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Abstract. The dynamic response of beams on elastic foundation has been extensively studied in the modern engineering,
especially in the fields of transportation systems. This approach is mainly used to model a railroad track. In this paper,
a finite element is developed using cubic and quadratic polynomials. The finite element and the analytic solutions are
compared to verify the reliability of the method in this kind of problem. The influence of the foundation parameters and
the boundary conditions configuration are taken into account. The results showed that Pasternak foundation increases
the frequency parameters of the beam. Also, the presence of the foundation reduces the normal mode amplitude and the
clamped-free case is the most affected by the presence of a Pasternak foundation.

Keywords: Timoshenko Beam Theory, Finite Element Method, Elastic Foundation, Free Vibration Analysis, Pasternak
Foundation Model.

1. INTRODUCTION

Beams on elastic foundation is a continually discussed subject in modern engineering as it constitutes a practical
idealization of many problems, such the railway track design and maintenance. However, for an efficient modelling, it
is fundamental to consider the mechanical behavior of the beam, the behavior of soil media and the interaction between
them. Thus, to consider these subsystems of distinct nature results in a great mathematical complexity in the modeling of
structure-foundation interactions.

The onerous process of understanding all the physical behavior of a soil media, due to the intrinsic complexity of
the soil response, lead to the development of many idealized models, which reduces the analytic rigor expended in the
problem and provides reasonable results (Avramidis and Morfidis, 2006).

The mechanical approach model the soil response with purely elastic characteristics and the resulting displacement is
given by linear functions. The first mechanical model was proposed by Winkler (1867). This model considers the soil as a
system of mutually independent spring elements in which the displacement is proportional to the loaded region. However,
Winkler foundation disregards the effect of interaction between the springs, hence, the soil response presents no cohesion.

To confront this limitation, researchers suggested various models which regard the continuity of the soil media, such
Hetenyi (1946), Filonenko-Borodich (1940), Pasternak (1954) and Kerr (1965). Kerr (1964) showed that the Pasternak
foundation model is the most natural extension of the Winkler model for homogeneous foundations, in which the soil
cohesion is given by a shear layer of incompressible vertical elements that resist only to transverse shear that is attached
to the end of the springs (Pasternak, 1954).

In many engineering applications, the mechanical behavior of the beam bases in the Euler-Bernoulli beam theory, in
which straight lines and normal planes remain straight and normal after the deformation. This theory neglects the effect of
shear deformations and rotatory inertia, which influence can be well delineated for higher modes and thicker beams, hence
the Euler-Bernoulli beam theory can be applied with good approximation only for slender beams and lower frequencies
(Soares and Hoefel, 2015). To overcome this limitation, Timoshenko (1921) proposed a model which considers the effect
of transverse shear deformation and rotatory inertia that provides an excellent approximation of the beam behavior.

Over the years, researches have concentrated their efforts to better understand the soil-structure interaction. Wang
and Stephens (1977) studied the natural vibrations of finite Timoshenko beams on Pasternak foundations and derived the
frequency equations for some boundary conditions. Wang and Gagnon (1978) presented the effects of shear deformation,
rotatory inertia, and the foundation factor on the dynamic response of continuous Timoshenko beams on Winkler and
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Pasternak foundations. Yokoyama (1996) presented a finite element for the free vibration of a uniform Timoshenko beam
column on a two-parameter elastic foundation. Thambiratnam and Zhuge (1996) develops a simple finite element method
and applies in the treatment of the free vibration of stepped beam and continuous beam on an elastic foundation, and
beam on a stepped elastic foundation. De Rosa (1995) examined the free vibration frequencies of Timoshenko beams
on two-parameter elastic foundation. The fundamental natural frequencies of vibration of finite Timoshenko beams on
Pasternak foundation by Rayleigh’s principle was derived by El-Mously (1999). Ghannadiasl and Mofid (2015) presented
the exact solution to free vibration of elastically restrained Timoshenko beam on an arbitrary variable elastic foundation
using Green functions.

The purpose of this paper is to analyze the influence of Pasternak foundation in the free vibration response of a
Timoshenko beam. A two-node beam element with two degree of freedom per node with cubic and quadratic polynomials
for transverse displacement and slope due bending, respectively, is developed. The effect of the boundary conditions
configurations and the foundation parameters are investigated.

2. CLASSICAL THEORY

Figure 1 shows a scheme of a uniform Timoshenko beam on a Pasternak foundation. By using Hamilton principle and
employing the Timoshenko beam theory, one can obtain two coupled differential equations for free vibration response
(Wang and Stephens, 1977) :

0%v(x,t) oY(z,t)  0%v(x,t) 0?v(x,t)
*p(x,t)  0*(w,1) Ov(,1)
EI oz pl 92 — kAG (1/)(1‘,15) — 8:5) = 0. 2)

where A is the cross-sectional area, I, the moment of inertia of cross section, p is the mass per unit volume, FE, the
modulus of elasticity, G the modulus of rigidity, » is the shape factor or shear coefficient, k¢ the foundation elastic
stiffness coefficient, G, the foundation shear layer stiffness,and v(x,t) and v(z,t) are the transverse deflection and the
beam slope due to bending, respectively, at the axial location x and time t.

Figure 1. A beam on a Pasternak foundation.

Differentiating Eq. (2) and substituting in Eq. (1), and assuming that the beam is excited harmonically, in which:

v(z,t) = V(ac)em, Y(x,t) = \Il(m)ei“t,

_ pAL*

=z/L 2
E=x/L, b EIW’

3)

where i = /—1, L is the length of beam, ¢ is the non-dimensional length of the beam and V' (z) and ¥(z) are the normal
functions of v(x, t) and ¥ (x, t), respectively, one can obtain (Wang and Stephens, 1977; De Rosa, 1995):

d'V(§)  _dV(e)
et T e?

+¢V(§) =0, 4)

dH(E) () _
& e +¢¥(E) =0, (5)
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where
b2 (r2 + 52) — 5% —|—p2 (b2r2s2 — 1) (b2 — 62) (b2r2s2 — 1)
1+ s2p? 1+ s2p2
and r, s, e and p are the coefficients related with the effect of rotary inertia, shear deformation, elastic and shear layer
stiffness, respectively, given by:

I EI L4 L?
7“22782:7,62:]6]0 7pz:Gp )
KGAL? EI EI

v = , (=

YTEL ©)

In order to solve the O.D.E. of Egs. (4) and (5), two conditions must be considered. This conditions represents
different solution expressions.
For the first case, ( < 0, the solutions can be expressed in trigonometric and hyperbolic functions:

V(f) = Cl COSh(O&lg) + 02 sinh(alﬁ) + 03 COS(ﬁf) + C4 SZTL(B&), (7)

U (&) = C sinh(a1€) + Cy cosh(ar€) + Cy sin(BE) + C cos(BE), t))
where:

ar = g -7+ V7?2 =4, )

6=—§ TV -4 (10)

and C and C' are constants.
The second case gives ( > 0. As a result, the solution is expressed only in trigonometric functions:

V(€) = C1 cos(az) + Ca sin(axé) 4+ Cs cos(BE) + Cy sin(BE), (11)
V(&) = O sin(aa€) + Ch cos(aa€) + Cf sin(BE) + Cj cos(BE), (12)

where:

2

ay = 7\27 ¥ =V -4, (13)
2

s - PR

and C' and C' are constants.

Equations (4) and (5) shows that the beam-foundation theory represents a generalization of the beam theory. Disre-
garding the parameters e and p, the solution regress to the solution of a beam without foundation. Also, the Pasternak
foundation theory is a higher generalization as it includes the solution for Winkler when p = 0.

3. FINITE ELEMENT FORMULATION

Consider a uniform Timoshenko beam element on Pasternak Foundation as shown in Fig. 2. The beam element
consists of two nodes and each node has two degrees of freedom: V, the total deflection, and W, the slope due to bending.

Vi Vi
U, 7

;li) ;A—»z{

— 1 T T T T T [ T T [ =

e

e

6=-1 =1

Figure 2. Beam on Pasternak foundation element

Solving the homogeneous form of Timoshenko beam static equations, one can obtain a cubic and quadratic displace-
ment functions as follows (Yokoyama, 1987):

2
Vi©) => A& and (&) =D N (15)
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where \; and )\; are constants.
Using the non-dimension coordinate, £, and element length, /., the matrix form of the displacement V' and total slope
W can be written as:

V=[NE¢Hv}e and ¥=[N(E)]{v}, (16)

where [IN(¢) ] and [ N(¢) ] are the shape functions and { v }., is the vector of nodal coordinates. The subscript e represents
expressions for a single element.
Therefore, the shape functions in Eq. (16) can be expressed as:

2(36+1)—3(6+1)§+§3 ,
ey L (1e/2)[38+1 & — (364 1)67 +£7]
Ni(€) = 4(1+ 36) 238+ 1) + 3(28 + 1)¢ — £ ’ (a7
(1e/2)[-38 =1 - &£+ (38 +1)&* 4 &7
and
[
_—— —1-2(38+1)¢ + 68+ 3¢
NOTIE ) W) a8
—1+2(38+1)6+ 68+ 32

where 3 = 4ET/kGAl.>.
Thus, considering the foundation and the beam, the potential and kinetic energy for an element length /. are expressed

as:
12EI [' /0T 126GA 29V 2
Ue—zze[fm)% () e

Lksle (! 12G, (! (av>
- =) d (19)
2 2 ,1( y 2 1, ), \o¢ ¢
_1pAl, [P fav? LpIl, ' (00>
T = 37 1(&) wts5 ) e ) * 20)

Substituting the displacement expression, Eq. (16), into the potential energy, Eq. (19), gives:

ve = L)t [QEI / 1[N<s>’1T[N<f>’1df] v} + e

$ 7 [P [ ivtey - SN NG - M@ (). +
3 07| %
where [N(£)'] = [ON(£)/0¢].

Substituting the displacement expression, Eq. (16), into the kinetic energy, Eq. (20), gives:

[ e e 2 [ e e o,

ksl

pAl, pAl.

| st e + 2

L= 5 97 |25

4. NUMERICAL RESULTS

[N(g)] N <§>1ds] e @)

In order to study the effect of Pasternak foundations in the natural frequencies of a Timoshenko beam as well as
the effect of rotary inertia and shear deformation, a several numerical examples were presented. Thus, consider simply
supported beam of uniform cross-section, such that £ = 210 GPa, G = 80.8 GPa, p = 7850 kg/m3, L = 0.5m,
k=5/6and r = 0.04.

To analyze the influence of a foundation in the frequency parameters, Tab. 1 presents the comparison between analytic
and FEM solutions for a hinged-hinged beam. The second column presents the frequency parameters for a beam without
foundation (e = 0, p = 0), third to sixth, for Winkler foundation (e = 5, p = 0), and seventh to tenth, for Pasternak
foundation (e = 5, p = 5).
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Table 1. Comparison table for the frequency parameters of analytic and FEM analyses.

Mode Without Winkler Pasternak
Number — Foundation .1vic  FEM-10e FEM-30¢ FEM-70¢ Analytic FEM-10e FEM-30c FEM-70e

9.5752 10.786 10.787 10.786 10.786 18.962 18.963 18.962 18.962
35.410 35.746 35.834 35.756 35.748 47.134 47.206 47.142 47.136
71.842 72.003 72.726 72.082 72.018 85.151 85.807 85.222 85.164
114.26 114.36 117.22 114.67 114.41 129.18 131.91 129.48 129.24
159.85 159.92 167.67 160.78 160.08 176.56 184.11 177.39 176.71

O N N R

The results showed that the presence of a foundation increase the frequency parameters. Comparing the frequency
parameter of a beam on a foundation with the solution for a beam without foundation, the Winkler foundation increase is
great for the first mode, but becomes less significant as the mode number rise. However, Pasternak foundation presents a
remarkable increase for all mode numbers and higher than those presented by Winkler foundation.

Also, the frequency parameter increase declines as the mode number rise. This reduction can be observed in the
frequency parameters of Winkler and Pasternak foundation, however, the decrease in Pasternak is not as high as presented
by Winkler.

For higher modes, the difference between the FEM and analytic solutions decreases when the number of elements is
increased. Therefore, FEM formulation presents a high accuracy.

The next subsections presents numerical examples for hinged-hinged, clamped-clamped and clamped-free beams for
the FEM solution using 70 elements in order to discuss the effect of the Pasternak foundation in the usual boundary
condition configurations. The boundary conditions are defined in Tab. 2.

Table 2. Boundary Conditions

Boundary Condition Deflection Slope Moment Shear Force
Y
Hinged V() =0 - dég) =0 -
Clamped Vi) =0 ¥ =0 - -
d¥(§) oV (€) oV (€)
Free - - TE = 0 K/GA < 9L — qj (5)) + Gp ¢ = 0

4.1 Hinged-Hinged

Figure 3(a) illustrates the relative difference between the frequencies of a hinged-hinged beam on a Pasternak founda-
tion over the frequency of a beam without foundation (e = 0, p = 0) for various values of the parameter e and p for the
first five frequencies. This relative difference delineates the increase in the natural frequencies for a beam on Pasternak
foundation with increasing elastic and shear layer stiffness, which represents a constant increase in the foundation general
stiffness. As the foundation general stiffness increases, the natural frequencies have a huge increase. The reduction in the
increase as the mode number rise presented in Tab. 1 can also be noted.

Figure 3(b) shows the normal modes for the first five frequencies for a beam without foundation and a beam on
a Pasternak foundation (e = 20, p = 20). The figure shows that the presence of the foundation is lower in the normal
modes than in the natural frequencies for a hinged-hinged beam. Also, the lower modes presents no remarkable difference
from the modes for a beam without foundation, however, the fourth and fifth modes presents a slight difference.

This observation is verified with the relative difference between the amplitude of the normal modes for a beam on a
Pasternak foundation and a beam without foundation, as presented in figure 4. The figure shows that the normal modes
amplitudes decreases as the foundation general stiffness rise, which represents a contrary behaviour from the present by
the frequency parameters.
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(a) Increase in the natural frequencies. (b) First five normal modes.

Figure 3. Pasternak foundation influence on a hinged-hinged beam.
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Figure 4. Relative difference between the maximum amplitude of a beam on a Pasternak foundation and a beam without
foundation for the hinged-hinged boundary condition.

4.2 Clamped-Clamped

The relative difference between the frequency of a clamped-clamped beam on Pasternak foundation over a beam
without foundation (e = 0, p = 0) for various values of the parameter e and p for the first five frequencies is shown in
Fig. 5(a). Even though the frequencies still have the huge increase, it is not high as that presented by the hinged-hinged
case, as well as the difference between the increase in the first frequency parameter and the other.

The normal modes presents a remarkable difference when the foundation is present, as shown in Fig. 5(b). The
difference between the hinged-hinged and the clamped-clamped boundary condition is the term representing the total
rotation introduced in the later, as shown in Tab. 2. Once this boundary condition in inserted, the frequency parameters
increase is lower and the difference between the normal modes becomes more significant, when compared to the hinge-
hinged case. The clamped-end condition indicates that the foundation even though being proportional to the displacement
only has as some influence of the beam total rotation.

Figure 6 presents the reduction in the amplitude of the normal modes for a beam on a Pasternak foundation when com-
pared with a beam without foundation as the foundation general stiffness increases. The figure shows that the reduction
in the normal modes amplitude does not present a regular behaviour as presented by the hinged-hinged case. The first
and the fifth modes present the major reduction with the fifth mode presenting the major reduction when the beam is on
very stiff foundations, even though the first mode present the major reduction for the majority of the foundation general
stiffness range.
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(a) Increase in the natural frequencies. (b) First five normal modes.

Figure 5. Pasternak foundation influence on a clamped-clamped beam.
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Figure 6. Relative difference between the maximum amplitude of a beam on a Pasternak foundation and a beam without
foundation for the clamped-clamped boundary condition.

4.3 Clamped-Free

In contrast to observed in the hinged-hinged and clamped-clamped, the clamped-free beam presents a major increase,
even higher than that from hinged-hinged. The first mode presents the great increase when compared to the others,
ratifying this characteristics of the foundation to affect only the lower modes and the range of influence increasing as the
foundation general stiffness rise.

Figure 7(b) shows the effect of the Pasternak foundation in the normal modes of a clamped-free beam. This boundary
conditions presents the greater difference in the normal modes with a significant change in all modes. The major reduction
in the amplitude, as shown in Fig. 8, is presented by the first mode.

This behavior differs from the presented in the hinged-hinged case in which the major reduction is shown in the fifth
mode. The extra factor that the Pasternak foundation insert in the free-end boundary condition, as seen in Tab. 2, appears
to influence this different behaviour. As the general stiffness increases, this extra factor magnitude also increases, which
V(E)
dg
that represents the total rotation of the cross-section of the beam, this result ratifies the assumption that the rotation of the
cross-section influences the effect of the foundation.

Also, for a range of the foundation general stiffness, the amplitude of the normal modes, except for the first mode,
presents a increase and not a reduction as expected.

the condition accompanying it, , becomes the significant factor in the expression. As this condition is the same
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Figure 7. Pasternak foundation influence on a clamped-free beam.
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Figure 8. Relative difference between the maximum amplitude of a beam on a Pasternak foundation and a beam without
foundation for the clamped-free boundary condition.

5. CONCLUSIONS

This paper presented a finite element method for free vibration analysis of Timoshenko beams on Pasternak founda-
tion regarding the foundation parameters and the boundary conditions. The finite element was developed using cubic and
quadratic polynomials for transverse displacement and slope, respectively, for a two-node beam element with two degrees
of freedom per node. The finite element and the analytic solutions are compared and discussed with some numerical
examples. The investigation determined that the presence of a foundation increase the natural frequencies of the beam vi-
bration. The Pasternak foundation presents higher frequencies than the Winkler foundation, and the increase is expressive
for all modes. Also, the presence of the foundation present a reduction in the normal modes. As the foundation stiffness
increases, the natural frequency increases and the normal modes amplitude decreases, with the clamped-free case the most
affected. For some general foundation stiffness values, the foundation presence increase the normal modes amplitude.
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