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Abstract

Purpose The scale-dependent forced and free vibrational behaviors of a nanobeam located on variable elastic foundations
subjected to a transverse moving load and an axial tensile force are analyzed based on the nonlocal Rayleigh beam theory.
Meanwhile, a comprehensive parametric investigation is accomplished to elucidate the impacts of various system parameters,
such as geometry, foundation coefficients, rotational inertia factor, surface energy, and hygro-thermo-magnetic fields on the
dynamical response of the nanobeam.

Methods The dynamical equation of the system is derived by considering linear, parabolic, and sinusoidal distributions for
the elastic foundation. Employing the Galerkin discretization technique and eigenvalue analysis, the vibrational frequencies
of the system are determined numerically. The dynamical response of the system is also acquired analytically.

Results The critical velocity of the moving load and the dynamical amplification factor for the forced vibration of the system
are computed. In addition, the conditions of the cancellation phenomenon and the maximum amplitude of free vibration are
determined. The outcomes indicated that, in contrast to the effects of axial tensile force and elastic foundations, the critical
velocity of the moving load decreases with increasing the nonlocal parameter and the rotational inertia factor. Moreover, it
is inferred that the cancellation velocities of the moving load can be increased by exerting a magnetic field and increasing
the length-to-thickness ratio of nanobeams.

Conclusions The findings reveal that considering the impacts of the surface energy, rotational inertia factor, and environ-
mental conditions is essential to the dynamical analysis of small-scale structures under traveling loads.

Keywords Dynamical response - Nonlocal Rayleigh beam theory - Surface effects - Variable elastic foundation - Moving
load - Environmental conditions

Introduction

Dynamical analysis and engineering design of systems under
moving loads have been challenging issues for researchers
in recent years [1-4]. The research results in this field can
be applied to a wide range of sciences, such as physics,
mechanics, and civil engineering [5—8]. Scientific reports
have revealed that systems subjected to traveling loads are
prone to experiencing different dynamical phenomena, such
as cancellation and resonance [9]. Also, their vibrational
response is highly dependent on the occurrence of these
dynamical phenomena. Therefore, researchers modeled
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various dynamical phenomena in engineering systems under
moving loads for different operating conditions to predict
structural performance. In this regard, Dimitrovova et al.
[10] obtained the transient dynamical response of a beam
embedded in a foundation with variable stiffness under the
excitation of a moving load. They also analyzed the effects of
abrupt local changes in foundation properties on the vibra-
tional behavior of the system. The dynamical behavior anal-
ysis of uniform beams with simple support conditions under
a single moving load was performed by Kumar et al. [11].
They examined the damping effect on the cancellation of the
free response of the system and also proposed a novel for-
mulation for the cancellation mechanism. Museros et al. [12]
surveyed the cancellation and resonance phenomena in the
free vibration of beams under moving loads. They discov-
ered the influence of elastic supports on the cancellation and
resonance conditions. Forced and free dynamical responses

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s42417-023-01154-6&domain=pdf

4810

Journal of Vibration Engineering & Technologies (2024) 12:4809-4828

of laminated deep curved beams subjected to moving loads
were analyzed by Sarparast and Ebrahimi-Mamaghani [13].
They reported the cancellation disappearance phenomenon
in the system and showed that the resonance velocities for
the symmetric and non-symmetric cross-ply layups are
equal. Martinez-Rodrigo et al. [14] explored the resonance
and cancellation mechanisms in the vibrational response of
two-span beams under the action of traveling loads. They
evaluated the effect of the velocity of moving loads on the
maximum acceleration of the system. Forced and free vibra-
tions of straight beams made of axially functionally graded
(FG) materials subjected to a moving load are considered
by Ebrahimi-Mamghani et al. [15]. They studied the effects
of several factors, such as system geometry and axial grada-
tion of materials, on the critical velocity of the moving load,
dynamical amplification factor, and maximum free vibration
amplitude of the system. Hu et al. [16] solved the dynamical
problem of continuous multi-span beams subjected to mov-
ing masses with variable velocity. They clarified the impacts
of damping and mass acceleration on the system vibration.
Agrawal and Chakraborty [17] considered the vibrations of
cantilevered beams with cracks under concentrated moving
forces exploiting the discrete element method. They sur-
veyed the impacts of crack properties and force speed on the
system dynamics. Jiang et al. [18] computed the vibrational
response of multi-layer beams resting on an elastic medium
subjected to traveling forces. They evaluated the impressions
of foundation features and material properties on the system
behavior. Kheim et al. [19] addressed the dynamical char-
acteristic of a cracked FG beam attached to a piezoelectric
layer subjected to harmonic moving loads. They inspected
the impacts of material factors, load velocity, and crack posi-
tion on the vibration response of the beam.

Theoretical and experimental investigations have shown
that applying classical theories to the dynamical analysis of
small-scale structures does not provide reliable outcomes
[20-22]. As a result, scientists have developed higher-order
continuum theories by considering the size effects. One of
the most well-known theories for the mathematical mod-
eling of nanoscale structures is Eringen’s nonlocal elastic-
ity theory. In this theory, the softening effects in nanosys-
tems are justified by introducing the nonlocal parameter
[23]. Accordingly, numerous reports have been devoted to
explaining the vibrational behavior of nanostructures under
moving load based on Eringen’s nonlocal elasticity theory.
For instance, Hosseini et al. [24] obtained the axial and
transverse dynamical responses of an FG nanobeam under
a constant moving load. They inspected the impacts of struc-
ture parameters such as the aspect ratio, power index of FG
material, and velocity of the moving load on the maximum
axial and transverse displacements. According to the non-
local Euler-Bernoulli beam theory, Simsek modeled the
forced vibration of simply supported single-walled carbon
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nanotubes under the action of a traveling harmonic load
[25]. His results exhibited that the dynamical deflection of
the system is directly related to the nonlocal parameter. Pir-
mohammadi et al. [26] scrutinized the vibration control of
a single-walled carbon nanoscale tube by considering the
effects of a traveling harmonic load. They investigated the
influences of scale parameter, slender ratio, velocity, and
excitation frequency of the moving load on the dynamical
deflection of the system. Gupta et al. [27] conducted a nonlo-
cal stress analysis on an irregular FG porous system resting
on a fiber-reinforced medium under the action of moving
loads. They addressed the effects of the nonlocality, porosity,
frictional coefficient, and material gradation parameters on
the dynamical response of the system. Hosseini et al. [28]
analyzed the forced and free vibrations of single-walled car-
bon nanotubes carrying a moving load utilizing the nonlo-
cal elasticity theory. They also compared the effects of the
scale parameter, geometrical characteristics of nanotubes,
velocity, and frequency of the moving harmonic load on the
system vibration obtained via the classical, Rayleigh, and
Bishop theories. Wang et al. [29] characterized the forced
and free lateral dynamical responses of a nanobeam sub-
jected to a traveling load by considering the nonlocal and
strain gradient effects. Their results proved that the material
length scale and nonlocal parameters play essential roles
in determining the transverse vibration amplitude of the
system.

The literature review confirms that the performance of
small-scale systems is substantially dependent on their
environmental conditions [30]. For example, applying an
external longitudinal magnetic field to a nanostructure
enhances the effective stiffness of the system and improves
its stability. On the other hand, hygro-thermal fields lead to
strains and compressive stresses in the nanoscale structure
that may reduce the system efficiency. Hence, an important
engineering requirement is to evaluate the effects of envi-
ronmental variations on the dynamical behavior of nano-
structures under moving loads. In this field, Abouelregal
et al. [31] acquired the vibrational response of a nanobeam
excited by the temperature gradient and a moving load. Their
results demonstrated the effects of the velocity of the moving
load, temperature rise, and size-dependent parameters on
the dynamical deflection and bending moment of the sys-
tem. The vibrational response of an FG nanobeam subjected
to a moving load in thermal fields was computed by Hos-
seini et al. [32]. Their results illustrated that ascending the
temperature and nonlocal parameter amplifies the dynami-
cal deflection of the system. Barati et al. [33] focused on
the forced vibration of embedded nanoscale beams under
concentrated moving loads in varying environments. They
discussed the impacts of scale parameters, the velocity of
the moving load, viscoelastic foundation, and hygro-ther-
mal fields on the system dynamics. The thermo-mechanical
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behavior of bi-directional FG microscale beams subjected
to a moving harmonic load was simulated by Liu et al. [34].
They analyzed the fundamental frequency variation and
dynamical deflection of the system by considering the mate-
rial gradation in the axial and transverse directions, differ-
ent thermal loadings, and small-scale effects. According to
Eringen’s nonlocal elasticity theory and the Kirchhoff-Love
plate model, Ghadiri et al. [35] determined an analytical
solution for the steady-state dynamical response of sim-
ply supported graphene sheets rested on a visco-Pasternak
substrate subjected to magneto-thermo-mechanical fields
and moving loads. They disclosed that, in contrast to the
small-scale effects, the jump phenomenon is postponed by
ascending the temperature, initial stress, and magnetic field
strength. On the basis of the nonlocal strain gradient theory,
the vibrational analysis of Timoshenko microscale beams
exposed to a moving mass and magnetic fields was accom-
plished by Esen [36]. The results of his research proved that
by applying a magnetic field, the dynamical deflection of the
system is reduced.

Due to the high surface-to-volume ratio at the nanoscale,
the free surface energy cannot be ignored compared to bulk
energy. As a result, surface effects should be considered in
the physical and mechanical properties of the system for
mathematical modeling and design of nanoscale structures.
Nevertheless, limited investigations are concentrated on the
surface effects on the vibrational behavior of nanostructures
subjected to moving loads. Within this context, according
to surface elasticity theory, Ghadiri et al. [37] modeled an
Euler—Bernoulli nanobeam located on a nonlinear viscoe-
lastic medium with the moving load excitation in thermal
fields. Their results showed that by ascending the nonlocal-
ity, temperature rise, as well as increment of the residual
surface stress and the linear stiffness of the foundation, the
possibility of a jump phenomenon in the dynamical behavior
of the system is reduced. Exploiting the nonlocal strain gra-
dient theory and considering the surface effects, the forced
torsional vibrational analysis of a nanobeam subjected to a
moving harmonic torque was carried out by Hamidi et al.
[38]. They inspected the effects of velocity parameter and
scale factors on the maximum dynamical torsion of the sys-
tem. Hashemian et al. [39] solved the vibration problem
of a Timoshenko nanoscale beam under the intermittent
movement of nanoscale particles by considering the surface
effects. They investigated the impacts of diverse parameters,
such as the scale factor, Pasternak foundation coefficient,
and nanoparticle inertia, on the dynamical instability of the
system. Also, they declared that by considering the inertia
of the moving nanoscale mass and size-dependent effects,
the dynamical instability region of the system is displaced
to lower frequencies. Based on the modified nonlocal elas-
ticity theory, Rahmani et al. [40] analyzed the forced vibra-
tion of double-walled carbon nanoscale tubes under the

excitation of a moving nanoscale particle by considering
surface effects. They also compared the deduced results of
Eringen’s nonlocal and modified nonlocal elasticity theo-
ries. Based on the Euler—Bernoulli beam model and nonlo-
cal piezoelastic theory, a dynamical model for the axial and
transverse vibrations of boron nitride nanotubes under the
excitation of a moving nanoparticle was developed by Arani
and Roudbari [41]. They explored the effects of geometry,
small-scale parameters, residual surface stress, and visco-
Pasternak foundation characteristics on vibrational behav-
ior and dynamical deflection of the system. Rajabi et al.
[42] studied the forced vibrational behavior of nanobeams
under a point moving harmonic load by considering surface
effects based on Euler—Bernoulli, Timoshenko, and modified
Timoshenko beam models. They discovered the effects of
the scale parameters, frequency and velocity of the moving
harmonic load on the dynamical behavior of the system.
Hosseini et al. [43] considered the surface effects on the
forced vibration of a double-nanobeam system coupled with
a viscoelastic layer under a traveling load. They found that
surface effects greatly affect the system dynamics for short
nanobeams.

A comprehensive literature review indicates that lim-
ited research has addressed the size-dependent dynamics of
small-scale beams under moving loads in varying environ-
mental conditions by considering surface effects. To the best
of the authors’ knowledge, the effects of axial tensile force,
rotational inertia factor, surface energy, hygro-thermo-mag-
netic environments, and different elastic foundations on the
critical velocity of the traveling load, dynamical amplifica-
tion factor, cancellation mechanisms, and maximum ampli-
tude of free vibration for nanobeams under moving load have
not been reported. The current work discusses the dynamical
behavior and response of a nanoscale beam under a mov-
ing load by considering environmental effects and surface
energy based on Eringen’s nonlocal elasticity theory and
the Rayleigh beam model. In the following, the dynamical
equation of the system is extracted based on the generalized
Hamilton’s principle. The Galerkin discretization approach
derives the reduced-order system equation. Then, by solving
the eigenvalue problem, the vibrational frequencies of the
system are acquired numerically. Forced and free vibrational
responses of the system are obtained analytically. Compari-
son and parametric studies are presented, and finally, the
effects of system parameters on the dynamical response are
assessed and analyzed.

Mathematical Formulation

Figure 1 shows the schematic view of a hinged-hinged
nanoscale beam with a surface layer under a moving point
load. The nanobeam has a rectangular cross-section with a
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Z i P where (EI); is the equivalent flexural stiffness of the system

ut . Surface layer and is introduced as follows [49]:

Y Z (ED)y; = B+ E*(h/6 + bh?/2)
= eff = (6)

F<f—=2 > F
I A By implementing Egs. (1) and (2), the strain energy of the
14 ;} system can be rewritten as follows [50-52]:

Fig.1 Schematic view of a nanobeam with a surface layer subjected
to a moving load

thickness of & and width of b. The length, perimeter, area, den-
sity, Young’s modulus, and moment of inertia of the nanobeam
are indicated by L, S, A, p, E, and I, respectively. The moving
load with a constant magnitude P and a constant velocity u
moves along the axial direction of the system. The nanobeam
is subjected to an axial tensile force F. Also, the system is
under a magnetic field with the intensity B, temperature gradi-
ent AT, and moisture variation AH. The transverse displace-
ment of the nanobeam is depicted by w.

By ignoring the nonlinear effects in the system, the axial
strain of the nanobeam is expressed as follows [44, 45]:

0*w

=—Z— 1)

€
X 02x

In practice, although the lateral movement is typically
coupled with the longitudinal motion, the longitudinal dis-
placement is small compared to the lateral displacement
[46]. Consequently, lateral motion is only considered in the
current research.

The following equation gives the strain energy of the sys-
tem [44]:

1
E, = 5///ande )

Vv

where o, and V denote the axial stress and the volume of the
system, respectively.

The stress—strain equations in the system are calculated
from the following equations [47]:

o, = Ee, ?3)

o =1, +E, 4)

in which 7 is the residual stress of the surface layer. The
superscript “s” refers to the surface layer.

The resultant local bending moment due to normal
stresses in the bulk and surface layer of the nanobeam is

defined as follows [48]:

s o*w
Mg = [ zoydx + [ zojdx = —(EDep— 3)
A S 0x
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Ee = _/ Mlocal B dx @)
0 ox

The kinetic energy of the Rayleigh nanobeam due to the
transverse displacement and the cross-section rotation can be
computed by the following equation [15, 53]:

1 [frowy 1 M Pw
K_EpA/O (E> dx+§p1/0 <@> dx ®)

The first term is related to the lateral movement of the
nanoscale beam. The second term is related to the cross-sec-
tion rotation effect. The added rotary inertia effect enhances
the kinetic energy and reduces the vibrational frequencies. The
Rayleigh beam theory improves the Euler—Bernoulli beam the-
ory by containing the cross-section rotation about the neutral
axis. Consequently, it presents an appropriate approximation
of the vibrational frequencies than the Euler—Bernoulli theory.
It should be noted that compared with the Timoshenko beam
model, the Rayleigh beam model does not consider the shear
deformation effects.

The work done by external loads on the system (W) is the
sum of the work done by the elastic foundation (W;), moving
load (Wp), as well as work done by the surface layer, axial
tensile force, and environmental loads (W,).

The work done by the variable elastic foundation is [54,
551

L
Wr = / NFwdx ©))
0

in which NF is the foundation force.

For linear, parabolic, and sinusoidal foundations, the foun-
dation force can be calculated by Eqgs. (10)—(12), respectively
[56-58]:

NE:k()(l—GL%)w, 0<o <1 (10)
2

N15=k0<1—ap<%) >w, 0<op<1 an

N§=k0<1—assin(%))w, 0<og<1 (12)
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where k is the foundation modulus. Also, o}, op, and og are
linear, parabolic, and sinusoidal variation parameters of the
foundation, respectively.

It should be noted that by eliminating the foundation vari-
ation parameter, the considered foundation is reduced to the
conventional Winkler foundation.

The work done by an external moving load is expressed
as follows [59, 60]:

L
Wp = — / P8y, (x — ur)wdx (13)
0

in which dg;, is the Dirac delta function.

The work done by hygro-thermo-magnetic environments,
axial tensile force, and the transverse load due to the surface
layer is given as follows [3, 61]:

1 [t ow \?
Wez—z/(NT+NH—N“—NM—F)(—>dx (14)
0

ox
where
NT = EAaAT + 2E5(b + h)a* AT (15)
NY = EABAH + 2E°(b + h)f*AH (16)
2 2B (b+h
=48, (—S) 17)
n n
N* =27y(b + h) (18)

in which 7 is the permeability of the magnetic field. Also, a
and f are the thermal and moisture expansion coefficients,
respectively.

The generalized Hamilton’s principle is utilized accord-
ing to the following equation to derive the dynamical equa-
tion of the system [62, 63]:

)
8/ (K+ Wy —E,)dr=0 (19)

b

By utilizing Hamilton’s principle, the equilibrium equa-
tion of the system is obtained as follows:

aleocal _ pAaz—W _ pI 04W
0%x 02t 02x0°t
+ (EAGAT + 2E%(b + h)a* AT + EAGAH

2 2
w2 b+ mypan - AL _2E0ER
n n

w x x\?
_ng(b-i-h)_F)E +k0<1 —O'LZ —O'P<z>

—assin(% ) )w — POy (x — ut)

(20)

According to Eringen’s nonlocal elasticity theory [48,
64], the constitutive nonlocal relation for the bending
moment in nanostructures is stated as follows:

20°M
M~ (60(1) o2 = Moeq 21)

where ega is the scale factor and reflects the small-scale
effects in the system.

By inserting Eq. (21) into the equilibrium equation, the
governing equation for the motion of the system is specified
as follows:

(EDegrw"” + (1 - (eoa)2V2> [pAW — pIiv"
H(EAQAT + 2E%(b + h)a* AT + EAPAH

‘ ‘ > 2Bb+h
F2ENb + hypAH — A8 ﬂ
n n

2
s X X
—223(b + ) — F)w” +k0<1 —o 7 - ap(z)

. (X
—6551n<i>)w — Pd; (x — ut)] =0
(22)
in which the dot and prime represent temporal and spatial
derivatives, respectively. Also, V =d/0x.

To generalize the results of the current study, the follow-
ing dimensionless parameters are introduced [65]:

EI
w=X W= pr, = S0
L L e EI
= L E — @
Vo T
2 2
po B2 L P
EI AL2 EI
A ko L*
u' =ul p—, k=2
EI’ 0 EI
AaATL? APL*AH
(ST = f’ H = f’
ABZLZ ZTS(b + h)Lz
M™ yEI ° T El
o 2ES(b+ h)a*ATL? . 2E(b+h)pAHL?
5T = 5 6H = s
EI EI -
o _ 2B+ (23)
M n°El

where u is the nonlocal parameter, and A is the rotational
inertia factor.

By substituting the above-mentioned dimensionless
parameters into Eq. (22) and omitting the star superscript,
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the dimensionless dynamical equation of the system is
acquired as follows:

EDeew””” + (1 — p? V) i — 4"

+(8p + 85 + Sy + 85, — 6y — 63 — 6, — F)w"”

+k0<1 — oL x — opx°® — o-ssin<%>>w — Po g (x — ut)] =0
24

To separate the time and space domains, the Galerkin
scheme is applied. According to this discretization method,
the transverse displacement of the nanobeam is described as
follows [12, 66, 67]:

w0 = ) gi(0),(x) 25)
j=1

in which ¢ is the vibration shape mode of the nanobeam.
Furthermore, 7 is the number of vibrational modes, and ¢ is
the generalized coordinate.

The vibrational mode shape for the simply supported con-
ditions is stated as follows [29, 68]:

¢;(x) = sin(jmx) (26)

The effect of the external moving load is ignored to
extract the natural vibrational frequencies of the system.
Equation (25) is substituted into the dynamical equation of
the system, and the resultant is multiplied by the shape mode
function. By integrating over the system length and using
the orthogonality property of shape modes, the first-order
differential equations of the system in the matrix form are
obtained as follows:

1
ko( / b, (0)(¢,(x) = ﬂ2¢f.'(X))dX>
0

1
_koaL< / B,() (x6p,(x) — p* (xb, (X)) 17) )
0
1
—koop< / Ch0)(b,(x) — 1 (Fh,(v))) )
—koas</ 6, %1n( )¢ () — <sin<%)¢,(x))u)dx)

(30)

By solving the eigenvalue problem of Eq. (27), the com-
plex eigenvalues are computed as a function of critical
parameters. It should be noted that the imaginary parts of
the system eigenvalues are the natural vibrational frequen-
cies of the system (w) [69-71].

The effects of external moving load are considered to
obtain the dynamical response of the system. Under these
conditions, the dynamical equation of the system for the
n-th vibrational mode is rewritten as follows [72-74]:

i,() + w>q(t) = P,sin(nmut) 3D

in which w? = K,,,/M,,, and P, = (P(1 + y2(nm)*)) /M,

It should be noted that to determine the coefficients of
the reduced-order system equation, the derivative property
of the Dirac delta function according to the following rela-
tion is used [24, 75]:

/f(x)S(") x —X)dx

When the nanobeam is under an external moving load
(t< 1/u), the system experiences forced vibration. Also,

{ —(=D"f"(X) x; <X < x, )

0 otherwise

M4 + Kq(@®) =0 (27)  the system undergoes free vibration when the moving load
where leaves the nanobeam (¢> 1/u). The solution of Eq. (31),
T
4= [q:(0, 9,0, ..., q,()] (28)
1 1
M), = / &, (6,00 = >/ (0))dx — / b, (0 (¢ (0) = > (x)) dx (29)
0 0

1
Ky, = (EI)eff/ ¢S(x)(l);"'(x)dx+
0

1
(6r+85+8y+6—0y—083—6,—F) [ 0 (¢(x) -
0

w2 () dr+
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including homogeneous and particular solutions, is
expressed as follows [11]:

q-"*(#) = Csin(w,t) + Dcos(w,t) +

5 sin(nmut)
w? — (nmu)

(33)
in which C and D can be obtained from the initial displace-
ment and velocity of the system.

By assuming zero initial conditions for the nanobeam,
the dynamical response of the forced vibration of the sys-
tem is given as follows:

qflorce(t) COZ nIuw

n . n
= sin(nmut) —
P,/ :

>sin(w,7)

w? — (nzu) w? — (nmu)

(34

To characterize the forced vibrational behavior of sys-

tems under moving loads, the dynamical amplification

factor (D,), which is the ratio of the maximum amplitude

of the forced vibration of the system to the static displace-
ment, is defined as follows [76]:

max Wforce 2;.;] qn(t)SiIl s
poo ) Zhaon(F) g

st st

where w, is the static displacement of the system and can be
calculated from the following relation [76]:

P

n*  w?
n

w

st _ “n

Anst = (36)
When the moving load leaves the nanobeam, the free
vibrational response can be determined depending on the
final displacement and velocity of the nanobeam in the
forced vibrational response. Generally, the free vibrational
response of the nanobeam is expressed as follows [11]:

- free

n0 sin(w,1) 37)

w

qi’ee(t) = qi{)eecos(a)nt) +

n

in which ¢ and ¢"*° are the initial displacement and veloc-
ity of the free vibration of the system for the n-th vibrational
mode, respectively. The initial conditions of the free vibra-
tional response can be obtained from the final conditions

of the forced vibrational response of the system as follows:

. 1 nruP . /O

free force n n
qn =qn ([:—) =—Sln(—>
0 u w, ((mm)2 - w%) u (38)

% (cos(mr) — cos ( % ) )

. R 1
qflf)ee = q£°r°e<t = _> =
a)ﬁ — (n7u)

(39)

For convenience, the free vibrational response of the sys-
tem (Eq. 37) is rewritten in the following simple form using
trigonometric relations [76]:

g () = X,sin(w,1 — v, (40)

where X, and y,, are the magnitude and phase angle of the
free vibration for the n-th vibrational mode of the system,
respectively, and are derived from the following equations:

qfree 2
fr 2 n0
n (anee) +< o, >
(4D
mmPn\/E ,
= 1- cos(nzz)cos(—)
®, (a)i — (nmu) ) u

e
|

free sin ( D )
Oy u
.free
90 cos(nr) — cos ( i} )
u

tan(y,) = 42)

The normalized amplitude of free vibration is defined as
follows to understand better the free vibrational behavior of
the system [11]:

X b 2
R = _n_ M X \/1 — COS(”E)COS(&>
u

Towy opt (a)ﬁ - (mtu)z)

43)

To identify the velocities of the moving load related to
the maximum free vibration amplitude of the system, it can
be written [11]:

n n 2
0X, , 2umax<wi + (mtumax) )
3 =0= tan T = >

" " o, (@2 = (m,,)?)

max

44)

After the moving load passes through the nanobeam, the
cancellation phenomenon occurs in the system when the
amplitude of the free vibration of the system becomes zero.
The velocity of the moving load related to the cancellation
phenomenon is obtained as follows [11]:

wn wn
Xn=0=>cos< )cos(mr):l:}u” =

n can 1
cos~! ( )
cos(nm)

(45)

According to Ref. [11], when the initial displacement and
velocity of free vibration of the system are zero simultane-
ously, the system does not vibrate and undergoes the cancel-
lation phenomenon. In this condition, for the initial condi-
tions of free vibration of the system, it can be written as:
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Fig.2 Comparison of the normalized amplitude of free vibration and the dynamical amplification factor with Ref. [77] without considering
foundations, environmental conditions, scale, and surface effects, for A=py=F=0

free n w,
=0=> = —
an ucan jTC (46)
. free __ no_ Dn
40 = 0= Uan = 2(, - Dr (47)

Based on Egs. (46) and (47), it can be expressed that when
the initial velocity of the free vibration is zero, the initial dis-
placement is also zero, but not vice versa. Therefore, it can be
inferred that the zero initial velocity of free vibration of the
system is a sufficient condition for vibration cancellation in
the system.

Results and Discussion

The results of the present investigation are compared and
evaluated with those published in scientific reports under
various working conditions to validate the proposed model
and the solution method. In Fig. 2, the normalized amplitude
of the free vibration of a beam in terms of the normalized
velocity of the moving load (k,=nmnu/w,) is plotted for the

@ Springer

first vibration mode. Moreover, the dynamical amplification
factor of the system is displayed in this figure. As can be
seen, the obtained results of the present investigation are in
an acceptable correlation with those reported in Ref. [77].
As stated in Refs. [3, 13, 77], since the vibrational frequen-
cies of the system are sufficiently separated, the effect of
higher vibrational modes in comparison with the fundamen-
tal vibrational mode can be neglected.

Figures 3 and 4 indicate the vibrational frequencies of
the system by considering the axial tensile force and scale
effects. According to these two figures, the current study
results agree with those published in Ref. [78].

The geometric and physical characteristics of the nano-
beam are listed in Table 1 to obtain numerical examples and
examine the effect of system parameters on the dynamical
behavior of the system. It should be mentioned that the per-
meability of the magnetic field and the coefficients of ther-
mal and moisture expansion for the bulk and surface layer
are considered equal. Also, according to experimental obser-
vations, the coefficients of thermal expansion of small-scale
systems at low (room) and high temperatures are different.
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Figure 5 depicts the dynamical amplification factor vari-
ation regarding the velocity of the traveling load. The effect
of different elastic substrates on the forced vibration of the
system is also shown in this figure. According to this figure,
as the velocity of the traveling load increases, the dynamical
amplification factor ascends irregularly until it reaches its

maximum value. The velocity of the traveling load related
to the maximum amplitude of the forced vibration system
is known as the critical velocity of the traveling load (u,).
The dynamical amplification factor is reduced smoothly by
further increasing the velocity of the moving load. As can
be seen, when the system is rested on an elastic foundation,
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Table 1 .Physical an.d Parameter  Value
geometrical properties of the
considered system [3, 33, 61, p 2707 kg/m3
71 h 1 nm
b 1 nm
L 20 nm
E 70 GPa
oy -1.6x109K™!
ay 1.1x 10 K™!
B 0.44 (Wt% H,0)7!
n 4nx 1077 N/A?
E*° 5.1882 N/m
7 0.9108 N/m

the effective stiffness of the system improves, and the curve
of the dynamical amplification factor displaces to higher
velocities of the traveling load. In other words, the critical
velocity of the moving load rises by considering an elas-
tic foundation for the system. According to this figure,
compared to the considered non-uniform foundations, the
conventional Winkler substrate has a greater effect on the
forced vibrational behavior of the system. Also, among the
considered variable foundations, parabolic and sinusoidal
foundations have the most and least impact on the dynamical
amplification factor, respectively.

In Fig. 6, for different residual stresses and Young’s mod-
uli of the surface layer, the dynamical amplification factor
in terms of the velocity of the moving load is plotted. As is
apparent, the increment in Young’s modulus and residual

stress of the surface layer leads to a stiffer system, and the
system experiences the maximum value of the dynamical
amplification factor at higher velocities of the moving load.
Consequently, it can be inferred that by considering the sur-
face effects in small-scale systems, the effective stiffness of
the system improves, and the critical velocity of the moving
load is enhanced.

The critical velocity of the moving load in terms of
the nonlocal parameter is shown in Fig. 7 by consider-
ing different hygro-magnetic loads. Since the increment
of nonlocality in the system leads to a softer system, the
critical velocity of the moving load is reduced. It is also
observed that as the magnetic field intensity is amplified,
the critical velocity of the moving load ascends. This trend
can be attributed to the hardening effects of the magnetic
field. As indicated in the technical literature, the effective
stiffness of the system is improved by the application of a
magnetic field. Conversely, by absorbing water molecules
in a moist environment, degradation conditions arise in
the system. In this condition, the effective stiffness of the
system is reduced, and as a result, the critical velocity of
the moving load is diminished.

In Fig. 8, the critical velocity of the traveling load in
terms of the rotational inertia factor is demonstrated by con-
sidering the temperature gradient. According to the figure,
the critical velocity of the moving load decreases as the rota-
tional inertia factor increases. This trend can be justified by
the fact that the rotational inertia factor has a mass-addition
effect on the system. Thus, the vibrational frequencies of the
system decrease with increasing the rotational inertia factor,

Fig.5 Dynamical amplifica-
tion factor of the nanobeam
as a function of the velocity
of the moving load without
considering surface effects
and environmental conditions
for A=F=0, u=0.2, k=1000,
o, =03=0p=0.9

—— Winkler foundation

— — Parabolic foundation
0.6 - —-—-Linear foundation
-------- Sinusoidal foundation
—— Without foundation

0.4 ‘ ‘
0 0.2 0.4
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Fig. 6 Effect of Young’s modu- 1.8 T T
lus and the residual stress of the
surface layer on the dynamical
amplification factor without
considering foundations and
environmental conditions for

A=F=0,4=0.05

'=0N/m, 7 =1N/m
*=0N/m, 75 =0.5 N/m
=10N/m, 7§ =0N/m
=5N/m, 75 =0N/m
—— Without surface effect
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u

Fig.7 Critical velocity of the
moving load as a function of
the nonlocal parameter without
considering foundations, tem-
perature gradient, and surface
effects for A=F=0

04 AH=0%.B=5T
—— Without hygro-magnetic loads
........ AH: 1 %’B:OT
- AH=2%,B=0T

0.4 !

—AH=0%,B=10T
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and the system experiences greater deflection at lower veloc-
ities of the moving load. Also, the system has dual behav-
ior in thermal environments. So, as the temperature rises
at high-temperature conditions, the system undergoes com-
pressive thermal stresses and deformation. Consequently, the
effective stiffness and vibrational frequency of the system

0.

1 0.15 0.2 0.25 0.3 0.35

are diminished, and the critical velocity of the moving load
is lessened. Conversely, because the sign of the coefficient
of thermal expansion is different at room-temperature condi-
tions, this trend is reversed in the low-temperature field. In
this case, as the temperature rises, the critical velocity of the
moving load improves.
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Fig.8 Critical velocity of the 0.66 T T
moving load as a function of the
rotational inertia factor without 0.64 L
considering foundations, hygro- TN
magnetic loads, and surface
effects for F=p=0

T T T T T T T
— AT =60K (HT)
—— AT=30K (HT)
—— Without temperature gradient
AT=30K (LT)
-—=-AT=60K (LT) -
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Fig.9 Critical velocity of the 2 I I
moving load as a function of
the nanobeam thickness without
considering foundations and
environmental conditions for
A=0, u=0.05

~—F=10

Figure 9 illustrates the critical velocity of the moving
load in terms of the nanobeam thickness for different axial
force values by considering the surface effects. As is clear,
the u.—h curves are overall descending with ascending the
nanobeam thickness. This point can clarify this pattern
such that as the nanobeam thickness increases, the role of

@ Springer

- h (nm)

surface energy relative to the bulk energy decreases. It can
be observed that for small nanobeam thickness values, the
critical velocity of the moving load decreases rapidly with
increasing the nanobeam thickness. Conversely, for high
nanobeam thickness values, the critical velocity of the mov-
ing load does not change significantly with the thickness
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Fig. 10 a Amplitude and b phase angle of free vibration of the embedded system in a parabolic foundation as a function of the velocity of the
moving load without considering surface effects and environmental conditions for A=pu=F=0, k,=1000, 6,=0.5

Fig. 11 Initial conditions of u
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variation. Furthermore, when the nanoscale beam is sub-
jected to an axial compressive/tensile force, the effective
stiffness of the system decreases/increases, and conse-
quently, the critical velocity of the moving load decreases/
increases. It should be noted that variations in axial force
at high values of the nanobeam thickness are more evident.

In Fig. 10a, b, the magnitude and phase angle of free
vibration of the system are depicted in terms of the veloc-
ity of the moving load, respectively. According to these
figures, the free vibration amplitude increases with a wavy
trend as the velocity of the moving load enhances. It can be
observed in Fig. 10a that the free vibration amplitude of the
system is locally zero at cancellation velocities. Moreover,
between two consecutive cancellation velocities, the free
vibration amplitude of the system is locally maximized. At
these velocities, the system experiences the maximum free
vibration phenomenon, and the corresponding velocities are
called the velocity of maximum free vibration. According
to Fig. 10b, the phase angle of the free vibration of the sys-
tem fluctuates around the zero value. Also, at cancellation
velocities, it undergoes a sudden decrease with increasing
the velocity of the moving load.

Initial conditions for free vibration of the system in
terms of the velocity of the moving load are demonstrated
in Fig. 11. It is observed that with the velocity variation
of the moving load, the initial conditions of the free vibra-
tion behave similarly to the free vibration amplitude varia-
tions. So, with increasing the velocity of the moving load,
the magnitudes of initial displacement and velocity of
free vibration increase non-monotonously. By comparing

Figs. 10 and 11, it can be deduced that the cancellation
phenomenon occurs in the system when both the initial
displacement and velocity of free vibration become zero.
According to Fig. 11, one can infer that when the initial
displacement of free vibration becomes zero, the initial
velocity of free vibration also becomes zero.

Figure 12 indicates the effects of different foundations on
the free vibration amplitude of the system. The embedded
system has a higher effective stiffness than the case with-
out a foundation. As a result, the nanobeam experiences
cancellation and maximum free vibration phenomena at
higher velocities of the moving load. In simple words, by
considering a foundation for the system, the curve of the free
vibration amplitude shifts to higher velocities of the moving
load. Compared to the considered variable foundations, the
uniform Winkler foundation has a greater effect on the free
vibration amplitude of the system. Also, among the con-
sidered non-uniform foundations, sinusoidal and parabolic
variations are the least and most effective foundations for the
free vibration of the system, respectively.

The first two cancellation velocities of the moving load
in terms of the foundation modulus are displayed in Fig. 13.
As expected, increasing the foundation modulus leads to
a stiffer system, consequently enhancing the cancellation
velocities. Also, cancellation velocities for the embedded
system in non-uniform foundations have lower values than
those for the system rested on a uniform Winkler founda-
tion. In addition, among the considered variable foundations,
the parabolic, linear, and sinusoidal foundations have higher
cancellation velocities, respectively. It should be noted that

Fig. 12 Effect of different foun- 1.8 T T
dations on the free vibration
amplitude of the system without
considering surface effects and
environmental conditions for
A=F=0, u=0.1, k,=2000, 14
o, =03=0p=0.9

12

0.6 -

04

0.2

—— Winkler foundation

— — Parabolic foundation
-------- Linear foundation
—-—-Sinusoidal foundation
—— Without foundation

| | |
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Fig. 13 Cancellation velocities 0.6 T T
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by considering foundation effects, the second cancellation
velocity has more significant changes.

Figure 14 demonstrates the first cancellation velocity
in terms of the length-to-thickness ratio of the nanobeam
for different rotational inertia factors by considering the
surface effects. As can be seen, as the length-to-thickness
ratio of the system increases, the cancellation velocity of

the moving load also increases. Furthermore, due to the
mass-addition effects of the rotational inertia factor, the
cancellation velocity of the moving load decreases with
increasing 4.

In Fig. 15, the first velocity of maximum free vibration in
terms of the axial tensile force is drawn for different hygro-
magnetic loads. According to this figure, when the axial
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Fig. 15 First velocity of
maximum free vibration as a
function of the axial tensile
force without considering
foundations, surface effects,
and temperature gradient for
A=u=0

—AH=0%,B=10T
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Fig. 16 First velocity of maxi- 0.34
mum free vibration as a func-
tion of the nonlocal parameter 0.335
without considering founda-
tions, surface effects, and hygro- 0.33
magnetic loads for A=F=0 ’
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g
— £ 0315
B
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tensile force is enhanced, the effective stiffness of the system
improves. In such a condition, the nanobeam undergoes the
maximum free vibration amplitude at higher velocities of
the moving load. Moreover, due to the hardening effects of
magnetic fields, the system experiences a higher velocity of

@ Springer
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maximum free vibration in the presence of a magnetic field.
Conversely, in a moist field, the softening behavior of the
system increases, and as a result, the velocity of maximum
free vibration declines.
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Fig. 17 Time response of the ‘

system without considering
foundations for A=F=B=0,
u=0.1,u=0.2 s

Normalized displacement

Forced vibration

—— Without surface and environmental effects
—-—- Without surface effect (AT=20K , AH =0.2 %)
— — With surface effect (AT=20K , AH=0.2%)
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Free vibration

The first velocity of maximum free vibration in terms of
the nonlocal parameter in thermal environments is shown
in Fig. 16. It can be observed that increasing the nonlocal
parameter leads to the softening behavior of the system. As
a result, the system experiences the maximum free vibra-
tion phenomenon at a lower velocity of the moving load
by increasing nonlocal effects. Also, based on this figure,
temperature variation in low- and high-temperature condi-
tions have opposite impacts on the vibrational behavior of
the system. So, in the room-temperature environment, the
velocity of maximum free vibration improves by increasing
the temperature. This trend is reversed in high-temperature
conditions.

Finally, to better comprehend the vibrational behavior
of the system under a traveling load, the time response
of the system is investigated. In Fig. 17, the dynamical
response of the nanobeam is plotted for u=0.2. Accord-
ing to this figure, after passing the moving load, the sys-
tem experiences free vibration with an amplitude of 0.17
without considering environmental conditions and surface
effects. When the nanoscale beam is in a hygro-thermal
environment, the forced vibration amplitude enhances, and
the system undergoes the maximum free vibration phe-
nomenon. Also, when surface effects are considered for the
system, the forced vibration amplitude of the nanobeam is
reduced, and the cancellation phenomenon occurs. In this
case, the system no longer vibrates after the moving load
passes over the nanobeam.

Conclusion

In this work, the vibration of nanoscale beams embedded
in variable elastic foundations under a transverse moving
load and an axial tensile force is modeled based on the
nonlocal Rayleigh beam theory by considering surface
effects and environmental loadings. The dynamical equa-
tion of the system is derived and solved analytically. For
validation purposes, comparison studies with published
data are performed. The effects of various key parameters
on the free and forced vibration mechanisms are examined.
The key findings of the current research can be summa-
rized below:

The critical velocity of the moving load reduces with
increasing the rotational inertia factor and the axial
compressive force.

By considering the foundation and surface effects, the
maximum amplitude of the forced vibration of the nano-
beam occurs at higher velocities of the moving load.
Cancellation velocities of the moving load increase/
decrease in a magnetic field/moist environment.

The velocity of the traveling load related to the maxi-
mum free vibration decreases with increasing the non-
local parameter and the temperature in a high-temper-
ature environment.

Among the variable elastic foundations, the parabolic/
sinusoidal medium has the most/least incremental effect
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on the cancellation and critical velocities of the mov-
ing load.

With the increase of foundation modulus, cancellation
velocities of the moving load improve.

Contrary to the effects of the length-to-thickness ratio,
the critical velocity of the moving load decreases by
ascending the nanobeam thickness.

By fine-adjusting the environmental conditions and sur-
face energy, unwanted vibration of the nanobeam can be
eliminated.

Data Availability The data used to support the findings of this paper are
available from the corresponding author upon request.

Declarations

Conflict of interest The authors declared no potential conflicts of in-
terest with respect to the research, authorship, and publication of this
article.

References

1. Ding H, Xu S, Xu C, Tong L, Zhu B, Yang Q (2022) Dynamic
responses of saturated soil foundation subjected to a moving
strip load based on the nonlocal-Biot theory. J Vib Eng Technol
11(5):2215-2229

2. Mandhaniya P, Shahu J, Chandra S (2022) Analysis of dynamic
response of ballasted rail track under a moving load to determine
the critical speed of motion. J Vib Eng Technol. https://doi.org/
10.1007/s42417-022-00741-3

3. Sarparast H, Alibeigloo A, Borjalilou V, Koochakianfard O (2022)
Forced and free vibrational analysis of viscoelastic nanotubes con-
veying fluid subjected to moving load in hygro-thermo-magnetic
environments with surface effects. Arch Civ Mech Eng 22:172

4. FuQ,GuM, YuanJ, Lin Y (2022) Experimental study on vibra-
tion velocity of piled raft supported embankment and foundation
for ballastless high speed railway. Buildings 12:1982

5. Sahoo PR, Barik M (2021) Dynamic response of stiffened
bridge decks subjected to moving loads. J Vib Eng Technol
9:1983-1999. https://doi.org/10.1007/s42417-021-00344-4

6. Kenmogne F, Noah PMA, Dongmo ED, Ebanda FB, Bayiha BN,
Ouagni MST et al (2022) Effects of time delay on the dynamics
of nonlinear beam on elastic foundation under harmonic mov-
ing load: chaotic detection and its control. J Vib Eng Technol
10(6):2327-2346

7. Wang C, Zhen B (2021) The study for the influence of nonlin-
ear foundation on responses of a beam to a moving load based
on Volterra integral equations. J Vib Eng Technol 9:939-956.
https://doi.org/10.1007/s42417-020-00274-7

8. Liu C, Peng Z, Cui J, Huang X, Li Y, Chen W (2023) Develop-
ment of crack and damage in shield tunnel lining under seismic
loading: refined 3D finite element modeling and analyses. Thin-
Walled Struct 185:110647

9. Luo C, Wang L, Xie Y, Chen B (2022) A new conjugate
gradient method for moving force identification of vehicle—
bridge system. J Vib Eng Technol. https://doi.org/10.1007/
$42417-022-00824-1

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Dimitrovova Z, Varandas J (2009) Critical velocity of a load
moving on a beam with a sudden change of foundation stiffness:
applications to high-speed trains. Comput Struct 8§7:1224-1232
Kumar CS, Sujatha C, Shankar K (2015) Vibration of simply
supported beams under a single moving load: a detailed study
of cancellation phenomenon. Int J Mech Sci 99:40-47
Museros P, Moliner E, Martinez-Rodrigo MD (2013) Free vibra-
tions of simply-supported beam bridges under moving loads:
maximum resonance, cancellation and resonant vertical accel-
eration. J Sound Vib 332:326-345

Sarparast H, Ebrahimi-Mamaghani A (2019) Vibrations of lami-
nated deep curved beams under moving loads. Compos Struct
226:111262

Martinez-Rodrigo MD, Andersson A, Pacoste C, Karoumi R
(2020) Resonance and cancellation phenomena in two-span con-
tinuous beams and its application to railway bridges. Eng Struct
222:111103

Ebrahimi-Mamaghani A, Sarparast H, Rezaei M (2020) On the
vibrations of axially graded Rayleigh beams under a moving
load. Appl Math Model 84:554-570

Hu J, Hu W, Zhou Y, Xiao C, Deng Z (2022) Dynamic
analysis on continuous beam carrying a moving mass with
variable speed. J Vib Eng Technol. https://doi.org/10.1007/
$42417-022-00784-6

Agrawal AK, Chakraborty G (2021) Dynamics of a cracked
cantilever beam subjected to a moving point force using discrete
element method. J Vib Eng Technol 9:803-815

Jiang L, Liu C, Peng L, Yan J, Xiang P (2021) Dynamic analy-
sis of multi-layer beam structure of rail track system under a
moving load based on mode decomposition. J Vib Eng Technol
9:1463-1481

Khiem NT, Huan DT, Hieu TT (2023) Vibration of cracked
FGM beam with piezoelectric layer under moving load. J Vib
Eng Technol 11:755-769

Ghayesh MH, Amabili M (2014) Coupled longitudinal-trans-
verse behaviour of a geometrically imperfect microbeam. Com-
pos B Eng 60:371-377

Ghayesh MH (2019) Viscoelastic mechanics of Timoshenko
functionally graded imperfect microbeams. Compos Struct
225:110974

Ghayesh MH (2019) Mechanics of viscoelastic functionally
graded microcantilevers. Eur J Mech-A/Solids 73:492-499
Eringen AC (2002) Nonlocal continuum field theories. Springer
Science & Business Media, Berlin

Hosseini S, Rahmani O (2017) Exact solution for axial and
transverse dynamic response of functionally graded nanobeam
under moving constant load based on nonlocal elasticity theory.
Meccanica 52:1441-1457

Simgek M (2010) Vibration analysis of a single-walled carbon
nanotube under action of a moving harmonic load based on nonlo-
cal elasticity theory. Phys E 43:182-191

Pirmohammadi A, Pourseifi M, Rahmani O, Hoseini S (2014)
Modeling and active vibration suppression of a single-walled
carbon nanotube subjected to a moving harmonic load based on a
nonlocal elasticity theory. Appl Phys A 117:1547-1555

Gupta S, Das S, Dutta R (2021) Nonlocal stress analysis of an
irregular FGFPM structure imperfectly bonded to fiber-rein-
forced substrate subjected to moving load. Soil Dyn Earthq Eng
147:106744

Hosseini SA, Khosravi F, Ghadiri M (2020) Moving axial load on
dynamic response of single-walled carbon nanotubes using clas-
sical, Rayleigh and Bishop rod models based on Eringen’s theory.
J Vib Control 26:913-928


https://doi.org/10.1007/s42417-022-00741-3
https://doi.org/10.1007/s42417-022-00741-3
https://doi.org/10.1007/s42417-021-00344-4
https://doi.org/10.1007/s42417-020-00274-7
https://doi.org/10.1007/s42417-022-00824-1
https://doi.org/10.1007/s42417-022-00824-1
https://doi.org/10.1007/s42417-022-00784-6
https://doi.org/10.1007/s42417-022-00784-6

Journal of Vibration Engineering & Technologies (2024) 12:4809-4828

4827

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Wang Y, Zhu W (2020) Vibration and the cancellation phenom-
enon of a nanobeam under a moving load via the strain gradient
theory. Math Methods Appl Sci. https://doi.org/10.1002/mma.
6879

Farajpour A, Ghayesh MH, Farokhi H (2018) A review on the
mechanics of nanostructures. Int J Eng Sci 133:231-263
Abouelregal AE, Zenkour AM (2017) Dynamic response of a
nanobeam induced by ramp-type heating and subjected to a mov-
ing load. Microsyst Technol 23:5911-5920

Hosseini SA, Rahmani O, Bayat S (2023) Thermal effect on
forced vibration analysis of FG nanobeam subjected to moving
load by Laplace transform method. Mech Based Design Struct
Mach 51(7):3803-3822. https://doi.org/10.1080/15397734.2021.
1943671

Barati MR, Faleh NM, Zenkour AM (2019) Dynamic response of
nanobeams subjected to moving nanoparticles and hygro-thermal
environments based on nonlocal strain gradient theory. Mech Adv
Mater Struct 26:1661-1669

Liu H, Zhang Q, Ma J (2021) Thermo-mechanical dynamics of
two-dimensional FG microbeam subjected to a moving harmonic
load. Acta Astronaut 178:681-692

Ghadiri M, Rajabpour A, Akbarshahi A (2018) Non-linear
vibration and resonance analysis of graphene sheet subjected
to moving load on a visco-Pasternak foundation under thermo-
magnetic-mechanical loads: an analytical and simulation study.
Measurement 124:103-119

Esen I (2019) Dynamic response of a functionally graded
Timoshenko beam on two-parameter elastic foundations due to
a variable velocity moving mass. Int J Mech Sci 153:21-35
Ghadiri M, Rajabpour A, Akbarshahi A (2017) Non-linear forced
vibration analysis of nanobeams subjected to moving concentrated
load resting on a viscoelastic foundation considering thermal and
surface effects. Appl Math Model 50:676-694

Hamidi BA, Hosseini SA, Hayati H (2020) Forced torsional vibra-
tion of nanobeam via nonlocal strain gradient theory and surface
energy effects under moving harmonic torque. Waves Random
Complex Media 32(1):318-333

Hashemian M, Falsafioon M, Pirmoradian M, Toghraie D (2020)
Nonlocal dynamic stability analysis of a Timoshenko nanobeam
subjected to a sequence of moving nanoparticles considering sur-
face effects. Mech Mater 148:103452

Rahmani O, Norouzi S, Golmohammadi H, Hosseini S (2017)
Dynamic response of a double, single-walled carbon nanotube
under a moving nanoparticle based on modified nonlocal elastic-
ity theory considering surface effects. Mech Adv Mater Struct
24:1274-1291

Arani AG, Roudbari M (2013) Nonlocal piezoelastic surface
effect on the vibration of visco-Pasternak coupled boron nitride
nanotube system under a moving nanoparticle. Thin Solid Films
542:232-241

Rajabi K, Hosseini Hashemi S, Nezamabadi A (2019) Size-
dependent forced vibration analysis of three nonlocal strain
gradient beam models with surface effects subjected to moving
harmonic loads. J Solid Mech 11:39-59

Hosseini S, Rahmani O, Hayati H, Jahanshir A (2021) Surface
effect on forced vibration of DNS by viscoelastic layer under a
moving load. Coupled Syst Mech 10:333-350

Kiani K, Nikkhoo A, Mehri B (2009) Prediction capabilities of
classical and shear deformable beam models excited by a moving
mass. J Sound Vib 320:632-648

Ghayesh MH, Amabili M (2013) Parametric stability and bifurca-
tions of axially moving viscoelastic beams with time-dependent
axial speed. Mech Based Des Struct Mach 41:359-381

Ghayesh M, Farokhi H, Zhang Y, Gholipour A (2020) Nonlinear
coupled moving-load excited dynamics of beam-mass structures.
Arch Civ Mech Eng 20:1-11

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bahaadini R, Hosseini M (2018) Flow-induced and mechanical
stability of cantilever carbon nanotubes subjected to an axial com-
pressive load. Appl Math Model 59:597-613

Hosseini M, Bahaadini R, Jamali B (2018) Nonlocal instability of
cantilever piezoelectric carbon nanotubes by considering surface
effects subjected to axial flow. J Vib Control 24:1809-1825
Sourani P, Hashemian M, Pirmoradian M, Toghraie D (2020)
A comparison of the Bolotin and incremental harmonic balance
methods in the dynamic stability analysis of an Euler—Bernoulli
nanobeam based on the nonlocal strain gradient theory and sur-
face effects. Mech Mater 145:103403

Peyman A (2023) The dual reciprocity boundary elements method
for one-dimensional nonlinear parabolic partial differential equa-
tions. arXiv preprint arXiv:2305.12210. https://doi.org/10.48550/
arXiv.2305.12210

Lomer B, Reza A, Rezaeian M, Rezaei H, Lorestani A, Mijani
N, Mahdad M, Raeisi A, Arsanjani JJ (2023) Optimizing emer-
gency shelter selection in earthquakes using a risk-driven large
group decision-making support system. Sustainability 15(5):4019.
https://doi.org/10.3390/su15054019

Sina T, Cho KT (2023) A hybrid machine learning framework for
clad characteristics prediction in metal additive manufacturing.
arXiv preprint arXiv:2307.01872. https://doi.org/10.48550/arXiv.
2307.01872

Wu M, Ba Z, Liang J (2022) A procedure for 3D simulation of
seismic wave propagation considering source-path-site effects:
theory, verification and application. Earthq Eng Struct Dyn
51:2925-2955

Li J, Chen M, Li Z (2022) Improved soil-structure interaction
model considering time-lag effect. Comput Geotech 148:104835
Huang S, Huang M, Lyu Y (2021) Seismic performance analysis
of a wind turbine with a monopile foundation affected by sea ice
based on a simple numerical method. Eng Appl Comput Fluid
Mech 15:1113-1133

Pradhan S, Murmu T (2009) Thermo-mechanical vibration of
FGM sandwich beam under variable elastic foundations using
differential quadrature method. J Sound Vib 321:342-362
Huang S, Lyu Y, Sha H, Xiu L (2021) Seismic performance
assessment of unsaturated soil slope in different groundwater
levels. Landslides 18:2813-2833

Dang P, Cui J, Liu Q, Li Y (2023) Influence of source uncer-
tainty on stochastic ground motion simulation: a case study
of the 2022 Mw 6.6 Luding, China, earthquake. Stoch Envi-
ron Res Risk Assess 37:2943-2960. https://doi.org/10.1007/
s00477-023-02427-y

Songsuwan W, Pimsarn M, Wattanasakulpong N (2018) Dynamic
responses of functionally graded sandwich beams resting on elas-
tic foundation under harmonic moving loads. Int J Struct Stab Dyn
18:1850112

Song S, Chong D, Zhao Q, Chen W, Yan J (2023) Numerical
investigation of the condensation oscillation mechanism of sub-
merged steam jet with high mass flux. Chem Eng Sci 270:118516
Sarparast H, Alibeigloo A, Kesari SS, Esfahani S (2022) Size-
dependent dynamical analysis of spinning nanotubes conveying
magnetic nanoflow considering surface and environmental effects.
Appl Math Model 108:92-121

Panahi R, Asghari M, Borjalilou V (2023) Nonlinear forced vibra-
tion analysis of micro-rotating shaft—disk systems through a for-
mulation based on the nonlocal strain gradient theory. Arch Civ
Mech Eng 23:85

Zhai S-Y, Lyu Y-F, Cao K, Li G-Q, Wang W-Y, Chen C (2023)
Seismic behavior of an innovative bolted connection with dual-
slot hole for modular steel buildings. Eng Struct 279:115619
LiM, Cai Y, Bao L, Fan R, Zhang H, Wang H et al (2022) Analyt-
ical and parametric analysis of thermoelastic damping in circular

@ Springer


https://doi.org/10.1002/mma.6879
https://doi.org/10.1002/mma.6879
https://doi.org/10.1080/15397734.2021.1943671
https://doi.org/10.1080/15397734.2021.1943671
https://arxiv.org/abs/2305.12210
https://doi.org/10.48550/arXiv.2305.12210
https://doi.org/10.48550/arXiv.2305.12210
https://doi.org/10.3390/su15054019
https://arxiv.org/abs/2307.01872
https://doi.org/10.48550/arXiv.2307.01872
https://doi.org/10.48550/arXiv.2307.01872
https://doi.org/10.1007/s00477-023-02427-y
https://doi.org/10.1007/s00477-023-02427-y

4828

Journal of Vibration Engineering & Technologies (2024) 12:4809-4828

65.

66.

67.

68.

69.

70.

71.

72.

73.

@ Springer

cylindrical nanoshells by capturing small-scale effect on both
structure and heat conduction. Arch Civ Mech Eng 22:1-16
Hao R-B, Lu Z-Q, Ding H, Chen L-Q (2022) Orthogonal six-
DOFs vibration isolation with tunable high-static-low-dynamic
stiffness: experiment and analysis. Int J Mech Sci 222:107237
Li M, Cai Y, Fan R, Wang H, Borjalilou V (2022) Generalized
thermoelasticity model for thermoelastic damping in asymmet-
ric vibrations of nonlocal tubular shells. Thin-Walled Struct
174:109142

Bai X, Shi H, Zhang K, Zhang X, Wu Y (2022) Effect of the fit
clearance between ceramic outer ring and steel pedestal on the
sound radiation of full ceramic ball bearing system. J Sound Vib
529:116967

Ebrahimi-Mamaghani A, Mostoufi N, Sotudeh-Gharebagh R,
Zarghami R (2022) Vibrational analysis of pipes based on the
drift-flux two-phase flow model. Ocean Eng 249:110917
Ebrahimi-Mamaghani A, Sotudeh-Gharebagh R, Zarghami R,
Mostoufi N (2019) Dynamics of two-phase flow in vertical pipes.
J Fluids Struct 87:150-173

Ebrahimi-Mamaghani AE, Khadem S, Bab S (2016) Vibration
control of a pipe conveying fluid under external periodic excita-
tion using a nonlinear energy sink. Nonlinear Dyn 86:1761-1795
Zhang C (2023) The active rotary inertia driver system for flutter
vibration control of bridges and various promising applications.
Sci China Technol Sci 66:390-405

Rasul C, Zadehgol A (2020) Stability, causality, and passivity
analysis of canonical equivalent circuits of improper rational
transfer functions with real poles and residues. IEEE Access
8:125149-125162. https://doi.org/10.1109/ACCESS.2020.30078
54

Faisal S, Bahrami A, Ahmad I, Mahmoudabadi NS, Igbal M,
Ahmad A, Ozkili¢ YO (2023) Experimental and numerical inves-
tigation of construction defects in reinforced concrete corbels.
Buildings 13(9):2247. https://doi.org/10.3390/buildings 13092247

74.

75.

76.

7.

78.

79.

Peyman A (2023) The BEM and DRBEM schemes for the numeri-
cal solution of the two-dimensional time-fractional diffusion-wave
equations. arXiv preprint arXiv:2305.12117. https://doi.org/10.
48550/arXiv.2305.12117

Sun T, Peng L, Ji X, Li X (2023) A half-cycle negative-stiffness
damping model and device development. Struct Control Health
Monit 2023:4680105. https://doi.org/10.1155/2023/4680105
Museros-Romero P, Moliner E (2017) Comments on vibration of
simply supported beams under a single moving load: a detailed
study of cancellation phenomenon by CP Sudheesh Kumar, C.
Sujatha, K. Shankar [Int. J. Mech. Sci. 99 (2015) 40 47. Int ] Mech
Sci 128:709-713

Pesterev A, Yang B, Bergman L, Tan C (2003) Revisiting the
moving force problem. J Sound Vib 261:75-91

Lu P (2007) Dynamic analysis of axially prestressed micro/nano-
beam structures based on nonlocal beam theory. J Appl Phys
101:073504

Zhang W, Kang S, Liu X, Lin B, Huang Y (2023) Experimental
study of a composite beam externally bonded with a carbon fiber-
reinforced plastic plate. J Build Eng 71:106522

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.


https://doi.org/10.1109/ACCESS.2020.3007854
https://doi.org/10.1109/ACCESS.2020.3007854
https://doi.org/10.3390/buildings13092247
https://arxiv.org/abs/2305.12117
https://doi.org/10.48550/arXiv.2305.12117
https://doi.org/10.48550/arXiv.2305.12117
https://doi.org/10.1155/2023/4680105

	Impacts of Complex Fields and Surface Energy on Forced and Free Vibrations of Rayleigh Nanobeams Under a Traveling Load
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Mathematical Formulation
	Results and Discussion
	Conclusion
	References




