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Abstract. This article deals with the dynamic analysis in pad concrete foundation containing Silica nanoparticles (SiO2)
subject to seismic load. In order to control the foundation smartly, a piezoelectric layer covered the foundation. The weight of the
building by a column on the foundation is assumed with an external force in the middle of the structure. The foundation is
located in soil medium which is modeled by spring elements. The Mori-Tanaka law is utilized for calculating the equivalent
mechanical characteristics of the concrete foundation. The Kevin-Voigt model is adopted to take into account the structural
damping. The concrete structure is modeled by a thick plate and the governing equations are deduced using Hamilton’s principle
under the assumption of higher-order shear deformation theory (HSDT). The differential quadrature method (DQM) and the
Newmark method are applied to obtain the seismic response. The effects of the applied voltage to the smart layer, agglomeration
and volume percent of SiO2 nanoparticles, damping of the structure, geometrical parameters and soil medium of the structure are
assessed on the dynamic response. It has been demonstrated by the numerical results that by applying a negative voltage, the
dynamic deflection is reduced significantly. Moreover, silica nanoparticles reduce the dynamic deflection of the concrete
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foundation.
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1. Introduction

One of the important subjects for the design of buildings
is resistance to seismic load. Recently, nanotechnology
presents a new idea for the strength of the concrete structure
using nanoparticles such as SiO,. Due to the good
mechanical properties of the nanoparticles, the compressive
strength of the concrete can be improved.

The influence of nanoparticles on the concrete foam is
studied by Hou et al. (2019). They found out that the
stability of the prefabricated foams increased by the
appropriate content of nanoparticles. Furthermore, the

nanoparticles can enhance the strength of the concrete foam.

Younis and Mustafa (2018) investigated the possibility of
using nano-silica to improve the mechanical properties of
agglomerated concrete. Moreover, they assessed the effect
of nano SiO, on the water absorption of recycled aggregate
concrete. Hosseini et al. (2009) assessed the influence of
nano SiO; on the compressional strength of the recycled
aggregated concrete. They experimentally determined the
mechanical characteristics of the SiO» incorporated in
aggregated concrete. A concreted pavement with
nanoparticles is studied by Zhang and Yu (2011). The
results indicated that the impact properties of the concrete
with nanoparticle enhanced when the amount of the
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particles are smaller. They also declared that the flexural
strength of concrete with nanoparticles has a linear relation
with impact properties.

In the field of nanocomposite structures and numerical
methods, Duc and Tung (2011) investigated the mechanical
and thermal postbuckling of higher order shear deformable
functionally graded plates on elastic foundations. Hieu and
Tung (2020) studied the thermomechanical postbuckling of
pressure-loaded CNT-reinforced composite cylindrical
shells under tangential edge constraints and various
temperature conditions. Analysis of laminated CNT
reinforced functionally graded plates using the element-free
kp-Ritz method is done by Lei et al. (2016). An overview of
layerwise theories for composite laminates and structures is
implemented by Liew et al. (2019). Long and Tung (2019)
considered the Thermomechanical postbuckling behavior of
CNT-reinforced composite sandwich plate models resting
on elastic foundations with elastically restrained unloaded
edges. Pan er al (2019) modeled the geometrically
nonlinear large deformation behaviors of matrix cracked
hybrid composite deep shells containing CNTRC layers.
Thermal buckling and postbuckling behaviour of
functionally graded carbon-nanotube-reinforced composite
plates resting on elastic foundations with tangential-edge
restraints is studied by Tung (2017). Tung and Trang (2020)
investigated the thermal postbuckling of shear deformable
CNT-reinforced composite plates with tangentially
restrained edges and temperature-dependent properties.
Zhang (2017) proposed an element-free based IMLS-Ritz
method for buckling analysis of nanocomposite plates of
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polygonal planform. Zhang et al. (2016a) investigated an
element-free analysis of CNT-reinforced composite plates
with column supports and elastically restrained edges under
large deformation. Postbuckling analysis of axially
compressed CNT reinforced functionally graded composite
plates resting on Pasternak foundations using an element-
free approach is considered by Zhang and liew (2016a).
Element-free  geometrically nonlinear analysis of
quadrilateral functionally graded material plates with
internal column supports is investigated by Zhang and liew
(2016b). Zhang et al. (2016¢) investigated the postbuckling
of carbon nanotube reinforced functionally graded plates
with edges elastically restrained against translation and
rotation under axial compression. The postbuckling analysis
of bi-axially compressed laminated nanocomposite plates
using the first-order shear deformation theory is
investigated by Zhang et al. (2016d). Also, Zhang et al.
(2016e) studied the Postbuckling behavior of bi-axially
compressed  arbitrarily  straight-sided  quadrilateral
functionally graded material plates. In another research,
Zhang et al. (2016f) analyzed the Geometrically nonlinear
large deformation of triangular CNT-reinforced composite
plates. Vibration of CNT-reinforced thick laminated
composite plates based on Reddy’s higher-order shear
deformation theory is analyzed by Zhang and Selim (2017).
Optimal shape control of CNT reinforced functionally
graded composite plates using piezoelectric patches is done
by Zhang et al. (2016g). aerothermoelastic properties and
active flutter control of CNT reinforced functionally graded
composite panels in supersonic airflow is computated by
Zhang et al. (2016h). Zhang et al. (2017a) studied the
dynamic responses of CNT-reinforced composite
cylindrical shells under impact loads.

Due to the enhancement of the mechanical characteristics of
the reinforced concrete with the nanoparticles, researchers
focused on the dynamic analysis of the nano-reinforced
concrete structures. Kargar and Bidgoli (2019) modeled the
concrete foundation reinforced by the smart nanoparticles
mathematically. The vibration response of the nano SiO,
reinforced concrete foundation with a piezoelectric face-
sheet on the structure is assessed. The results indicated that
the frequency of the smart structure increased by applying
negative voltage. The effect of blast load on the dynamic
behavior of the concrete reinforced by SiO, is assessed in
(2018; 2019). The numerical results demonstrated that as
the silica particles increased the dynamic behavior of the
nano-reinforced concrete decreased. The vibration response
of the concrete beams with SiO, nanoparticles
reinforcement is scrutinized by the Shokravi (2017). The
effect of the silica nanoparticles agglomeration is
considered adopting the Mori-Tanaka model. Golabchi et al.
(2018) investigated the instability and dynamic response

of the cylindrical shell reinforced by the silica nanoparticles.

The results showed that the frequency decreased when the
agglomeration of the silica nanoparticles is considered. The
concrete pipes which are reinforced by the SiO»
nanoparticles are assessed for the seismic behavior in
(Maleki and Bidgoli 2018, Zarei et al. 2017, Motezaker and
Kolahchi 2017). The conveying fluid pipes are subjected to
the dynamic load and the influence of the silica

nanoparticles on the structures examined. The results
indicated that the displacement of the structure during the
seismic load decreased as the silica nanoparticles used.
Nouri (2018) studied the seismic behavior of the concrete
pipes which are reinforced by the Fe,Os; nanoparticles on
soil foundation. The soil foundation is modeled by the
Winkler model Mori Tanaka approach is adopted to
compute the effective elastic characteristics of the
nanoparticles-reinforced concrete pipes. The seismic
behavior of smart cylindrical shell conveying fluid with the
carbon nanotube reinforcement is investigated by Zamani et
al. (2017). They declared that dynamic displacement
reduced as the piezoelectric layer is induced by negative
voltage. The numerical and mathematical method was used
to assessed the dynamic and seismic behavior of the
concrete pipes in (Haghighi et al. 2018, Maleki et al. 2019).
The conveying fluid pipes were immersed in the fluid and
the effect of internal and external fluid assessed on the
behavior. Hajmohammadi et al. (2018) studied the seismic
behavior of the concrete pipes which were reinforced by the
nano-fiber reinforced polymer. They analyzed the
agglomeration effects and inner and outer fluid influence. A
Mathematical model of concrete pipes using the carbon
nanotubes as the reinforcements was presented by Nouri
(2017). The vibration and stability analysis was conducted
considering the magnetic field. Su ez al. (2016) investigated
the ultra-high performance concrete with nano-particles.
They assessed the dynamic strength for both tensile and
compressive loading. Concrete columns under buckling
load analyzed by Safari Bilouei ef al. (2016). The concrete
columns were reinforced by nanofiber and the nanofiber
effect was studied. TiO, nanoparticles were used as
reinforcements in the concrete beam by Sharifi ef al. (2018).
They analyzed the dynamic response by subjecting the
model to earthquake load and found out that dynamic
deflection decreases. Analysis of critical fluid velocity and
heat transfer in the nanocomposite pipes conveying
nanofluid was presented by Fakhar ef al. (2019).

Best of author’s knowlegment, no reassert paper has been
found for mathematical modelling and dynamic analysis of
pad concrete foundation. This subject is a novel topic in
civil engineering field. In the present study, a pad concrete
foundation resting on the soli medium is modelled
mathematically based on HSDT and its dynamic deflection
induced by earthquake load is controlled by a piezoelectric
layer. In addition, the structure is reinforced by SiO:
nanoparticles and Kelvin-Voigt model is used for
considering structural damping. Newmark and DQ methods
are adopted to determine dynamic displacement. The
influence of applied voltage to the smart layer,
agglomeration and volume percent of silica nanoparticles,
damping of the structure, geometrical parameters and soil
medium are shown on the dynamic deflection.

2. Formulation
In Fig. 1, a pad concrete foundation is depicted with

length, width, thickness of a, b and A, respectively. The
structure is mixed by SiO:nanoparticles and covered by a
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piezoelectric layer with a thickness of 4,. It is assumed that
between smart layer and concrete foundation there is not
any pore and the structure is continuous. In addition, the
foundation is located at the soil medium which is modeled
by the spring element. The weight of the building is applied
through a column by an external load in the middle of the
concrete foundation.

2.1 Kinematic relations

Based on the HSDT thick plate theory, the general
displacements of the structure may be written as (Reddy
2002)

uoGy.z )=y ezg 0y ez g+ 2 (la)
OX
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The mid-plane displacements are u, v and w along the x, y, z
directions, correspondingly; ¢X and ¢y present the

rotational displacement about y and x directions,
correspondingly. Utilizing the above relations, the relations
between the strains and displacements are
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Fig. 1 A schematic configuration of pad concrete
foundation containing nanoparticles covered by smart
layer resting on soil medium

2.2 Basic equations of piezoelectric material

For the piezoelectric material, the stresses o7 and

strains &; are coupled by electric displacement D, and

by electric field E, as follows (Tiersten 1969)
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The elastic, dielectric and piezoelectric constants are
indicated by Cj;, €
The electric field can be determined respect to the electric
potential (D)

ij > and €; respectively.

E, =—V, 7
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Where the electric potential is considered consists of a
linear variation and half-cosine (the Maxwell equation are
satisfied) as

O(x,y,z,t)= ®)

where gD(X VY ,t) is the electric potential with satisfying
is the

external voltage. Based on Egs. (2)-(5), the stress equations
of the smart layer may be given as (Tiersten 1969, Kolahchi
etal. 2016)

the boundary conditions related to electric; V0
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Utilizing Egs. (2)-(4) and (6), the electric displacement
equations of the piezoelectric layer are
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2.3 Basic equations of concrete foundation
containing nanoparticles
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For the pad concrete foundation, the stress relations can
be given by neglecting piezoelectric constants of Egs. (9)-
(13) as
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where the modulus of elasticity (£) and Poisson’s ratio
(v) based on the Mori-Tanaka model (Shi and Feng, 20
04) may be given as
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in which the equivalent shear modulus (G) and bulk mod
ulus (K) are presented in Appendix A.

2.4 Energy method

The potential energy related to pad concrete foundation
with a smart layer can be expressed as
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where the resultant may be given as
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The kinetic energy related to the smart concrete
structure is

K =(pc;2pp)j(uf+u;+u;)dv, €20

where p° and p" are density of concrete and smart

layer, respectively.
The external work due to soil medium, lateral load of
building weight and earthquake load can be given as
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where K

weight; m is the weight of the structure; a is the acceleration
of earthquake.

is soil spring constant; F is the force of building

2.5 Motion equations

Hamilton's principle is adopted to infer the governing
equations
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Replacing the Egs. (25), (31) and (32) into Eq. (33) yields
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where the moment of inertias are
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Substituting Eqs. (2)-(6) into Egs. (26)-(28), the stress
resultants may be expressed as
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g U v fou v 3. Numerical method
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where g is the damping parameter of the structure.
Replacing the Eqgs. (43) to (47) into Egs. (34) to (39), the
motion equations are expanded in terms of displacements as

written in Appendix B.
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the subscript i+7 denotes the time T =1, and
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where y =0.5and y = 0.25. Adopting the iteration method,

the Eqgs. (62) are solved at any time step and so acceleration
vectors and velocity vectors which are modified can be
defined as:
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The above procedures should be repeated for all time steps
to plot the deflection of the structure with respect to time.

4. Numerical example and discussion

For the parametric study, a pad concrete foundation with
Poisson’s ratio of v, =03 and elastic modulus of
E. =20GPa
nanoparticles which the Poisson’s ratio is v, =0.2 and
elastic modulus is E, =70 GPa. The smart layer is made

from polyvinylidene fluoride (PVDF) in which the
mechanical properties are expressed in Table 1 (Kolahchi et
al. 2016).

The location of the study is Cheshme Sabs station of Bam
with the axial, lateral and transverse accelerations shown in
Figs. 2(a)-2(c).

is assumed. The reinforcement is SiO,

Table 1 PVDF material properties

Properties PVDF
Cy 238.24 (GPa)
C, 3.98 (GPa)
Cyp 236 (GPa)
e, -0.135 (C/m2)
e, -0.145 (C/m?)
El 1 1.1e-8 (C?INm?)
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Fig. 2 Bam-Cheshme sabs station (a) axial acceleration (b)
Transverse acceleration (c¢) Vertical acceleration of

4.1 Validation

Since there is not any work for molecular dynamic (MD)
and experimental analysis of thick plates with piezoelectric
layer under concentrated force, we neglected from
nanoparticles in the plate, smart layer and soil foundation.
However, we assumed a thick plated with uniform load
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omitting the Kronecker product in Eq. (32). For validation,
a plate with h=0138in , L = L, =12 in ,

v,=032 , G,=G,=G,=0.37x10° psi
E =3x10° psi, E, =1.28x10° PSi s assumed. As

demonstrated in Fig. 3, the results can be compared with the
numerical results reported by Shen (2000), Zaghloul that
used the classic plate theory (CPT) (1975), experiment
results which declared by Zaghloul and Kennedy (1975)
and Lei et al. (2013). The present results in this paper are
close to the results which are presented by Lei ef al. (2013)
and Zaghloul and Kennedy (1975). Thus, the present results
have a good agreement with experimental results.

In order to validate the results related to dynamic
behavior, the dynamic deflection is obtained by supposing

the nanoparticles are absent (C P = 0) and the smart layer.

Thus, the mechanical characteristics and loadings are as the
reference considered. As depicted in Fig. 4, the present
numerical results are in accord with the corresponding
references.
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—— Lei (2013) 1
Present work
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Fig. 3 Static transverse deflection of a simply supported
plate under transverse load
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Fig. 4 The validation of this work with other works
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Fig. 5 Comparison of DQM and analytical method for (a)
axial deflection (b) transverse deflection (c) vertical
deflection

For another validation, the governing equations are solved
by the DQM and analytical method of Navier. The dynamic
deflection with respect to time is shown in Figs. 5(a)-5(c).
Another validation can be inferred by the close results of
the two solution methods.
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N=Nx=N, Axial Transverse Vertical
deflection deflection deflection

5.32¢-2 28.12¢-4 8.58e-5

4.17¢-3 15.43e-4 4.17e-6

11 2.01e-3 11.15¢-4 2.72e-6

13 1.44¢-3 10.19¢-4 1.53e-6

15 1.48e-3 10.21e-4 1.58e-6

17 1.48e-3 10.21e-4 1.58e-6

4.2 Convergence of DQM

The convergence and accuracy of the numerical method
for maximum dynamic deflection of the structure is
presented in Table 1. As can be seen, in N=15, the results
will be converged.

4.3 Effects of different parameters

Figs. 6(a)-6(c) illustrate that the silica nanoparticles
volume percent have an effect on the axial, transverse and
vertical dynamic deflections of the concrete structure,
respectively. It is observed that with enhancing the silica
nanoparticles volume percent, the dynamic deflection is
decreased which is the result of the fact that as the silica
nanoparticles increased the stiffness of structure increased.
For example, the maximum dynamic displacement for the
concrete foundation without nanoparticles is 2.5 mm while
it is about 0.5 mm for pad concrete foundation containing
2% nanoparticles. It means a reduction of 80% in the
dynamic displacement using SiO, nanoparticles in the
foundation which is very remarkable. However, it may be
concluded that using nanotechnology for reinforcing
concrete foundations has an important role in improving the
dynamic behavior of the model under the earthquake load.
Figs. 7(a)-7(c) show the influence of the agglomeration of
silica nanoparticles on the axial, transverse and vertical
dynamic deflections of the concrete structure, respectively.
It can be concluded that consideration of the agglomeration
of SiO; reinforcement leads to higher dynamic deflection
about 50%. It is because the agglomeration of SiO»
reinforcement decreases the stability and homogeneity of
the model.

The effect of the applied voltage to the piezoelectric layer
on the axial, transverse and vertical dynamic deflections of
the concrete structure, respectively is shown in Figs. 8(a)-
8(c). It can be concluded that by applying negative voltage
to the smart layer, the dynamic deflection is reduced and
with imposing positive one, the dynamic displacement is
increased. It is physically due to this reason that applying a
negative and positive voltage induces compressive and
tensile loads in the structure. Form this figure it can be
found that the smart layer can be used for smart control of
the concrete foundation under the seismic load.

The axial, transverse and vertical dynamic deflections of the
pad concrete foundation with the smart layer are depicted in
Figs. 9(a)-9(c), respectively for the various soil mediums.
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The figure shows, three cases of dense sand, and loose sand
without soli medium are assumed. It is observed, the
existence of soil medium decreases the dynamic behavior of
the model. It is occurred according to consideration of soil
medium which causes a stiffer the structure. Moreover, the
dynamic deflection in the case of the soil medium with the
dense sand is lower than the loose sand medium.
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The influence of the damping of structure on the axial,
transverse and vertical dynamic deflections of the concrete
structure, respectively is depicted in Figs. 10(a)-10(c). It is
presented that by assuming the structural damping of the
concrete structure, the dynamic deflection is reduced about
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60%. Hence, for real modeling of the structure, assuming
structural damping is essential.

Figs. 11(a)-11(c) and 12(a)-12(c) show the influence of
width and thickness of the foundation on the dynamic
deflection with respect to time of the earthquake,
respectively. It can be found that the dynamic deflection is
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decreased by enhancing the thickness and decreasing the
width of the concrete foundation. It is since with decreasing
the width and enhancing the thickness of the concrete
foundation, the stiffness is reduced.

5. Conclusions

Dynamic deflection analysis in pad concrete foundation
containing SiO: nanoparticles with a smart layer was
presented in this research based on mathematical modeling.
The weight load of the building was applied with a
concentrated compressive load at the center of the
foundation. The Mori-Tanaka and Kelvin-Voigt models
were applied for modeling the nanoparticles in the
foundation and structural damping, respectively. The
governing equations were deduced by HSDT and
Hamilton's principle. The methods of DQ and Newmark

were used to calculate the dynamic response of the structure.

The influence of the applied voltage, silica nanoparticles
volume fraction and agglomeration, structural damping, soil
medium and geometrical parameters of the concrete
foundation were assessed. Results show that the maximum
dynamic displacement for the concrete foundation without
nanoparticles was 2.5 mm while it was about 0.5 mm for
pad concrete foundation containing 2% nanoparticles. It
means a reduction of 80% in the dynamic displacement
using SiO; nanoparticles in the foundation. It can be
concluded that consideration of the agglomeration of SiO,
reinforcement leads to higher dynamic deflection about
50%. It was concluded that by applying negative voltage to
the smart layer, the dynamic deflection is reduced and with
imposing positive one, the dynamic displacement was
increased. It was observed, the existence of soil medium
decreases the dynamic behavior of the model. It was
presented that by assuming the structural damping of the
concrete structure, the dynamic deflection is reduced about
60%.
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where, the bulk modulus (K,,) and shear modulus (G,) o
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In above relations, C,, is the volume fractions of the m
atrix and C, is the the volume fractions of nanoparticles

respectively and & and ¢ describe the agglomeration
of nanoparticles.
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