 < & < 1, —

l<n<l

e(a—&—mn)
e(1—8%)
e(l=m’)
fla+é&—mn)
1 —f((l—g;)
T fl—=n
—g(1-¢2)
—g(1-1’)
h(a—§+n)
h(1-8%)
—h (1=’

where
a=2-&—n* e=(1-8U-n, f=0+8&1-n),
g=U+6A+n, h=10-&(+n (40)

The 8-node C°-quadratic isoparametric Serendipity elements with 2 degrees of
freedom per node can be used for analyzing the beam in 3-dimensions [6] or tension

of a plate [5]. d, and N,, matrices are as
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dn= [Lt] V1 Uy V) U3 V3 U4 V4 ...

T
... U5V5 Ug Ve U7 V7 U Vg] (41)

—E+n+DHE-DOm-1D
26-DE+DHMm-1)
(+n+DE+DHM-1)
—2m-DHE+DHM+D 42)
E+n—-DE+DHM+D
2¢E-DE+DO+D
—(=E+n-DE-DMm+1
2E-Dm+DH(n-1

u (or) v 1
NI & m=7

where NT* “"" includes the shape functions of the element corresponding to both u
and v degrees of freedom.

3.4 Notes on the Boundary Conditions

In this section, by considering a sample case, it is attempted to demonstrate the inca-
pability of nonlocal differential elasticity theory for efficiently applying the natural
boundary conditions on a plate. Consider a plate of length and width /, and /,, respec-
tively. The boundary conditions of the mentioned plate are simply-supported on all
four edges. Using the nonlocal differential constitutive equation, the following set
of equations can be obtained [37]

M. —PVPM.. — D _ p, &Y (43a)
xx xx — 11 ax2 12 8y2
82w 82w
2 292 _
Myy —[“t°V Myy = —Dlzm — Dzza—yz (43b)
82
M,y — PT2V2M,, = —2Dgg—— (43¢)

0x0dy

Assuming the bottom left corner of the plate as the center of the coordinate system,
the boundary condition at x = 0 would be like M, = 0. So the Eq. (43) becomes

3w . 1?21293°M,, Dy, 3*w

ax2 Dy 0x2 Dy 9y?

(44)

It is noted that the equilibrium equations for a plate are as [37]
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9> M +232Mxy 0> M,, + k2 Nga_w + o NS,B_W
0x2 dxdy 0y? 0x 9x dy dy
n d N aw n ad nyaw 92w n 0 (45a)
JR— 7 — —_— —_— — moy—-— =
ax \0 3y ) Ty Mo oy 052 T4
IM,. oM, 9 0
Q, — T W Nl (45b)
ax ay dx ady
My, OMy, 0w 0w
o s B S VAR Y VA (45¢)
ax ay ay ax

Now the Navier solution can only be applied when 8?w/dn? is zero across the
boundary of the plate. It means that, for considering the Navier solution, according
to BEq. (44) (I*t?/Dy; )[(3*M,,/3x>) — (D12/D11)(8*w/dy?)] should be zero at
x =0, but it is not. Even for a free boundary condition, the mentioned problem
arises for a plate. It is where the finite element nonlocal integral method comes in
and makes things easier! No such complexity is seen in the FEM based method, and
various kinds of rather complex boundary conditions can be dealt with.

4 Nano-Scaled Beams

The finite element formulations for bending, vibration, and buckling of nano-scaled
beams are prepared in the following sections. It is noted that various beam theories
can be included in the formulation, but for the sake of brevity only Euler-Bernoulli
beam theory is assumed here.

4.1 Applying Boundary Conditions for Nano-Scaled Beams

The boundary conditions can be applied rather quickly in the currently proposed
method. For instance, some of the common boundary conditions are as follow (see
Fig. 6)

Both-ends simply supported beam:

wkx)=0 at x=0
wkx)=0 at x=I 46)

Both-ends clamped beam:

wx)=w,(x)=0 at x=0
wkx)=w,(x)=0 at x=I A7
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Z4h

-
-
-~

b
l
Fig. 6 The geometry of a beam

Clamped-free beam:

wx)=w,(x)=0 at x=0 (48)
Simply supported-clamped beam:

wkx)=0 at x=0

wx)=wyx)=0 at x=I 49)

4.2 Bending of Elastic Nano-Scaled Beams

The bending formulations are given for an Euler-Bernoulli nano-scaled beam. It is
noted that this method can be extended for other beam theories. Considering the
classical beam theory, the displacement field is given as

u(x, 2) = wo (x) — 220 (50)
0x

w(x, 2) = wp (x) (51
in which u and w are longitudinal and transverse displacements of the beam, respec-
tively. Also, uy and wy are the displacement components at the mid-axis. Also,
neglecting the higher-order terms, the strain can be expressed as

_ ou _ 3140 82W0
T 9x  dx ‘ 0x2

(52)

£ =&

For an Euler-Bernoulli beam, if the pure bending condition is assumed, Eq. (52)
might be written as
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82W()

155 =B, = zB)d, (53)

£=6& = —

where BY consists of the partial derivatives of the shape functions of the subject beam.
Substituting Eq. (53) into Eq. (34) and only considering the terms corresponding to
elastic bending, the local and nonlocal stiffness matrices and external force matrix
can be obtained as

1

K:=¢ |1, / B (€) EB. (£) det (J (£)) d& (54)

-1

1

1
K, = balbh Iyy//a(|x/ ) —

-1 -1

x det(J (§")) det (J (£)) d&'dg] (55)

,7) BY (&) EB (£)

1 1

F, = bh/N,{.B det (J (£)) d& +b/N,{.E det (J (&) d& (56)

—1 -1

where KNL shows the nonlocal effect of the m-th element on the n-th one. J is the
Jacobian matrix, and /,, is the second moment of area. Also, total matrices can be
written as

tolal - Z Q (57)
Kl = ZZQT (Kr) Q (58)
n=1 m=1
N
Ftota[ = ZQ,{ (Fn) Qn (59)

n=1

It is noted that for carrying out the corresponding integration, numerical integra-
tion schemes can be used. Substituting Eqs. (54)—(58) into Eq. (34) and assuming
bending related terms, the corresponding governing bending equation of the elastic
beam is developed as follows
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(Kforar + Kioser) U = Frora (60)

By solving Eq. (60), displacement matrix U can be calculated as

-1
U= (Kip +Kio) Frow 61)

4.3 Vibration of Nano-Scaled Beams

For analyzing the vibration of the beam, mass (inertia effects) and stiffness of the
beam should be considered. It is noted that for a viscoelastic beam, the damping
matrix should also be taken into account. So, Eq. (34) can be written as

N
8TI = ;IZ(SUTQ,{ fB,{ :D:B,dV | Q,U

n=1 v,

N
+0)_sUTQ) /TdB,{;D:B,,dV QU
n=1

Vi
N N
+0y Y suTQ) //a(yx’—x ,7)BT :D:B,dV'dV | Q,U
n=tm=1 Vo Vo
N N
+ny Y sUTQL //Tda(|x’—x ,7)B! :D:B,dV'av | Q,U
n=1 m=1 V, Vi
N N
-3 aUTQ,{/N,{.bdv -y 5UTQ,{fN,{.t ds
n=1 v, n=1 i
N
= ELA A /N,{.(—pNn)dv QU] =0 (62)
n=1 v,

Local and nonlocal stiffness matrices are expressed as Eqgs. (54)—(58). Mass matrix
(M,,) and damping matrices (CL and CYE) might be extracted for elements by sub-
stituting Eqgs. (50)—(53) into Eq. (62).

1

M, = | bh f NI (&) pN,, (&) det (J (8)) d& (63)

-1
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1

Cr=0 f B’ (£) ET,B. (£)det (J (§)) d& (64)

-1

1 1

CNE = oo[bh Iy, / / a (|x' )

-1 -1

x det (J (&) det (J (£)) dE'd] (65)

,7) BY (&) ET,BY, (¢))

Besides, the total mass and damping matrices are as follows

N
Mo =y QF (M,) Q, (66)
totul Z Q (C}%) Qn (67)
n=1
Croru = Z ZQ (o (68)
n=1 m=1

Substituting Eqs. (54)—(58) and (63)—(68) into Eq. (62), the following equation is
obtained for viscoelastic vibration of nonlocal Euler-Bernoulli nano-scaled beam.

MfDmlU + (Ctotal + Ctutal) U + (Ktotal + Ktotal) U=0 (69)
Free vibration frequencies and mode shapes are the eigenvalues and eigenfunc-

tions of Eq. (69), respectively. For solving the eigenvalue problem of Eq. (69), the
following parameters are first defined.

U
V= [U} (70)

M*= [Mr()tul 0i| (71)
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CH= |:CtLotal +IClotal total _(‘)_Ktomli| (72)

Assuming Eqgs. (70)—(72), (69) becomes
M*V + C*V =0 (73)

For calculating the complex eigenvalues of the free vibration, the solution of the
following form is assumed

V=6 (74)
Now substituting Eq. (74) in Eq. (73), the following relation has resulted.
(ioM*+C*) ¢ =0 (75)

For obtaining the eigenvalues of Eq. (75), the determinant of the coefficient matrix
should be set to zero as

lioM* 4+ C*| =0 (76)
By solving Eq. (76), the values of w are calculated and by substituting them into
Eq. (75) mode shapes can be obtained. It is noted that for an elastic beam, Eq. (69)
becomes
M, U + (K5, + KNE)U =0 (77)
By considering matrix U as
U=¢(x) (78)
Equation (77) can be written as
((Kforar + Kiofor) — @*Migrar) ¢ (x) = 0 (79)

By equating the determinant of coefficient matrix of Eq. (79)to zero, natural
frequencies and mode shapes can be calculated.

(Ko + Kiofa) — @*Migrar| = 0 (80)
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4.4 Buckling of Nano-Scaled Beams

For analyzing the viscoelastic buckling of structures (relaxation or creep model), an
imperfection (initial displacement) is needed to be assumed. So, for deriving more
general relations, imperfection effects are taken into account. Retaining the buckling
related terms and the imperfection effects, Eq. (34) takes the form

N
STI = gIZwTQf /B,{ :D:B,dV | Q,U
n=l1

Va

N
+0)_sUTQ) /TdBnT:D:BndV QU
n=1

Vi

_QEN: (3UTQZ (fvn B’ :D: Bgdv) QnUo)

n=1

+§2§:§:8UTQZ //a

n=1 m=1 vV, Vi,

N N
+0) Y sUTQr //Tdoz

n=1 m=1

,7)B! :D:B,dV'dV | Q,U

,7)B :D:B,dvV'av | Q,U

_§2§: XN: <5UTQ5 (fv,, fvm o (

n=1 m=1

Z ( urQr (f ( B soq Bﬁdv) QnU) =0 (81)

n=1

7) BT, : D : B dV'dV) Q,Up)

In addition to Egs. (54)—(58) and (64), (65), (67) and (68), initial stiffness matrix
and geometric stiffness matrix are defined as follows

1
0

K: =¢ |1y / B (&) EBY, () det J (£) d& (82)

-1

,7) B"T, (§) EB™,, (&)

1 1
KN = g[bh Iyy//a(|x’(g)

—1 -1

x det (J (&) det (J (£)) d'dé (83)
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1

K¢ = [ bh / Bs" (&) 0oBS (£) det (J (§)) d& (84)

-1

It is known that, for an Euler-Bernoulli beam, the nonlinear strain can be assumed

as
1/ow\>
I i 85
Ent 2(8x> (85)

B; is consistent with the nonlinear strain form. Taking into account the defined
parameters, the governing viscoelastic buckling equation becomes

(Clorar + Clorar) U+ (K7, ) + Kpi)) U
- (Kﬁf’,a, + KNL°> Uy—K%, U=0 (86)

total total

By numerically solving Eq. (86), the viscoelastic buckling solutions can be
acquired. By viscoelastic buckling solution, we mean the condition in which the
compressive load is kept constant and as time passes, the displacements increase.
There comes a time in which the displacements exceed the assumed buckling con-
dition. This time is called the viscoelastic buckling time. Also, by keeping out the
time-related terms and imperfections in Eq. (86) the eigenvalue problem for the

elastic buckling of perfect beam would result.
(KL

tota

 + KNV )U—KE

total total

U=0 (87)

5 Nano-Scaled Plates

The appropriate formulations are to be introduced for analyzing the bending, vibra-
tion, and buckling of nano-scaled plates. As it has been assumed with respect to the
beams, in the plate case also the classical plate theory is only taken into account, and
other theories can be added to the formulation by following a similar procedure.

5.1 Applying Boundary Conditions for Nano-Scaled Plates

One of the main advantages of finite element integral elasticity approach is the
straightforwardness of applying the boundary conditions for a plate (Fig. 7). It is
noted that the boundary conditions are applied as they are imposed in conventional
finite element methods of classical elasticity. For example, the following commonly
used boundary conditions are outlined.
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Fig. 7 Plate dimensions VA

y
b Ly ;
: rx
All-sides simply supported plate:
wkx,y)=0 at x=0,1[,
w(x,y) =0 at x =0,/ (88)
All-sides clamped plate:
wx,y)=w,(x,y)=0 at x=0,Il
w, ) =w,x,y)=0 at x=0,1 (89)
Two-sides clamped, two-sides free (opposite sides):
wx,y)=w,(x,y)=0 at x=0,[ (90)
Two-sides simply supported, two-sides clamped (opposite sides):
wx,y)==0 at x=0,I
wx,y)=w,(x,y)=0 at x=0,1 o1

Interestingly enough, the partial boundary conditions can also be applied fairly
easily and with little effort using the current method, for instance, some partial
boundary conditions are expressed below.

Two-sides clamped, the other two sides each partially simply supported:

wx,y)=w,(x,y)=0 at x=0,L
wkx,y)=0 at y=0, x=0—-14
w,y)=0 at y=1[,x=0-1 (92)

Two-sides simply supported, the other two sides each partially clamped:
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w(x,y)=0 at x=0,I
W(st)ZW,x(X,y)=O at y=0,x=0—lx1
wx,=w,x, =0 at y=I[, x=0-1Iy 93)

5.2 Bending of Nano-Scaled Plates

Bending formulations considering the nonlocal integral theory and classical plate
theory are presented in the current section. Through the classical plate theory, the
following relation is assumed for the strain field of a plate.

Ex Uuo,x W oxx
ex)=1¢& ¢t = Vo.y —z{ Wy (%94)
Vxy upx + Vo, y 2W.xy

in which, ¢,, ¢,, and y,, are the longitudinal strain, transverse strain, and in-plane
shear strain, respectively. Also, ug, v, and w are the displacements of mid-plane
in the x-, y-, and z-directions. By considering the pure bending condition, Eq. (94)
becomes

Ex W xx
eX)=41¢& ¢ =—23 wy ¢ =B, xd, =zB’ (x)d, (95)
Vxy 2w xy

Substituting Eq. (95) into Eq. (34), using Eq. (33) and considering the bending-
related terms, for an elastic case, Eq. (34) becomes

N
S=¢) sUTQ) /B,{ :D:B,dV | Q,U

n=1

,7)BI :D:B,dV'av | Q,U

Va
N N
e3> surQl | [ fa(x-x
Vi Vi

n=1 m=1

N
-3 5UTQ,{/N,{.de -y 5UTQ,{/N,{.EdS =0 (96)

n=1 v, n=1 Sun
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Substituting the last term of Eq. (95) into Eq. (96) the following relations are defined
for local and nonlocal stiffness matrices of the n-th element.

f f B’ : D : B? det (J) 2%dz d Aviem (97)

Actem

K,’x,f—:z[fff/ (X . m) 7)*BT:D: Bl

Acem h A’

elem

x det (J) det (J') dz’ dA,,,,dz d Acten) (98)

elem

The total stiffness matrices are also given as Eqgs. (57) and (58). Also, the bending
governing equations (similar to Eq. (60)) can be solved by the same procedure as
that explained in Sect. 4.2.

5.3 Vibration of Nano-Scaled Plates

For analyzing the vibration of nano-scaled plates, the general form of Eq. (62) could
be used. For a nano-scaled plate, the local and nonlocal stiffness matrices can be
expressed as Eqgs. (97) and (98). Also, noting Eq. (62) the element mass matrix and
damping matrices can be obtained as

= / /N; (IONH) det (J) dZdAelem (99)
Actem h
/ /TdB,fT :D: BP det (J) 22dz d Aviem (100)
Aviem h
Con = Cz[f f f f (Ix & m ,7)Ts2"B!" :D: B

Acem b A’ rom

x det (J) det (J') dz’ dA,,,,,dz d Asiem] (101)

elem
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The total structural matrices can also be calculated by Eqgs. (66)—(68). Also, the
eigenvalues and eigenfunctions of vibration might also be given by applying the
same procedure as that explained in Sect. 4.3.

5.4 Buckling of Nano-Scaled Plates

Buckling analysis of nano-scaled plates can also be carried out by considering the
buckling form of general variational Eq. (34) as Eq. (81). The nonlinear strain for a
plate is assumed as

wzx
5
Enl = < W’y

2w w

(102)

It is seen that the stiffness matrices are given by Egs. (97) and (98), and geometric
stiffness matrix and initial stiffness matrices are given as follow

KL =1t / /BO,’jT : D : B det (J) 22dz d Aiem (103)

Actem h

2 popT .y . ROP
,7)Z° BT DB

K,ivm“’zzz[////a(|x’(s,n>—x(s,n>

Acem h 4" W

elem

x det (J) det (J') dz’ dA

’

dZ dAelem] (104)

elem

Kf: = / fBg,{ 10p BﬁdZ dAciem (105)

Aelmn h
in which, o is the initial stress which has the following form
0 0
oo = ["gx "5}} (106)

G.VX U,V,V

Considering the mentioned equations, Eqs. (86) and/or (87) are used for nano-
scaled plates to solve the viscoelastic/elastic buckling problems.
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6 Numerical Examples and Discussions

In this section, the bending, buckling, and vibration of nano-scaled beams and plates
are studied using the presented finite element nonlocal integral method. Due to a better
correlation between current results with those of nonlocal differential elasticity, the
Bessel kernel is used in the following analysis. The assumed kernel is [6, 13]

- -
a(}x X -

, T) =27 (e0a)* Ko (H) (107)

6.1 Elastic Beam and Plate Bending

In this section, the bending of nano-beams and nano-plates are analyzed using some
examples. It is noted that in the current section, the constitutive equation (2) (one-
phase nonlocal integral elasticity theory) has been adopted for implementing the
finite element nonlocal integral elasticity method.

6.1.1 Bending of Nano-Scaled Beams

The bending of nonlocal Euler-Bernoulli nano-scaled beams is investigated. Results
are obtained using the approach explained in Sect. 4.2. The Hermite element (see
Sect. 3.3) is assumed in the analysis, and for the numerical integration, the Gauss-
Legendre quadrature rule is used by considering three Gauss points.

Figure 8 shows the non-dimensional maximum deflection (w/w/ ) for two-sides
simply supported beam, under k = 1 and g = 1 loading. k = FI>/EI is the non-
dimensional central point load parameter, and ¢ = ¢/°/EI is the non-dimensional

Fig. 8 Variations of 1.55 7 ===== NLDET (Distributed Load) [38]
non-dimensional deflection

. e NLIET (Distri - .
with the nonlocal parameter 1.45 A IRER Omtrsamen ) $5-5S 7
for both-sides simply — — NLDET (Point Load) [39] ~ 7 .
supported Euler-Bernoulli 135 1 e NLET (Point Load) // "/'

nano-scale beam [6] (I =
10nm and # =0.1nm)

w/w,
7
wv

1.05

0.95 T T T T T T T
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Fig. 9 Variations of 165 7 cme-a- NLDET (Distributed Load) [38]
nqn-dlmensmnal deflection Lss | —— NLET (Distributed Load) cL-cL .
with the nonlocal parameter : _ e
for both-sides clamped g | T —MEETReintiead) 3g]

Euler-Bernoulli nano-scale wwserenes NLIET (Point Load)

beam [6] (I = 10nm and 5 1.35
h =0.1nm) ~
2 125
1.15
105 P
0.95 ' . . . .
05 0.7 0.9 11 13 15

€oa (nm)

uniformly-distributed load parameter. The results of the finite element nonlocal inte-
gral elasticity (nonlocal integral elasticity theory NLIET) are compared with those
of Wang et al. [38] (for distributed load) and Wang and Liew [39] (for point load)
based on the nonlocal differential elasticity theory (NLDET). It is observed that for
a beam with simply supported boundary conditions subjected to a point load, the
nonlocal differential elasticity theory could not predict the bending deflection prop-
erly. However, both the differential and integral theories show a rise in deflection by
increasing the nonlocal parameter for uniformly-distributed load case.

Figure 9 shows the variation of maximum deflection with the nonlocal parameter
for two-sides clamped boundary condition (k = 1, ¢ = 1). It is seen that in this
case the nonlocal differential elasticity has not captured the effect of nonlocality by
considering distributed load. However, the nonlocal integral theory shows an increase
in deflection by considering the nonlocal parameter, for both loading conditions.

6.1.2 Bending of Nano-Scaled Plates

Figure 10 show the variations of deflection for the midpoint of a nano-scaled simply
supported plate under the uniformly-distributed loading gy = 1 nN/nm. The assumed
plate have properties of / = 10nm, E = 30 x 10° nN/nm?, and v = 0.3. The Adini-
clough element type is used for modeling the plate and for numerical integration,
the Gauss-Legendre quadrature method assuming three integration points in each
direction is considered. Also, the results of the current study have been compared
with those of Aghababaei and Reddy [40] based on the nonlocal differential elastic-
ity theory. As it is seen, by increasing the nonlocal parameter, both the integral and
differential theories predict the decrease in the stiffness of the plate. However, the
increase in deflection is more pronounced for the nonlocal integral elasticity method.
It might have occurred because the nonlocal differential elasticity theory has been
extracted from the general integral form and cannot satisfy the force boundary con-
ditions properly [6].
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Fig. 10 Variations of
non-dimensional deflection 2.00 1
with the nonlocal parameter $5-SS, L/b=1.0
for all-sides simply
supported nano-scale plate
(I/b = 1) under distributed
load

w/iw,

0.50 - —— NLDET (Distributed Load) [40]
~~~~~ NLIET (Distributed Load)

0.00 T T T 3
0 0.5 1 1.5 2
€ca (nm)
Fig. 11 Variations of
non-dimensional deflection 2.00 A
with the nonlocal parameter $5-SS, L/b=1.0
for all-sides simply -
1509 ™ aeemeeeTT
supported nano-scale plate 7 | 7 _aee=T
under point load A et
]
2 1.00
0.50 - NLDET (Point Load) [40]
----- NLIET (Point Load)
0.00 T T 1 V
0 0.5 1 1.5 2
eqa (nm)

Figure 11 shows the variation of midpoint deflection of the all-sides simply sup-
ported nano-scaled plate with nonlocal parameter under point load Fy = 1 nN. It
is seen that the increase in deflection is more pronounced for nonlocal differential
elasticity case in comparison with the nonlocal integral elasticity.

6.2 Elastic Beam and Plate Vibration

Free vibration of nano-beams and nano-plates are studied using the finite element
nonlocal integral elasticity method and considering the two-phase nonlocal consti-
tutive equation (Eq. (4)). The convergence study is carried out for obtaining the
optimum number of elements. The results are then compared with those available in
the literature, and finally, the effects of various parameters are investigated on free
vibration behavior. For the subject beam E = 1 TPa and p = 2000 kg/m?, and for
the plate E = 1 TPa, v = 0.16 and p = 2250 kg/m®.
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Table 1 Convergence study of natural frequency (@ = [/w/Cy, Co = ~/EI/pA) by nonlocal
Euler-Bernoulli beam theory [13]

Number Simply supported beam Clamped beam

of =0 t=001|t=01 |t=02 |t=0 t=00l|t=0.1 |[t=02
elements

10 3.1417 | 3.1897 | 3.1772 | 3.1642 | 4.7301 | 4.8198 | 4.7956 | 4.7642
20 3.1416 | 3.1388 | 3.1351 | 3.0801 | 4.7300 | 4.7258 | 4.7139 | 4.6050
50 3.1416 | 3.1103 | 3.0482 | 2.9695 | 4.7300 | 4.6826 | 4.5685 | 4.3934
100 3.1416 | 3.0421 | 29561 | 2.8154 | 4.7300 | 4.5786 | 4.4126 | 4.2259
200 3.1416 | 2.9532 | 2.8738 | 2.7956 | 4.7300 | 4.4789 | 4.2661 | 4.0938
300 3.1416 | 29315 | 2.8339 | 2.7857 | 4.7300 | 4.4026 | 4.2053 | 4.0350
400 3.1416 | 29259 | 2.8332 | 27851 | 4.7300 | 4.4002 | 4.2018 | 4.0303

6.2.1 Free Vibration of Nano-Scaled Beams

The free vibration of nano-scaled beams is investigated through the assumption of
Euler-Bernoulli beam theory. Thus, the procedure of Sect. 4.3 has been adopted for
elastic beams, and Hermite beam elements have been considered (see Sect. 3.3).
For the numerical integration, three integration points are used for Gauss-Legendre
quadrature method. Dimensions of the beam are as/ = 10nm, 2 = 1nmandb = 0.5
nm.

Table 1 shows the convergence study for free vibration of nano-scaled Euler-
Bernoulli beam considering two types of boundary conditions. It is seen that the
convergence rate for the local case (z = 0) is faster than the nonlocal case. This
behavior can be explained by further investigation of the nonlocal kernel function
characteristics. For a given reference point, the value of kernel function is maximum,
i.e.g.oes to infinity, on that point and it decreases by moving further from it. So, for
accurately capturing the nonlocal effects near the reference point, several elements
are needed. Besides, by decreasing the size of elements the accuracy of numerical
integrations increases.

Table 2 shows the comparison of the natural frequencies based on the nonlocal
integral theory with those of differential elasticity theory which have been reported
by Lu et al. [41], Reddy [42] and Ghannadpour [43]. It is seen that the nonlocal
differential theory cannot predict the softening effect of the nonlocal parameter for
the cantilever beam (considering the fundamental natural frequency). As it has been
said, the current discrepancy might have been caused by the fact that the nonlocal
differential theory is extracted from the integral one under certain assumptions and
in the region far from the boundaries. However, there has been a generally good
agreement between the results.

Figure 12 shows the variations of the fundamental natural frequency with the non-
local parameter considering different length to thickness ratio for cantilever boundary
conditions. It is seen that, by increasing the nonlocal parameter value, natural fre-
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Table 2 Comparison of non-dimensional natural frequencies (& = [\/w/Co, Co = /EI1/pA) for

nonlocal Euler-Bernoulli beam

Ref. T Simply Clamped beam | Cantilever beam
supported beam
Present 0 3.14 4.73 1.88
0.1 2.83 42 1.67
0.2 2.78 4.03 1.63
0.5 2.56 3.65 1.49
0.7 2.49 3.55 1.45
Luetal. [41] 0 3.14 4.73 1.88
0.1 3.07 4.59 1.88
0.2 2.89 4.28 1.89
0.5 2.30 3.31 2.02
0.7 2.02 2.89 -
Reddy [42] 0 3.14 - -
0.1 3.00 - -
0.2 2.87 - -
Ghannadpour et 0 3.14 4.73 1.88
al. [43]
0.5 2.30 331 2.02
0.7 2.02 2.89 -
Fig. 12 Fundamental 50
frequency variations with the ===lh=10
nonlocal parameter
considering different length —Vh=20
to thickness ratios for N S
cantilever nano-scaled beam =) PG s e Vh=30
[13] g | 00 TTYremeewaano. o
2 asf
&
E
=
2
i
0 ) N N
0 0.5 1 1.5 2
€4 [nm]

quency decreases. Also, it is observed that for larger values of // &, the sensitivity of
frequency to epa decreases. This might be due to the fact that, the effects of nonlo-
cality are more pronounced near the boundaries, so for shorter beams these effects

can increase.
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Fig. 13 Variations of the
fundamental natural e.a=0 [nm] (local)
frequency with length to 200 Clamped beam
thickness ratio for
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Figure 13 shows the effect of length to thickness ratio on the natural frequency
considering different nonlocal parameters and various boundary conditions. It is seen
that regardless of local/nonlocal effects, the increase in// & has led to the reduction of
natural frequencies. The highest reduction belongs to both-sides clamped boundary
condition and the lowest to cantilever.

6.2.2 Free Vibration of Nano-Scaled Plates

The classical plate theory is used to investigate the free vibration of nano-scaled
plates [16]. The procedure of Sect. 5.3, in conjunction with Adini-Clough element
types (3.3), have been adopted. Three points in each direction have been assumed
for numerical integration. It is noted that the length and thickness of the square plate
are 10nm and 0.34 nm, respectively.

Convergence study of a square plate considering epa = 1 nm and all-sides simply
supported boundary condition are shown in Table 3. Equal size square elements
have been used for mesh allocation. It is seen that the results converge for 45 x 45
elements.
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Table 3 Convergence study of free vibration considering a simply-supported square nano-scaled
plate (epa = 1 nm)

Number of square elements Fundamental natural frequency [GHz]
3x3 71.5887
7x17 59.9211
11 x 11 55.953
15 x 15 54.1543
19 x 19 53.1874
23 x 23 52.6066
27 x 27 52.2302
31 x 31 51.9721
33 x 33 51.8128
37 x 37 51.789
41 x 41 51.788
45 x 45 51.788

Table 4 Comparison of the results for free vibration of a square nano-scaled plate (wyp =

wl?/oh]D)

Boundary | Present Reference | Reference |Reference |Reference | Reference

conditions | (ega =1 [44] [45] [46] [46] MD [46] MD
nm) (zigzag) (armchair)

Simply 15.52 18.02 18.01 18.88 7.62 17.84

supported

Clamped 28.16 - - 33.78 34.36 34.84

Table 4 shows the comparison of non-dimensional fundamental natural frequency
based on finite element integral nonlocal elasticity with those of nonlocal differential
theory. Results of Pradhan and Phadikar [44] are obtained by using the Navier solution
and nonlocal classical plate theory. Murmu and Pradhan [45] have also used nonlocal
classical plate theory whereas Ansari et al. [46] have implemented nonlocal first-
order shear deformation theory. Besides, the results of molecular dynamics have
been included in the table. As it is predictable, considering the non-locality leads to
some discrepancies between the results which are relatively more pronounced for
all-sides simply supported boundary condition. By comparing the results of current
study with those of molecular dynamics, it can be concluded that for the subject case
the value of nonlocal parameter lies between 0 and 1 nm.

Figure 14 shows the effect of nonlocal parameter on the natural frequency of square
nano-scaled plate considering different length to thickness ratios. As observed, by
increasing the nonlocal parameter natural frequency decrease. This softening effect
is more pronounced for the lower values of the plate length to thickness ratio, i.e.,
the variation of natural frequency with [/ h is less noticeable for larger plates. This
might be due to the importance of nonlocal effects near the boundaries, that is to say,
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Fig. 14 Effect of the nonlocal parameter on the natural frequency of square plate with all-sides
simply supported, all-sides clamped and cantilever boundary condition (2 = 0.34 nm) [16]

for the smaller plates, the boundary conditions play an important role in nonlocal
characteristics of the structure. It is noted that by increasing the length of the structure
the epa /[ value diminishes for a given value of eya.

Figure 15 shows the variations of the natural frequency with the length of the
square plate for different boundary conditions considering epa = 1 nm. Itis seen that,
by increasing the length the natural frequency decreases. Also, decrease in natural
frequency is more steep for all-sides clamped boundary condition in comparison
with all-sides simply supported and clamped free conditions.

Figure 16 shows the effect of aspect ratio on free vibration of rectangular nano-
scaled plate considering all-sides simply supported boundary condition. As it is seen,
by increasing the aspect ratio, the natural frequencies decrease.
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6.3 Elastic Beam and Plate Buckling

The buckling of nano-beams and nano-plates are investigated employing the finite
element nonlocal integral elasticity method and considering the single-phase nonlo-
cal constitutive equation (Eq. (2)).

6.3.1 Buckling of Nano-Scaled Beams

The procedure of Sect. 4.4 has been employed for the buckling analysis of Euler-
Bernoulli nano-scaled beams. Hermite beam elements (see Sect. 3.3 ) are used and
the beam properties are E = 1 TPa, l = 20 nm, b =t = 1 nm. Table 5 shows the
convergence study for a two-sides clamped beam considering epa = 1 nm and 2 nm.

Figures 17 and 18 show the variations of buckling load ratio with the nonlo-
cal parameter for both-sides simply supported and clamped boundary conditions,
respectively. Also, the results of the current study have been compared with those
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Table S Convergence study for buckling of nonlocal Euler-Bernoulli beam considering two-sides
clamped boundary condition

Number of elements epa = 1 nm epa = 2 nm
10 12.3789 7.4291

20 9.2301 6.6915

30 8.4526 6.5072

50 7.9771 6.3892

100 7.7294 6.3213

200 7.6488 6.2952

300 7.6296 6.2879

400 7.6214 6.2845
Fig. 17 Variations of 1.05

buckling load ratio with the
nonlocal parameter for both
sides simply supported
Euler-Bernoulli beam [7]
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0.9 |
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based on the nonlocal differential elasticity [7] considering the Timoshenko beam
theory. It is seen that, by increasing the nonlocal parameter buckling load decreases.

Figures 19 and 20 show the variations of buckling load with length to thickness
ratio for different boundary conditions considering epa = 1 nm. It is observed that,
by increasing the length to thickness ratio, the discrepancy between the results of
the current method with those of local elasticity and differential elasticity theory
decreases. Also, itis seen that the effect of the nonlocal parameter is more pronounced
for shorter beams.

6.3.2 Buckling of Nano-Scaled Plates

The buckling of classical plates are analyzed using the finite element nonlocal integral
method, and the results are compared with those of nonlocal differential elasticity
theory. The Adini-Clough element has been used for the analysis (see Sect. 3.3).
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Fig. 18 Variations of
buckling load ratio with the
nonlocal parameter for both
sides clamped
Euler-Bernoulli beam [7]

Fig. 19 Variations of
buckling load with length to
thickness ratio for ega = 1
nm considering both sides
simply supported beam [7]

Fig. 20 Variations of
buckling load with length to
thickness ratio for ega = 1
nm considering both sides
clamped beam [7]
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Figure 21 shows the variations of buckling load ratio with the length of square
plate for all-sides simply supported boundary condition considering epa = 1 nm
and epa = 2 nm. The results of the current study have been compared with those
obtained by Levy method based on nonlocal differential elasticity theory [47]. It is
seen that by increasing the length of the plate, the nonlocal effects decrease. These
effects in smaller dimensions result in more reduction of buckling loads. In other
hands, by increasing the epa discrepancy between the results of the current study
with those of nonlocal differential elasticity increase. This might be due to the fact
that by increasing the value of epa, the effects of boundary conditions can play a
more important part.

Figure 22 shows the variations of buckling load ratio with the length of the plate
for I /l, = 1 and I, /I, = 2 considering epa = 1 nm and all-sides simply supported
boundary conditions.

Figure 23 shows the effect of nonlocal parameter on the buckling ratio of nano-
scaled plate considering all sides simply supported, and all sides clamped boundary
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Fig. 23 Effect of the 1.00 4
nonlocal parameter on the -
0. 1
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conditions. It is seen that for all sides clamped boundary condition, the reduction in
buckling load is more pronounced in comparison with the all sides simply supported
boundary conditions. It is due to the fact that, stronger boundary conditions lead to
more pronounced nonlocal effects near the boundaries.

6.4 Viscoelastic Free Vibration

The free vibration of nano-scaled beams and plates are studied using the finite ele-
ment nonlocal integral elasticity approach considering the Kelvin-Voigt viscoelastic
model. Properties of the beam are E = 1 TPa and p = 2000 kg/m?, and for the plate
E =1TPa,v=0.16and p = 2250 kg/m3.

6.4.1 Free Vibration of Viscoelastic Nano-Scaled Beams

For obtaining the results of the viscoelastic free vibration of nano-scaled beams, the
procedure explained in Sect. 4.3 have been adopted. Hermite type elements have
been used for meshing the beam (see Sect. 3.3). The complex eigenvalues of the
current study based on the finite element nonlocal integral method are compared
with those of Lu et al. [41] and Lei et al. [20] based on the nonlocal differential
elasticity theory and those obtained by Abaqus/CAE commercial software (local
viscoelasticity) in Table 6 [15]. The results have been extracted for different values of
nonlocal and viscoelastic parameters considering various boundary conditions. The
complex eigenvalues obtained by the finite element integral nonlocal method is lower
than those of the nonlocal differential theory. Also, both the real and imaginary parts
of the eigenvalue decrease by increasing the nonlocal parameter for both methods,
except in the case of cantilever boundary condition for the nonlocal differential
theory.
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Fig. 24 Variations of the real part of the frequency with viscoelastic parameter for Euler-Bernoulli
nano-scaled beam for ega = 0 nm and ega = 1 nm [15]
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Fig. 25 Variations of the imaginary part of the frequency with viscoelastic parameter for Euler-
Bernoulli nano-scaled beam for ega = 0 nm and ega = 1 nm [15]

Figures 24 and 25 show the variations of real and imaginary parts of non-
dimensional eigenvalues, (non-dimensionalized by local elastic natural frequency
wy g) with the viscoelastic parameter considering different values of nonlocal param-
eter and various boundary conditions. It is seen that by increasing the viscoelastic
parameter the real part of complex eigenvalues decreases and the imaginary part
increases. Also, it is observed that for the both-sides clamped boundary condition, in
comparison with other boundary conditions, the effect of the viscoelastic parameter
is more noticeable. However, by increasing the nonlocal parameter the change in
eigenvalues due to viscoelastic parameter decreases.

Figure 26 shows the effect of nonlocal parameter on the real and imaginary parts
of eigenvalues for viscoelastic nonlocal Euler-Bernoulli beam considering both sides
simply supported boundary condition and various viscoelastic parameters and beam
lengths. It is seen that by increasing the value both the real and imaginary parts of
frequency decrease. For shorter beams, the variations of the eigenvalues are rela-
tively more pronounced, because by decreasing the length of the beam, the effects
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Fig. 26 Effects of the nonlocal parameter on the complex eigenvalues for both sides simply sup-
ported Euler-Bernoulli beam [15]

of boundary conditions become more important and nonlocality effects are stronger
near the boundaries. Besides, for shorter beams, the effects of viscoelastic parameter
on the imaginary part become more noticeable.

6.4.2 Free Vibration of Viscoelastic Nano-Scaled Plates

For analyzing the free vibration behavior of viscoelastic square nano-scaled plates,
the procedure explained in Sect. 5.3 is followed. The plate has been meshed by
Adini-Clough type elements (see Sect.3.3), and it has length and thickness of 10
and 0.34 nm, respectively. Also, in the current section terms of diagonal matrix T,
(viscoelastic parameters) are assumed to be equal and shown by 7.



Finite Element Nonlocal Integral Elasticity Approach 305

Table7 Comparison between the fundamental natural frequency (GHz) of nano-scaled plates based
on nonlocal integral theory and nonlocal differential theory considering all sides simply supported

boundary condition

References T Undamped Kelvin-Voigt Kelvin-Voigt
elastic plate viscoelastic plate viscoelastic plate
(Ty=01[ns]) | (Ty=0.5x%x10"* (T; = 10~* [ns])
[ns])
Pang et al. 0.0 65.7909 65.7873 + 0.6799i 65.7768 + 1.3598i
[48]
0.5 64.2253 64.2220 + 0.6479i 64.2122 + 1.2959i
1.0 60.1240 60.1213 + 0.5678i 60.1132 + 1.1356i
1.5 54.7472 54.7452 + 0.4708i 54.7391 + 0.9416i
2.0 49.1803 49.1789 + 0.3799i 49.1745 + 0.7599i
Present study | 0.0 65.7909 65.7873 + 0.67991 65.7768 + 1.3598i
0.5 57.5403 57.5380 + 0.5201i 57.5309 + 1.0401i
1.0 51.788 51.7845 + 0.4243i 51.7810 + 0.8486i
1.5 45.5904 45.5892 + 0.3265i 45.5857 + 0.6530i
2.0 38.1002 38.0995 + 0.2280i 38.0974 + 0.4560i

Comparison between the fundamental eigenvalues based on the nonlocal integral
theory with those of nonlocal differential theory [48] considering all sides simply
supported boundary condition is shown in Table 7. It is seen that for a local case
(r = 0), the agreement between the results is excellent. By increasing the nonlocal
parameter, the results start to differentiate.

Figure 27 shows the effect of nonlocal parameter on the free vibration behavior of
viscoelastic classical nano-scaled plate for different viscoelastic and length param-
eters considering all sides simply supported boundary condition. It is seen that by
increasing the value of egpa, both the real and imaginary parts of eigenvalues decrease
and this effect is more pronounced for smaller plates. Also, the decrease in the imag-
inary part due to increase in nonlocal parameter is more pronounced for larger values
of Ty.

Figure 28 shows the variations of real and imaginary parts of non-dimensional
eigenvalues (non-dimensionalized by the natural frequency of local elastic plate) with
the viscoelastic parameter considering different boundary conditions for ega = 1 nm.
It is observed that by increasing the value of Ty, the real part of eigenvalues decrease
and imaginary part increase. Besides, this variation is more pronounced for all-sides
clamped boundary condition.
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Fig. 27 Variations of the complex eigenvalues with nonlocal parameter for all-sides simply sup-
ported plate considering different viscoelastic parameters

7 Conclusions

In this chapter, a finite element method based on the nonlocal integral theory has
been developed to study the mechanical behavior of nano-scaled beams and plates.
The constitutive equation has been obtained considering the nonlocal integral theory
and viscoelastic properties. Then, Hamilton’s principle has been adopted for deriving
the formulations and preparing the finite element foundation. Despite the simplicity
of non-local differential theory in some aspects, it has been extracted from the more
general nonlocal integral theory under certain conditions, thus it can only manage
some limited problems (e.g. simple geometries, boundary conditions, and certain
kernel types). However, the method presented in the current chapter can be used
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for modeling a broad range of problems, including complex geometries, various
boundary conditions, and different kernel types. For instance, by using the finite
element nonlocal theory the force boundary conditions can be analyzed properly
for nano-scaled plates. In addition, the paradox, which has been seen in some cases
considering the nonlocal differential theory, does not arise in the current method.

In previous sections, the formulations for studying bending, buckling, and vibra-
tion of nano-scaled beams and plates have been presented, and some examples have
been discussed for understanding the effects of non-local parameters, geometri-
cal parameters, boundary conditions and viscoelastic effects on the corresponding
mechanical behavior.
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