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Abstract This paper aims to investigate the free and forced vibration behavior of a sandwich beam with
functionally graded porous core and composite face layers embedded with shape memory alloy (SMA). Three
different porosity patterns are assumed through the thickness direction of the core, and composite face layers
are reinforced with carbon nanotubes (CNT). The sandwich beam is resting on an elastic foundation which
is simulated by Vlasov’s model. By using Hamilton’s principle and first-order shear deformation theory, the
governing equations of motion are derived. The analytical solution is presented to solve the equations of motion
using Navier’s solution. Results are verified with corresponding literatures. Finally, the effects of important
parameters such as temperature, volume fraction of SMA, porosity distribution, weight fraction of CNT, and
geometric parameters are explored in detail.

1 Introduction

The appearance of smart materials, which are a highly influential kind of materials, has opened a new horizon
ahead of researchers. Shape memory alloys (SMA) are novel functional materials, and because of their shape
memory effect and super elasticity they have been used in many applications from intelligent materials to
modern industries. In the following, applications of SMA in a variety of research disciplines are presented.

1.1 Smart structures and applications of SMA

Jung et al. [1] designed a new type of SMA wire actuator for input shaping control of flexible structures by
connecting two SMA wires with different martensitic-austenitic phase transformation temperatures. Vishal et
al. [2] presented the active control of vibration using SMA as actuator. Suzuki and Kagawa [3] demonstrated a
method for modeling an SMA actuator which is valid in all ranges of displacement and is capable of using in
linear systems. Abdullah et al. [4] studied the effects of input measurements to the feedback control system in
order to determine the optimal feedback variable. SMA is used in a wide variety of bioengineering applications
such as dental wires, mending broken bones, and for medical devices that help open clogged veins and arteries.
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1.2 Vibration analysis

Bayat and Ekhteraei Toussi [5] analyzed nonlinear transient vibration of a composite beam embedded with
SMA wires at both high and low temperature. Helbert et al. [6] developed two NiTi-based damper devices,
and they also observed the temperature effect on dampers. Kumbhar et al. [7] investigated the response of
systems in which shape memory alloy and magneto-rheological elastomer are combined in order to be applied
as smart damper in a tuned vibration absorber. Nejati et al. [8] studied the thermal vibration of a double-
curved sandwich panel with soft core and embedded SMA wires hybrid composite face sheets. Nonlinear
forced vibration of a composite sandwich doubly curved shell in hygrothermal environment is investigated
by Karimiasl et al. [9]. Their results indicated that increasing SMA volume fraction leads to a decrease in
nonlinear frequency. Garafolo and McHugh [10] explored the effect of embedded shape memory alloys as
an active suppression system to decrease vibration produced by aeroelastic flutter. Their result illustrated that
actuation of the embedded SMA wire increases the stiffness of the system which leads to a decrease in the
amplitude of flutter.

1.3 Civil engineering

Dutta and Majumder [11] showed the potential of an SMA damper to control structural vibrations when exposed
to underground blast. Their results indicated that SMA Nitinol dampers have reduced the response significantly.
Ghafoori et al. [12] studied the structural fire behavior of Fe-SMA prestress-strengthened structural members.
They performed a series of transient total deformation tests with Fe-SMA material samples, and they also
derived a simple engineering model that allows to estimate the temperature-induced prestress loss occurring
in a fire exposure. Abouali et al. [13] investigated the behavior of reinforced composite beams retrofitted by
Fe-SMA numerically by developing a finite element model in ABAQUS, and its outcomes were compared
with experimental results.

Sandwich structures, which are effectively light and have good mechanical properties such as strength and
high durability to both normal and shear stresses, have been widely used in many areas, for instance automotive,
marine, aerospace, and energy industries, and even in construction. Porous material due to its low density, light
weight, heat insulation, efficient energy absorption, and high specific strength can be a great choice to be used
as core in sandwich structures.

Trinh et al. [14] explored free vibration and nonlinear dynamic responses of functionally graded sand-
wich shells with double curvature under the effect of porosity and thermomechanical loading. Karamanli and
Aydogdu [15] investigated the free vibration behavior of rotating two-directional functionally graded porous
sandwich microbeams. The effect of some important parameters such as porosity volume fraction, dimension-
less rotation speed and thickness to material length scale was studied. The mechanical behavior of porous
beams was analyzed by Fang et al. [16]. They made use of an effective computational approach based on
isogeometric analysis. Their obtained results indicated that the proposed approach can obtain the high accu-
racy and fast convergence for porous beam problems. Tsai and Taylor [17] analyzed the vibration behaviors
of sandwich structures with single and double debonded regions. They compared the results of finite element
simulation and vibration tests. They also discussed the effect of material chosen for core and facesheets. Demir
et al. [18] performed a vibration analysis of three-layered curved sandwich beams with elastic face layers and
viscoelastic core. The effect of parameters such as layer thickness, damping characteristics, and lamination
angle of layers was investigated. Based on previous works, different recent investigations have focused on
the analysis of sandwich structures with porous core [19-21] and composites reinforced by carbon nanotubes
[22-24].

1.4 Numerical methods

In the last decade, various computational analysis methods have been developed which extended the finite
element method, the meshfree methods, and non-nodal extended finite element methods that are the instances
[24]. Zghal et al. [25] performed a static analysis of functionally graded carbon nanotube-reinforced shell
and plate structures by using the finite element method. They studied the effect of various parameters such
as CNT volume fraction, boundary conditions, and geometrical parameters. Their results illustrated that the
skew angle has a significant effect on CNT-reinforced composite skew plates. In an other research by them
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[26,27], linear free vibration of a CNT-reinforced composite shell and buckling analysis of curved composite
panels were studied. They considered different CNT distributions through the thickness, and the influences
of different parameters were studied. Frikha et al. [28] investigated the forced vibration behavior of a CNT-
reinforced shell by employing the finite element method. They illustrated the applicability of the method
with numerical examples, including square plates, spherical caps, and annular ring plates. Trabelsi et al. [29]
proposed a nonlinear finite element procedure to analyze the thermal post-buckling response of a functionally
graded plate and cylindrical shell. Their results indicated that increasing temperature leads to an increase
in non-dimensional deflection, regardless of the boundary conditions. In another research by them [30], the
thermal buckling behavior of functionally graded plates and cylindrical shells was investigated. They obtained
governing equations based on modified first-order shear deformation theory, and the effects of geometrical
parameters, thermal loading, and boundary conditions on shell were studied.

Belytschko et al. [31] presented a method to analyze failure by using multiscale methods. The significant
feature of the method is that it is possible to extract a single discontinuity from the unit cell to be injected at
the coarser scale. Song and Yoon [32] combined multiscale aggregating discontinuities method with extended
finite element method and cracking nodes method for both macro- and micro-models.

Asareh and Song [33] used the non-nodal extended finite-element method to model a crack with two-
dimensional four-node quadrilateral elements. They also presented two numerical examples to demonstrate
the effectiveness of this method for dynamic failure. Asareh et al. [34,35] applied the non-nodal extended finite-
element method to analyze the dynamic fracture. It is worth mentioning that in these studies discontinuities are
captured. Besides the Navier’s method, there are other alternative approaches to solve the governing equations.
For instance, the extended particle difference method (EPDA) can be applied for solving a variety of problems,
including discontinuity problems, transient heat transfer problems, elasticity problems, and moving boundary
problems [36-38]. The particle difference method as a strong form of meshfree method is capable to be applied
for various problems. Wind-driven ocean circulation, frictional contact on arigid obstacle, and solidification and
mechanical analysis of polycrystalline materials are remarkable examples [39-42]. Within the last years, there
have been computational multiscale analyses. Some researchers worked about finite element method (FEM)
[43,44], differential quadrature method (DQM) [45,46], extended Kantorovich method [47], and differential
quadrature element method (DQEM) [48] for macro- , micro- , and nano-mechanics.

1.5 Research objectives

A comprehensive literature review on the applications of SMA in various industries and porous materials as well
as sandwich beams and their usage in modern technology was completed. This review illustrates that although
some influential works on the application of SMA materials and vibration analysis of sandwich structures have
been published, there is no comprehensive research on the vibration analysis of a porous sandwich beam with
composite face layers embedded with SMA resting on Vlasov’s foundation. It is assumed that composite face
facesheets and the porous core are fully bonded, and simply supported boundary conditions are considered
for this research. In order to obtain the governing equations, Hamilton’s principle is used, and also Navier’s
solution method is applied to solve the equations.

The objective of this research is to quantify the effectiveness of parameters including SMA wires, poros-
ity, and temperature as parameters which influence the vibration behavior of the sandwich beam. This was
accomplished by a comprehensive study on free and forced vibration of the sandwich beam using FSDT
and Hamilton’s principle. Furthermore, by employing Brinson’s model, constitutive equations of the SMA
composite face sheets during the phase transformation are presented.

2 Problem description

In this research, the vibration behavior of a sandwich beam with porous core and smart composite face sheets
embedded with SMA is investigated. Composite layers consist of epoxy resin and carbon nanotube (CNT)
reinforcements besides the SMA, and the porous pattern in the core is supposed to vary throughout the thickness
direction of the beam, Fig. 1.
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Fig. 1 Schematic view of the porous sandwich beam with porous core and composite face layers embedded with SMA resting
on Vlasov’s foundation

2.1 Porous core of the sandwich beam

The material of the porous core is Ti-6Al-4V foam, and three different porosity distributions are assumed.
Figure 1 illustrates the sandwich beam with the length of L, the thickness of %, and width of b.
Mechanical properties of the porous core including Young’s modulus and density can be presented as

[49,50]:
Ec(2) = E*[1 —eo¥ ()], ey
pe (2) = p* A (2)] 2)
where E* and p* represent Young’s modulus and density of pure material without any porosity. egp denotes the
porosity coefficient, and porosity distributions such as symmetry, asymmetry, and uniform are demonstrated

by v (z) and '\ (z) which are explained in detail in “Appendix A”.
The Poisson’s ratio of the FG porous core can be calculated as [51]:

2
v (z) =0.221 |:1 — %] +v* (0.342 |:1 — %} —1.21 |:1 - %} +1> . 3)

2.2 Face layers of the sandwich beam

Smart composite layers consist of three phases including CNT/Epoxy and SMA.
Young’s modulus of CNT/Epoxy composite is calculated using the Halpin—Tsai equation as follows [52]:

lent (Eeq/Em)—1 )
N 2 (dCNT) ((Eeq/EM)+2<ICNT/dCNT> Venr
ECNT/epoxy = 3 : (Eeo/Ext)—1 X Eepoxy
B ((Eeq/EM)+2(lCNT/dCNT)> Vent
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Poisson’s ratio and mass density of CNT/Epoxy are expressed as:

UCNT/epoxy = Ventuent + Vepoxyvepoxy’
PCNT/epoxy = VONTPCNT + VepoxyQepoxy- (5)

The effective Young’s modulus, Poisson’s ratio, and mass density of composite layer (SMA and
CNT/Epoxy) are calculated by using the rule of mixture as follows [53]:

Em = VsmaEsma + VONTepoxy ECNT/epoxy
Un = VsMAUSMA + VCNT/eponyCNT/epoxyv
Pm = VSMAPSMA + VCNT/epoxy OCNT /epoxy s
VCNT/epoxy =1- VSMA’ (6)

in which Vg is the volume fraction of SMA wires.

Nickel-Titanium is applied as shape memory alloy in this study, and its phase transformation is dependent
upon temperature. Brinson’s model is used due to its capability in capturing the thermo-mechanical behavior
at any temperature [54],

o —o00=E(&)e— Eo)eo+ Q)& — (o) o +0(T —To), (N

inwhicho, E, T, 2, € and 6 illustrate stress, Young’s modulus, temperature, phase transformation coefficient,
strain, and thermoelastic term, respectively. Subscript ‘zero’ denotes the value at the onset of the current phase
transformation.

& demonstrates, martensite volume fraction which ranges from zero to one. In case of £ = 0, SMA is in
fully austenite phase, and when & = 1, it can be understood that SMA is in fully martensite phase.

In the following equation, & and &7 illustrate martensite fraction induced by stress and temperature,
respectively,

E=§g+¢r, ®)
Based on Brinson’s model, the phase transformation coefficient can be expressed as:
QE)=—¢eLE$) ©)

where ¢, is the maximum residual strain of SMA that can be obtained from experimental tests.
Brinson’s model constitutive law can be rewritten by substituting Eq. (9) into Eq. (7) as follows:

o=E(§)(e—eLé) +0(T —To). (10)
Young’s modulus of SMA based on Reuss’ method is expressed as:
E4
E@E) = ————. (11)
1+ (m - ) §

The fully austenite and fully martensite modulus is denoted by E 4 and E;, respectively.
Based on Brinson’s model, the martensitic fraction at low temperature (martensite phase) can be calculated
as follows [55]:

My <T < M,

Er = 1-& |:cos (M) + 1:| ] (12)

2 My — My
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And at high temperature, the martensite fraction is expressed as follows:

Ay <T < Ay,
& 7 (T — Ay)
o= [Cos (—Af_AS )+1]. (13)

3 Governing equations of motion
3.1 Displacement field
In the present research, first-order shear deformation theory (FSDT) is considered as displacement field [56,57],

u' (x,z) = uf) (x) + 22" (x),

w! (x,2) = wé, x), i = core and face layers (14)

where u and w indicate displacement components of an arbitrary pomt along the x and z direction, respectively.
(' represents the transverse normal rotation about the y-axis. up and wy denote the axial and transverse
displacements of the beam mid-plane, respectively.

The axial and transverse shear strains based on linear strain—displacement relationship take the form as
[58]:

i 3ui(x,z) _ dué)(x) dW(x)
Exx = ax - dx + dx

15)

u’ (x 2) + dw'(x,2) _ — W( )+ dwo(x)

yxz - T oax

3.2 Constitutive equations

Linear elastic constitutive equations for SMA/FG smart composite sandwich beam subjected to thermal loading
are given as:

{ O118xx + E (&) &ser + O (T — Ty) — composite layers embedded with SMA
Oxx =

Criéxx — FG core
. O55Vxz — composite layers embedded with SMA 16)
] Csswae — FG core

where Q and C are elastic stiffness that are defined in “Appendix B”.

3.3 Strain Energy

The strain energy of an SMA/FG smart composite sandwich beam can be specified in the following form [59]:

1 1
Us = E / (Oxx&xx + TazVaz)dV + = / (Oxx€xx + TazVaz) AV
Core uppersheet

1

+= / (Oxx&xx + Taz¥xz) dV,
2 lowersheet

1
83U, = f (Oxx8xx + Txz0yx)dV + = / (Oux8Erx + Tazdynz) AV
Core uppersheet

1

+§ / (Oxx08xx + Txz8yxz)dV. (17)
lowersheet
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In order to obtain Vlasov’s foundation’s strain energy, the displacement field is assumed to be [58]
up(x,z) =0,
wy(x,z) = wo(x)x(2). (18)

Based on this model, there is no horizontal displacement, wo(x) and x (z) indicate transverse deflection
in the mid-surface of the sandwich beam and shape function of foundation, respectively, with the following
boundary conditions:

xO =1, x(—H)=0. (19)

Here, H represents the thickness of the foundation. Strain components can be expressed as follows accord-
ing to strain—displacement equations:

f Exx — 0,
dx(2)
fﬁzz = wO(x) d ’
Z
dwo(x)
= -, 20
Jree = x@) i (20)
Constitutive equations for the isotropic foundation can be written as follows:
o |’ by D o 1 (o )
0z ¢ =|Dau Du 0 €2z (2D
Ty; 0 0 Dss Yz
where D is the elastic stiffness of the foundation that is determined in “Appendix C”.
The strain energy of Vlasov’s foundation can be derived as:
1
U = E/ (072827 + TazVaz) AV,
f
(SUf = /f (0720827 + Tz 8yx) dV. (22)
3.4 Kinetic energy
Variation of kinetic energy for the SMA/FG smart composite sandwich beam can be formulated as:
1 1
T = -/ pe(2) (@ + w?) dV + —/ pr(2) (% +w?)dV
2 Core 2 upper sheet
1 . .
+—/ pr(2) (&% +w?)dv,
2 lower sheet
1
8T =/ pc(2) (b't(SL't—i-u')(Su'))dV—l——/ pr(z) éu + wéw)dV,
Core upper sheet
1
+—/ pr(z) @ + wow)dV. (23)
2 lower sheet
3.5 External work
The variation of the total external work can be defined as follows:
I
dw = / f(x, t)dwdx (24)
0

in which f is the external force, and its value in free vibration analysis is supposed to be zero.
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3.6 Hamilton’s principle

By applying Hamilton’s principle, the governing equations of a sandwich beam subjected to thermal loading

are derived as [60]:
n
/ 8I1dr = 0,
31

[5)
/ (6T — 38U —§W)dr =0 (25)
141

where & denote the variation operator, U, W, and T are the strain energy, external work, and kinetic energy.
The governing equations are presented in “Appendix D”.

4 Solution procedure

Assuming that the boundary conditions are simply supported in both ends of the sandwich beam, Navier’s type
solution can be employed to solve the equations of motion as follows:

o
u(x,t) = Z U, cos (?x) et

n=1

o
w(x, 1) = Z W, sin (?x) et

n=1

b (x, 1) = i ®, cos ($x> et (26)

n=1

Here, U,, W,, the and ®,, are undetermined coefficients, w is the vibration frequency. By substituting
Navier’s assumptions into the governing equations of motion, the matrix form of free vibration equations of
the sandwich beam is written as

(IK1-[M]o*) q = (27)

where K, M and q indicate stiffness matrix, mass matrix, and displacement components, respectively.
In order to analyze forced vibration, the external force is assumed to be

F(x,t) = Fex sin(2t) (28)

where 2 is the frequency of forced vibration. The matrix form of the response system equations for the
sandwich beam is obtained as follows:

{ Uy } _ [M]TH{F) 29)

VVﬁ - a% —-52% '

In summary, the overall solution procedure can be shown as Fig. 2:

And then, by substituting Navier’s solution (Eq. (26)) into the governing equations of motion, the matrix
form of free vibration equations (Eq. (27)) of the sandwich beam is obtained in which K, M, and ¢ indicate
stiffness matrix, mass matrix, and displacement components, respectively.
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Displacement Field: Eq.(14)

}

Strain Energy: Eq.(17)+Eq.(22)
Kinetic Energy: Eq.(23)
External Work: Eq.(24)

I

Hamilton’s Principle: Eq.(25)

}

Governing Equation: Appendix D

}

Navier's Solution: Eq.(26)

Fig. 2 A flowchart to obtain the governing equations and solution procedure

Table 1 The comparison of natural frequencies of a sandwich beam with CNT-reinforced composite face sheets and simply
supported boundary conditions

Mode CNT Dist. Vont = 0.12 Vent = 0.17 Vont = 0.28
Present Reference [61] Present Reference [61] Present Reference [61]

1 UD 0.1375 0.1432 0.1497 0.1560 0.1715 0.1785

FG 0.1395 0.1453 0.1527 0.1588 0.1755 0.1825
2 UD 0.5424 0.5650 0.5905 0.6144 0.6724 0.6997

FG 0.5501 0.5730 0.5998 0.6247 0.6861 0.7147
3 UD 1.1949 1.2429 1.2939 1.3465 1.4636 1.5246

FG 1.2095 1.2599 1.3152 1.3689 1.4909 1.5554

5 Results and discussion
5.1 Comparison studies

Before going into the details of the parametric analysis, it is necessary to validate the governing equations
of motion. For this purpose, two different comparisons of obtained results are presented. As no published
results for the SMA/FG smart composite sandwich beam under current consideration are available in the
open literature, the vibration analysis is validated with [61]. The linear free vibration of sandwich beams is
considered in Table 1 with a homogeneous core and composite face sheets reinforced by FG and uniformly
CNT distribution.

Natural frequencies presented in Table 1 illustrate good agreement with the literature.

Another verification is carried out for the free vibration of an SMA/FG smart composite sandwich beam,
and it is indicated in Table 2. High-order shear deformation theory (HSDT) and Euler—Bernoulli beam theory
are applied to compare the results. Besides various porosity coefficients, different variety of length-to-thickness
ratio and porous distribution pattern are considered. As it is shown in Table 2, the symmetry porous pattern in
the core provides the highest amount of the natural frequency, and that is due to the fact that in the symmetry
pattern mass is distributed at the farthest distance from the neutral axis, and because of this, the moment of
inertia of the beam has the maximum amount of itself, that means that the symmetry pattern of the porous core
makes the beam stiffer and the natural frequency is the maximum.
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Table 2 Comparison of natural frequency with three theories

L/H Porous distribution i) HSDT FSDT Euler
5 Uniform 0.2 0.7308 0.6855 0.7445
0.4 0.7393 0.6901 0.7538
0.6 0.7523 0.6976 0.7676
Symmetric 0.2 0.7359 0.6895 0.7496
0.4 0.7506 0.6991 0.7648
0.6 0.7714 0.7134 0.7862
Asymmetric 0.2 0.7317 0.6861 0.7456
04 0.7424 0.6925 0.7569
0.6 0.7596 0.7039 0.7750
20 Uniform 0.2 0.1900 0.1891 0.1902
04 0.1924 0.1914 0.1927
0.6 0.1961 0.1950 0.1964
Symmetric 0.2 0.1913 0.1903 0.1915
0.4 0.1953 0.1943 0.1956
0.6 0.2011 0.1999 0.2014
Asymmetric 0.2 0.1902 0.1893 0.1905
0.4 0.1933 0.1923 0.1935
0.6 0.1981 0.1970 0.1984
50 Uniform 0.2 0.0761 0.0761 0.0761
0.4 0.0771 0.0771 0.0771
0.6 0.0786 0.0786 0.0786
Symmetric 0.2 0.0767 0.0766 0.0767
0.4 0.0783 0.782 0.0783
0.6 0.0806 0.0805 0.0806
Asymmetric 0.2 0.0762 0.0762 0.0763
0.4 0.0775 0.0774 0.0775
0.6 0.0794 0.0793 0.0794
100 Uniform 0.2 0.0381 0.0380 0.0381
04 0.0386 0.0385 0.0386
0.6 0.0393 0.0393 0.0393
Symmetric 0.2 0.0383 0.0383 0.0383
0.4 0.0391 0.0391 0.0391
0.6 0.0403 0.0403 0.0403
Asymmetric 0.2 0.0381 0.0381 0.0381
0.4 0.0387 0.0387 0.0387
0.6 0.0397 0.0397 0.0397

Table 3 Thermomechanical properties of NiTi SMA [56]

Modulus and density Phase transformation temperature Other parameters
E 4 = 67 (GPa) A =34.5(°C) vy = 0.33

Ep =26.3 (GPa) Ar =49 (°C) er = 0.067

6 = 0.55 (MPa°~1) M, =184 (°C) To =25 (°C)

p = 6450 (kgm~3) M =9(°C)

5.2 Material properties

In this research, the geometric parameters of the sandwich beam and material properties of porous core are
assumed as follows:

he/hs=8,b=05[m], h=02[m], E*=113.8 x 10° [Pa], v* = 0.342, p* = 4430 [kgm>].

Here, h. and h ¢ describe the core and face layers thickness, respectively. And also E*, v*, and p* illustrate
the pure Young’s modulus, Poisson’s ratio, and density of the porous core. The material properties of SMA
are given in Table 3 [62].

Table 4 represents the material properties of the core.

Table 5 indicates the material properties of CNT and epoxy, and Table 6 represents the material properties
of silica aerogel.
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Table 4 Material properties of the core

E 113.8(GPa)

v 0.342

o 4430 (kgm™3)
L 20 (H)

Table 5 Material properties of CNT and Epoxy

Properties E (Pa) v o (kgm™3) tent (m) dent (m) lent (m)
CNT 5.6466 x 1012 0.175 1400 2.5x 1077 30 x 107° 10 x 1077
Epoxy resin 15.47 x 10° 0.3 1100 - - -

Table 6 Material properties of silica aerogel

E'foundation 9.368 (1077) X p%&i\ﬁiation
Ufoundation 0.3236 (pg)?lﬁciozzion)
Pfoundation 300-1000 (kg m’3)

5.3 Thermo-mechanical behavior of SMA

During temperature change in Austenite phase, the Martensite volume fraction varies at each point. By increas-
ing the temperature from A; to A ¢, the molecular shape of SMA tends to get more organized order, and this
change in molecular shape makes SMA wires have higher Young’s modulus, and by decreasing the tempera-
ture and transforming to the martensite phase, its molecular shape changes to irregular form, and it causes a
decrease in Young’s modulus of SMA which is illustrated in Fig. 3.

5.4 Volume fraction of SMA

In order to examine the effect of SMA’s volume fraction, Fig. 4 illustrates the dimensionless natural frequency
of the sandwich beam versus temperature changing for different volume fractions of SMA. The numerical
results indicate that with increase in SMA’s volume fraction, the dimensionless natural frequency is increased
as well due to an increase in Young’s modulus. It is also noticeable that a higher volume fraction of SMA
makes the sandwich beam become more sensitive to temperature, and the dimensionless natural frequency
changes intensively.

5.5 Porosity coefficient

For further study, the sensitivity of the structural response to the porosity coefficient in a heating/cooling cycle
of SMA is calculated. Figure 5 indicates the variation of the dimensionless natural frequency of the sandwich
beam in terms of temperature for various porosity coefficients. It is observed that the dimensionless natural
frequency of a sandwich beam is increased with the increase in the porosity coefficient. One can conclude that
by increasing the porosity coefficient, both stiffness and mass decrease, but the influence of mass reduction is
more significant than stiffness decrease, and it leads to a higher natural frequency.

5.6 Effect of temperature

Figure 6 shows the effect of SMA wire’s existence in various temperatures. It can be seen that when SMA wires
start the austenite phase (temperature > 34.5), the increase in stiffness results in the higher natural frequency.
It should be noted that symmetric porous distribution provides a more stiffed structure which means a higher
natural frequency for the sandwich beam.
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Fig. 3 a Procedure of changing the martensite volume fraction for heating and cooling cycle. b Young’s modulus behavior of
SMA in a wide range of temperature.

5.7 Frequency ratio

The variation of transverse amplitude for the sandwich beam with simply supported boundary conditions
versus ratio of excitation frequency to natural frequency is illustrated in Fig. 7. It is clear that the excitation
frequency ratio is the important factor to study the vibration behavior of sandwich structures. As can be seen,
by approaching excitation frequency to natural frequency the amplitude of vibration significantly increases.
Furthermore, it can be concluded that the amplitude of vibration is less when SMA wires are in austenite phase.

5.8 Effect of porosity on amplitude

The influence of the porosity coefficient on the transverse amplitude for symmetric porous distribution of
the core is demonstrated in Fig. 8. As it can be seen a higher amount of porosity coefficient leads to a
higher transverse amplitude of the sandwich beam. Moreover, as it was predicted, by exciting the beam with
frequencies around the natural frequency, significant rise in amplitude is resulted that shows the resonance.
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5.9 External force

Figure 9 depicts the effect of different external forces on the vibration behavior of the sandwich beam, where
the transverse amplitude of vibration is plotted versus time. It is brightly shown that an external force doesn’t
have any effect on the time period. It is also indicated that the higher external forces result in higher transverse
amplitude.

6 Concluding remarks

Free and forced vibration analysis of a sandwich beam including a functionally graded porous core and
composite face layers embedded with shape memory alloy resting on Vlasov’s model was studied. Three
different porosity distributions are supposed, and carbon nanotubes are added in order to reinforce the composite
face layers. Constitutive relations were developed for graded porous core and composite face layers with
embedded SMA wires. The governing equations of motion were derived using first-order shear deformation
theory and Hamilton’s principle. By applying Navier’s solution method, the governing equations were solved.
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Results of this study are validated by comparing them to the ones already existing in literature, and a good
agreement is observed. Then, parametric analyses are carried out, and the effects of such parameters as SMA
volume fraction, temperature changing, porosity coefficient, and excitation frequency ratio are investigated.

The main results of this study are expressed as:

e Although by increasing temperature the stiffness of the structure should decrease, due to the unique tem-
perature properties of SMA, it gets stiffer by increasing temperature and entering the austenite phase. And

this provides higher natural frequency for the sandwich beam.

e By increasing the SMA volume fraction in the face layers, the sandwich beam’s stiffness dramatically
changes with temperature changing, and its stiffness changing is intensive when the phase transformation

is happening.

e It is shown that for a sandwich beam with porous core the symmetric porous distribution provides higher
stiffness than uniform and asymmetric porosity distribution, and consequently it results in higher natural

frequency.

e As it comes out of the results, increasing porosity coefficient leads to higher natural frequency, and its
reason is that by increasing porosity coefficient both mass and stiffness reduce, but the influence of mass

reduction is more effective and it causes a higher natural frequency.
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7.2 Appendix B
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7.3 Appendix C
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Subscript “f”” denotes the foundation.

7.4 Appendix D

Sug : i > 2 (2 700 —2 (2 To
ug : (8 Fu (x, t)>u0110+<—2¢(x t))ucul—l— (au(x,t)> 00 — (5”(”0

2 82 82
¢, l)) uftyyy — (8 —u(x, f)) ufbyip — (ﬁd)(x»f)) ufbyyy

d 3
u (x, t)) uftygo+2 (8—u (x, z)) EerE + (—u (x, t)) Tsuropufbyg
X 0x

+ <% (x, t)) Tsuropuftygo + (%M (x, f)> CBrufbyyo+ (%M (x, f)> CBruftig
3 3 a2 a2
<— (x, t)) CBuciio + (a—u (x, l)) Sur@Uucio — (W“ (x, l)) Ico — <m¢ (x, t)) Icy
52 52 52
<—2 (x, f)) Ifby — ( ¢ (x, f)) Ifb; — ( Fu (x, t)) Ifto—<m¢(x,f)) Ift; =0,

9? 3
dwp : — <a¢ (x, l‘)) Ucssy — (—2w (x, l‘)) ucsso — w (x, 1) Kyg — <@w (x, l‘)) K>y
¢

0x
] 92 / 92 /
- (5 (x,l)) uftssy — <mw(x,t)> co— (mw(x,l)> Sfto

82 82 9
_ <Ww (x, t)) beSSO (8 w (x, [)) uft55o — (a—xd) (x, [)) ”beSO =0,

8¢ : <i¢ (x, t)) Eer&ushy + (iqﬁ (x, t)) EserEust) + (iw (x, t)) ucssp
0x ox 0x



Free and forced vibration analysis of a sandwich beam 3215

ad
+¢ (X, l) Ucss0 + ¢ (x, l) Ltfbsso + (,b (x, l) Mfl550 —+ (aw (x, l)) l/tfl550

0 b 9* I 0? 1 92 b
+<aw(x,t)> ufbsso - (a e r)) i - (mqs(x,r)) &2 - (a e r)) ufbin

2 82
2(}5(x t)) ufby, — ( Su(x, t)) uciyp — <@¢ (x,t)) ucii2
32 82 32 32
- @fﬁ(x f)) uftipn — <8 Fu (x, f)) uftyyg — (8 Fu (x, f)) Ifby — <@¢ (x,f)) 1fby
32 d
o2 —u (x, t)) Ifty — (a 3¢ (x, t)) Ifty + (ad’(x,f)) BrCufbyy
d
¢ (x, f)) BrCufty + ( —¢ (x, f)) Tsurapuftyy — <a¢ (x, l)) TOusby
¢ (x, t)) TOust| + ( ¢ (x, t)) ToOusby + (aixd) (x, t)) ToOustq

¢ (x,1) surafufblll+(£¢(xat))ﬁcuclll+< ¢ (x, t)) suraucyy) =0,

he/2 he/2
ucio = / c11 (z) dz, uciy| = 611 (2) x zdz,
—he/2 —h¢/
he/2 he/
uci2 = / c11 () x 7%dz, uc|3 = / c11 (2) x Z2°dz,
—he)2 —he)2
he/2 he)2
ucii4 = / c11 (z) x 2dz, ucile = / c11 (2) x 2°dz,
_hc/2 - C/
he/2 he/2
UCss5) = / ¢s5 (z) dz, ucssy = / c11 (z) x 2°dz,
—he)2 “he
he/2 , —he/2
UCss4 =/ 55 (z) x z7dz, ufbyg —/ 1y (2)dz,
—he/ —he_
—he/2 b —he)2 b
ufblll = / N Cll (Z) X ZdZ, be112 = f N C‘“ (Z) X szz,
-5 —hy -5 —hy
Thel2 3 Thel2 g s
ufbyz = / i cyp (2) x z°dz, ufbyy = f 8 cpp (2) x 27dz,
-5 —hy -7 —hy
he/2 b 6 —he/2 b
ufbyie = / . cn (@) xzhdz, ufbssy = / b Css (2)dz,
-5 —hy -5 —hy
T2 g > hel2 g 4
ufbssy = / LG () x27dg, ufbssy = / L G () x2idg,
—75 —hy =75 —hy
oty fr U thy fr
uffno:ﬁ_ 1y (2)dz, ufty =ﬁ‘ cip (@) x zdz,
2 2
h
Fthy Fthy
utfiin =ﬁ clff (z) x 2%dz, uftys =ﬁ C{{ (2) x 2dz,
2 2

he he

Fthy ft 4 Fthy f1 6
uftigg = . cyy (2) x Zdz, uftiie = e ¢ (2) x z°dz,

2 2



3216

K. Alambeigi et al.

h
by
uftsso = e ¢35 (2) dz,

2

e th
tsn= | et () x Ad
Mf 554 = e C55 Z Z 4z,

2

—he/2—hy
Icy =/ Pc(2) x zdz,

he

—3—hy=hp

—he/2—hy
Ic3 =/ pe(z) x 2°dz,

—h¢/2—hy 6
Icg =f pc(z) x z°dz,
_%_hf_hp

_hc'/z
Ifb, = / . Per(2) xzdz,
—5—hy

h
by, ,
uftss; = he Css (z) x z7dz,
2

~he/2—hy
ICO = / n IOC(Z)dZ7
)

—h[/2—hf )
Icy = / , pe(z) x z7dz,
=3 —hy=hp

—he/2—hy A
Icy = f , pc(z) x Z7dz,
=5 —hy=hp

_h('/z
Ifby = / . ppr(z)dz,
—5—hy

_hc/2
Ifb, = / , b (2) x Z2dz,

—7—hy

—he/2 3
I1fbs =/hc , Py (2) X z7dz,
—>—hy

2

_h(?/z
Ifb4=/hc . obf(2) x z4dz,
—3~hy

2

%‘H’Lf
Ifty= ﬁ prf(z)dz,
2

—h¢/2 6
Ifbg = f , puf(2) x z°dz,

5 —hy

oty )
Ift, = ﬁ prf(z) x z7°dz,

2

thy
Ifty = ﬁ prf(z) X zdz,

2

oty
4
Ifty = ﬁ prf(2) x z7dz,

2 2

ity
: 3
]ft3:ﬁ(- prf(2) x z7dz,

2

U +hy
' 6
Ifte = ﬁc pif(2) x z°dz.

References

10.

11.

12.

. Jung, G.Y., Choi, S.B., Kim, G.W.: Series Ni—Ti shape memory alloy wires with different martensitic-austenitic phase

transformation temperatures as an actuator for input shaping control. Smart Mater. Struct. 28, 077001 (2019)

Vishal, P., Kaliperumal, D., Padhi, R.: Active vibration suppression of nonlinear cantilever beam using shape memory alloy
actuators. IFAC-PapersOnLine 51, 130-135 (2018)

Suzuki, Y., Kagawa, Y.: Dynamic tracking control of an SMA wire actuator based on model matching. Sens. Actuators A
292, 129-36 (2019)

Abdullah, E.J., Gaikwad, P.S., Azid, N., Majid, D.A., Rafie, A.M.: Temperature and strain feedback control for shape memory
alloy actuated composite plate. Sens. Actuators A 283, 134-140 (2018)

. Bayat, Y., Ekhteraei Toussi, H.: A nonlinear study on structural damping of SMA hybrid composite beam. Thin-Walled

Struct. 134, 18-28 (2019)
Helbert, G., Dieng, L., Chirani, S.A., Saint-Sulpice, L., Lecompte, T., Calloch, S., Pilvin, P.: Investigation of NiTi based
damper effects in bridge cables vibration response: damping capacity and stiffness changes. Eng. Struct. 165, 184-197 (2018)

. Kumbhar, S.B., Chavan, S.P., Gawade, S.S.: Adaptive tuned vibration absorber based on magnetorheological elastomer-shape

memory alloy composite. Mech. Syst. Signal Process. 100, 208-223 (2018)

Nejati, M., Ghasemi Ghalebahman, A., Soltanimaleki, A., Dimitri, R., Tornabene, F.: Thermal vibration analysis of SMA
hybrid composite double curved sandwich panels. Compos. Struct. 224, 111035 (2019)

Karimiasl, M., Ebrahimi, F., Mahesh, V.: Nonlinear forced vibration of smart multiscale sandwich composite doubly curved
porous shell. Thin-Walled Struct. 143, 106152 (2019)

Garafolo, N.G., McHugh, G.R.: Mitigation of flutter vibration using embedded shape memory alloys. J. Fluids Struct. 76,
592-605 (2018)

Dutta, S.C., Majumder, R.: Shape memory alloy (SMA) as a potential damper in structural vibration control. In: Hloch,
S., Klichova, D., Krolczyk, G., Chattopadhyaya, S., Ruppenthalova, L. (eds.) Advances in Manufacturing Engineering and
Materials, pp. 485—492. Springer, Cham (2019)

Ghafoori, E., Neuenschwander, M., Shahverdi, M., Czaderski, C., Fontana, M.: Elevated temperature behavior of an iron-
based shape memory alloy used for prestressed strengthening of civil structures. Constr. Build. Mater. 211, 437-452 (2019)



Free and forced vibration analysis of a sandwich beam 3217

13.
14.

15.

16.
17.
18.
19.
20.
21.

22.

23.

24.

25.
26.
217.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
38.
39.
40.
41.
42.

43.

Abouali, S., Shahverdi, M., Ghassemieh, M., Motavalli, M.: Nonlinear simulation of reinforced concrete beams retrofitted
by near-surface mounted iron-based shape memory alloys. Eng. Struct. 187, 133-148 (2019)

Trinh, M.C., Nguyen, D.D., Kim, S.E.: Effects of porosity and thermomechanical loading on free vibration and nonlinear
dynamic response of functionally graded sandwich shells with double curvature. Aerosp. Sci. Technol. 87, 119-132 (2019)
Karamanli, A., Aydogdu, M.: Size dependent flapwise vibration analysis of rotating two-directional functionally graded
sandwich porous microbeams based on a transverse shear and normal deformation theory. Int. J. Mech. Sci. 159, 165-181
(2019)

Fang, W., Yu, T., Van Lich, L., Bui, T.Q.: Analysis of thick porous beams by a quasi-3D theory and isogeometric analysis.
Compos. Struct. 221, 110890 (2019)

Tsai, S.N., Taylor, A.C.: Vibration behaviours of single/multi-debonded composite sandwich structures with nanoparticle-
modified matrices. Compos. Struct. 210, 590-598 (2019)

Demir, O., Balkan, D., Peker, R.C., Metin, M., Arikoglu, A.: Vibration analysis of curved composite sandwich beams with
viscoelastic core by using differential quadrature method. J. Sandw. Struct. Mater. 22(3), 743-770 (2020)

Demirhan, P.A., Taskin, V.: Bending and free vibration analysis of Levy-type porous functionally graded plate using state
space approach. Compos. B Eng. 160, 661-676 (2019)

Heshmati, M., Jalali, S.K.: Effect of radially graded porosity on the free vibration behavior of circular and annular sandwich
plates. Eur. J. Mech.-A/Solids 74, 417-430 (2019)

Setoodeh, A.R., Shojaee, M., Malekzadeh, P.: Vibrational behavior of doubly curved smart sandwich shells with FG-CNTRC
face sheets and FG porous core. Compos. B Eng. 165, 798-822 (2019)

Mohammadimehr, M., Okhravi, S.V., Akhavan Alavi, S.M.: Free vibration analysis of magneto-electro-elastic cylindrical
composite panel reinforced by various distributions of CNTs with considering open and closed circuits boundary conditions
based on FSDT. JVC/J. Vib. Control 24(8), 1551-1569 (2018)

Ghorbanpour Arani, A., Rousta Navi, B., Mohammadimehr, M.: Surface stress and agglomeration effects on nonlocal biaxial
buckling polymeric nanocomposite plate reinforced by CNT using various approaches. Adv. Compos. Mater. 25(5), 423-441
(2016)

Mohammadimehr, M., Navi, B.R., Arani, A.G.: Dynamic stability of modified strain gradient theory sinusoidal viscoelastic
piezoelectric polymeric functionally graded single-walled carbon nanotubes reinforced nanocomposite plate considering
surface stress and agglomeration effects under hydro-thermo-electro-magneto-mechanical loadings. Mech. Adv. Mater.
Struct. 24(16), 1325-1342 (2017)

Zghal, S., Frikha, A., Dammak, F.: Free vibration analysis of carbon nanotube-reinforced functionally graded composite
shell structures. Appl. Math. Model. 53, 132-55 (2018)

Zghal, S., Frikha, A., Dammak, F.: Mechanical buckling analysis of functionally graded power-based and carbon nanotubes-
reinforced composite plates and curved panels. Compos. B Eng. 150, 165-83 (2018)

Zghal, S., Frikha, A., Dammak, F.: Static analysis of functionally graded carbon nanotube-reinforced plate and shell structures.
Compos. Struct. 176, 1107-1123 (2017)

Frikha, A., Zghal, S., Dammak, F.: Dynamic analysis of functionally graded carbon nanotubes-reinforced plate and shell
structures using a double directors finite shell element. Aerosp. Sci. Technol. 78, 438-51 (2018)

Trabelsi, S., Frikha, A., Zghal, S., Dammak, F.: Thermal post-buckling analysis of functionally graded material structures
using a modified FSDT. Int. J. Mech. Sci. 144, 74-89 (2018)

Trabelsi, S., Frikha, A., Zghal, S., Dammak, F.: A modified FSDT-based four nodes finite shell element for thermal buckling
analysis of functionally graded plates and cylindrical shells. Eng. Struct. 178, 444-59 (2019)

Belytschko, T., Loehnert, S., Song, J.H.: Multiscale aggregating discontinuities: a method for circumventing loss of material
stability. Int. J. Numer. Methods Eng. 73(6), 869-894 (2008)

Song, J.H., Yoon, Y.C.: Multiscale failure analysis with coarse-grained micro cracks and damage. Theor. Appl. Fract. Mech.
72, 100-9 (2014)

Asareh, 1., Song, J.H.: Nonnodal extended finite-element method for crack modeling with four-node quadrilateral elements.
J. Eng. Mech. 145(10), 04019081 (2019)

Asareh, 1., Yoon, Y.C., Song, J.H.: A numerical method for dynamic fracture using the extended finite element method with
non-nodal enrichment parameters. Int. J. Impact Eng. 121, 63-76 (2018)

Asareh, 1., Kim, T.Y., Song, J.H.: A linear complete extended finite element method for dynamic fracture simulation with
non-nodal enrichments. Finite Elem. Anal. Des. 152, 27-45 (2018)

Yoon, Y.C., Song, J.H.: Extended particle difference method for weak and strong discontinuity problems: part I. Derivation
of the extended particle derivative approximation for the representation of weak and strong discontinuities. Comput. Mech.
53(6), 1087-103 (2014)

Yoon, Y.C., Song, J.H.: Extended particle difference method for weak and strong discontinuity problems: part II. Formulations
and applications for various interfacial singularity problems. Comput. Mech. 53(6), 1105-28 (2014)

Yoon, Y.C., Song, J.H.: Extended particle difference method for moving boundary problems. Comput. Mech. 54(3), 723-43
(2014)

Yoon, Y.C., Schaefferkoetter, P., Rabczuk, T., Song, J.H.: New strong formulation for material nonlinear problems based on
the particle difference method. Eng. Anal. Bound. Elem. 98, 310-27 (2019)

Beel, A., Kim, T.Y., Jiang, W., Song, J.H.: Strong form-based meshfree collocation method for wind-driven ocean circulation.
Comput. Methods Appl. Mech. Eng. 351, 404-21 (2019)

Almasi, A., Kim, T.Y., Laursen, T.A., Song, J.H.: A strong form meshfree collocation method for frictional contact on a rigid
obstacle. Comput. Methods Appl. Mech. Eng. 357, 112597 (2019)

Almasi, A., Beel, A., Kim, T.Y., Michopoulos, J.G., Song, J.H.: Strong-form collocation method for solidification and
mechanical analysis of polycrystalline materials. J. Eng. Mech. 145(10), 04019082 (2019)

Mohammadimehr, M., Alimirzaei, S.: Nonlinear static and vibration analysis of Euler—Bernoulli composite beam model
reinforced by FG-SWCNT with initial geometrical imperfection using FEM. Struct. Eng. Mech. 59(3), 431-454 (2016)



3218 K. Alambeigi et al.

44.

45.
46.

47.
48.
49.
50.

51.

52.

53.

54.
55.
56.

57.
58.
59.
60.

61.

62.

Alimirzaei, S., Mohammadimehr, M., Tounsi, A.: Nonlinear analysis of viscoelastic micro-composite beam with geometrical
imperfection using FEM: MSGT electro-magneto-elastic bending, buckling and vibration solutions. Struct. Eng. Mech. 71(5),
485-502 (2019)

Mohammadimehr, M., Moradi, M., Loghman, A.: Influence of the elastic foundation on the free vibration and buckling of
thin-walled piezoelectric-based FGM cylindrical shells under combined loadings. J. Solid Mech. 6(4), 347-365 (2014)
Mohammadimehr, M., Shahedi, S., Rousta Navi, B.: Nonlinear vibration analysis of FG-CNTRC sandwich Timoshenko beam
based on modified couple stress theory subjected to longitudinal magnetic field using generalized differential quadrature
method. Proc. Inst. Mech. Eng. Part C: J. Mech. Eng. Sci. 231(20), 3866-3885 (2017)

Rajabi, J., Mohammadimehr, M.: Bending analysis of a micro sandwich skew plate using extended Kantorovich method
based on Eshelby—Mori—Tanaka approach. Comput. Concrete 23(5), 361-376 (2019)

Mohammadimehr, M., Monajemi, A.A.: Nonlinear vibration analysis of MSGT boron-nitride micro ribbon based mass sensor
using DQEM. Smart Struct. Syst. 18(5), 1029-1062 (2016)

Chen, D., Yang, J., Kitipornchai, S.: Free and forced vibrations of shear deformable functionally graded porous beams. Int.
J. Mech. Sci. 108, 14-22 (2016)

Wattanasakulpong, N., Chaikittiratana, A., Pornpeerakeat, S.: Chebyshev collocation approach for vibration analysis of
functionally graded porous beams based on third-order shear deformation theory. Acta. Mech. Sin. 34, 11241235 (2018)
Bamdad, M., Mohammadimehr, M., Alambeigi, K.: Analysis of sandwich Timoshenko porous beam with temperature-
dependent material properties: magneto-electro-elastic vibration and buckling solution. J. Vib. Control 25(23-24), 2875-2893
(2019)

Rafiee, M.A., Rafiee, J., Wang, Z., Song, H., Yu, Z.Z., Koratkar, N.: Enhanced mechanical properties of nanocomposites at
low graphene content. ACS Nano 3, 3884-3890 (2009)

AkhavanAlavi, S.M., Mohammadimehr, M., Edjtahed, S.H.: Active control of micro Reddy beam integrated with functionally
graded nanocomposite sensor and actuator based on linear quadratic regulator method. Eur. J. Mech.-A/Solids 74, 449461
(2019)

Brinson, L.C., Huang, M.S.: Simplifications and comparisons of shape memory alloy constitutive models. J. Intell. Mater.
Syst. Struct. 7, 108-114 (1996)

De Sousa, V.C., Tan, D., De Marqui Jr, C., Erturk, A.: Tunable metamaterial beam with shape memory alloy resonators:
theory and experiment. Appl. Phys. Lett. 113, 143502 (2018)

Shahedi, S., Mohammadimehr, M.: Nonlinear high-order dynamic stability of AL-foam flexible cored sandwich beam with
variable mechanical properties and carbon nanotubes-reinforced composite face sheets in thermal environment. J. Sandwich
Struct. Mater. 22(2), 248-302 (2020)

Barati, M.R.: Vibration analysis of porous FG nanoshells with even and uneven porosity distributions using nonlocal strain
gradient elasticity. Acta Mech. 229, 1183-1196 (2018)

Emdadi, M., Mohammadimehr, M., Navi, B.R.: Free vibration of an annular sandwich plate with CNTRC facesheets and
FG porous cores using Ritz method. Adv. Nano Res. 7, 109-123 (2019)

Sahmani, S., Fotouhi, M., Aghdam, M.M.: Size-dependent nonlinear secondary resonance of micro-/nano-beams made of
nano-porous biomaterials including truncated cube cells. Acta Mech. 230, 1077-1103 (2019)

Rostami, R., Irani Rahaghi, M., Mohammadimehr, M.: Vibration control of the rotating sandwich cylindrical shell considering
functionally graded core and functionally graded magneto-electro-elastic layers by using differential quadrature method. J.
Sandw. Struct. Mater. (2019). https://doi.org/10.1177/1099636218824139

‘Wu, H., Kitipornchai, S., Yang, J.: Free vibration and buckling analysis of sandwich beams with functionally graded carbon
nanotube-reinforced composite face sheets. Int. J. Struct. Stab. Dyn. 15, 1540011 (2015)

Babaee, A., Sadighi, M., Nikbakht, A., Alimirzaei, S.: Generalized differential quadrature nonlinear buckling analysis of
smart SMA/FG laminated beam resting on nonlinear elastic medium under thermal loading. J. Therm. Stresses 41(5), 583-607
(2018)

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


https://doi.org/10.1177/1099636218824139

	Free and forced vibration analysis of a sandwich beam considering porous core and SMA hybrid composite face layers on Vlasov's foundation
	Abstract
	1 Introduction
	1.1 Smart structures and applications of SMA
	1.2 Vibration analysis
	1.3 Civil engineering
	1.4 Numerical methods
	1.5 Research objectives

	2 Problem description
	2.1 Porous core of the sandwich beam
	2.2 Face layers of the sandwich beam

	3 Governing equations of motion
	3.1 Displacement field
	3.2 Constitutive equations
	3.3 Strain Energy
	3.4 Kinetic energy
	3.5 External work
	3.6 Hamilton's principle

	4 Solution procedure
	5 Results and discussion
	5.1 Comparison studies
	5.2 Material properties
	5.3 Thermo-mechanical behavior of SMA
	5.4 Volume fraction of SMA
	5.5 Porosity coefficient
	5.6 Effect of temperature
	5.7 Frequency ratio
	5.8 Effect of porosity on amplitude
	5.9 External force

	6 Concluding remarks
	Acknowledgements
	7.1 Appendix A
	7.2 Appendix B
	7.3 Appendix C
	7.4 Appendix D

	References




