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Abstract Vibration of a finite Euler—Bernoulli beam,
supported by non-linear viscoelastic foundation tra-
versed by a moving load, is studied and the Galerkin
method is used to discretize the non-linear partial dif-
ferential equation of motion. Subsequently, the solu-
tion is obtained for different harmonics using the Mul-
tiple Scales Method (MSM) as one of the perturba-
tion techniques. Free vibration of a beam on non-linear
foundation is investigated and the effects of damp-
ing and non-linear stiffness of the foundation on the
responses are examined. Internal-external resonance
condition is then stated and the frequency responses of
different harmonics are obtained by MSM. Different
conditions of the external resonance are studied and a
parametric study is carried out for each case. The ef-
fects of damping and non-linear stiffness of the foun-
dation as well as the magnitude of the moving load
on the frequency responses are investigated. Finally, a
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thorough local stability analysis is performed on the
system.

Keywords Non-linear vibration - Galerkin method -
Moving load - Multiple scales method - Viscoelastic
foundation - Perturbation method

1 Introduction

Vibration analysis of beams traversed by moving load
is a well-known subject in structural mechanics and
has also been of great interest by many engineers
in different disciplines including mechanical, bridge,
and railway engineering. Many researchers have con-
ducted various investigations in the field of moving
loads. Fryba [1] has presented fundamental studies in
this area and cited more than 70 references in this area
including most of the published articles before the turn
of century.

Esmailzadeh and Ghorashi [2] studied the vibration
of Timoshenko beams traversed by concentrated and
partially distributed moving masses. They computed
the beam response, and the distribution of the shear
force and the bending moment along the beam, using
the finite difference method. Andersen et al. [3] used
the finite element method (FEM) to obtain the numer-
ical solution of problems with external loads moving
uniformly along an infinite Euler beam supported by a
linear elastic Kelvin foundation with a linear viscous
damping.
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The vibration of a simply-supported beam traversed
by uniform distributed moving loads was studied by
Yu et al. [4]. They concluded that the dynamic re-
sponse of the beam is tied up with these factors: the
frequency of the beam, the moving frequency of the
load and the ratio of the vehicle-beam mass. The dy-
namic analysis of bridges under moving loads was car-
ried out by Gurav [5]. He implemented an orthotropic
three-dimensional plate model to study the flexural
and torsional properties of the bridge and also derived
the eigen-value equations and normal mode shapes for
an orthotropic plate.

Ouyang and Mottershead [6] investigated the vi-
bration of a beam excited by a moving flexible body.
They found that the deflection of the beam displays
several cycles of oscillation during the passage of the
moving body and can exceed the maximum static de-
flection at moderate speeds, but is close to the static
deflection when the speed is either very low or very
high. The study of vibration and dynamic buckling
of shear beam-columns on elastic foundation under
moving harmonic loads was carried out by Kim and
Cho [7]. They examined as how the shear deformation
of beams and the axial compression affect the local
stability and vibration of systems and investigated the
effects of various parameters, such as the load veloc-
ity, load frequency, shear rigidity, and the damping on
the deflected shape, maximum displacement, and the
critical values of the velocity, frequency, and the axial
compression.

Martinez-Castro et al. [8] proposed a semi-analytic
solution in the time domain for the non-uniform
multi-span Euler—Bernoulli beams traversed by mov-
ing loads. In that research, the time-dependent modal
equations are solved in closed-form and, therefore,
the method is highly accurate and robust, circumvent-
ing the main disadvantages of time-stepping schemes.
Garinei [9] focused on the vibrations of simple beam-
like modeled bridge under harmonic moving loads.
Ouyang and Mottershead [10] presented a combined
numerical-analytical method for vibration of a beam
excited by a moving flexible body. They discovered
that the vibration of the moving body and the beam ex-
cited by the moving body are significantly influenced
by the traveling speed, and the vibration levels tend
to be greater in the intermediate speed range and the
total moving force at the interface of the beam and the
moving body can be compressive and tensile.
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Stancioiu et al. [11] considered separation and reat-
tachment in the study of the vibration of a beam ex-
cited by a moving oscillator. For any moving oscilla-
tor like the one being discussed in that paper, the stiff-
ness of the spring connecting the two masses as well
as the mass ratio can influence the onset of separation
to a large extent. They concluded that it is more ap-
propriate that for those studies, involving separation,
the moving mass model should be replaced with the
moving oscillator model, and when the spring stiff-
ness becomes very high, the oscillator can usually be
replaced with a single mass, without affecting the dy-
namic response of the beam. Kiral and Goren Kiral
[12] focused on the dynamic behavior of a symmetri-
cal laminated composite beam subjected to a concen-
trated force traveling at a constant velocity using a de-
veloped three-dimensional finite element model.

There are few works recently done on the study of
non-linear vibrations of the beams subjected to either
stationary or moving loads. Coskun and Engin [13] in-
vestigated the non-linear vibration of an elastic beam
on a linear unstretched Winkler foundation subjected
to a concentrated stationary load at its midpoint. They
found that in contrast to the linear cases, the position of
the lift-off points will change depending on the mag-
nitude of the load and also, the vertical displacements
change with the square of the load in the non-linear
case; the dynamic effect in the linear case, the dynamic
effect and the non-linearity arising from the founda-
tion modulus in the non-linear case affect the variation
of the contact lengths and the vertical displacements
of the beam.

The non-linear dynamics of an Euler—Bernoulli
beam under moving loads was studied by Yanmeni
Wayou et al. [14] including the moving load inertia
in the Duffing equation. They concluded that the load
inertia can be neglected under two conditions:

(1) when the load velocity is higher than that leads to
the resonance in the beam, and

(2) when the moving mass is very small compared to
the mass of the beam.

Kang and Tan [15] conducted an investigation on
non-linear response of a beam under distributed mov-
ing contact load. They applied a two-dimensional
spectral balance method to solve the resulting ex-
tended Duffing’s system, which is subjected to quasi-
periodically modulated excitations.

For a beam resting on an elastic foundation, there
are many cases in which, the foundation should be
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considered non-linear for more appropriate investiga-
tions. Such systems have been treated by numerous re-
searchers with diverse theoretical tools, including the
numerical technique [16], finite element method [17—
19], analytical approach [20-22] and the perturbation
method [23]. In most of the published articles on the
non-linear vibration of beams, subjected to moving
loads, the non-linearity being of the geometrical type
and arises from the large deformations of the beam.

There are very few published articles on the vibra-
tion of beams on non-linear foundations subjected to
moving loads. Oscillations of a beam on non-linear
elastic foundation under periodic fixed loads were
studied by Santee and Goncalves [24] and the influ-
ence of a non-linear elastic foundation on the non-
linear dynamic behavior and the local stability of slen-
der beams were analyzed using a simplified model.

The problem of train-track interaction is one of the
most important applications of such system in which,
a railway track is resting on a viscoelastic ballast and
traversed by a moving train. In most of the cited ref-
erences discussed earlier, the foundation is assumed to
be a linear mass-spring system with the view to sim-
plify the model. Dahlberg [25] showed that the sup-
port structure of a railway track, in practice, is highly
non-linear because of the hardening characteristic of
the ballast. He solved the problem in the time domain
and found that the differences between the results of
the linear and non-linear models were quite consider-
able and deduced that a non-linear track model would
represent the rail deflection fairly well.

Kargarnovin et al. [26] carried out a similar study
in the frequency domain to find the response of infinite
beams supported by non-linear viscoelastic founda-
tions subjected to harmonic moving loads. They pre-
sented a straightforward solution technique applicable
in the frequency domain.

The survey of the published research articles shows
the lack of investigation on the subject of vibration of
beams on non-linear foundations subjected to moving
loads. That arises from two reasons, (a) the novelty
of the concept of non-linearity of foundation that was
verified experimentally in 2002 by Dahlberg [25], and
(b) the complexity of the solution of the obtained non-
linear partial differential equations of motion.

Abe [28] showed if discretizing the governing
equation first by the use of the Galerkin method, then
applying a shooting method to the obtained ordinary
differential equations, and finally implementing the

multiple scales method (MSM) [27], as being one of
the perturbation methods, it will give more accurate
results than when the multiple scales method is ap-
plied directly to the governing equation, which is a
non-linear partial differential equation.

In this paper, the Galerkin method is utilized to dis-
cretize the governing equations and MSM perturbation
method is applied to obtain the non-linear responses
of the system. A railway track (finite beam) resting on
ballast (non-linear viscoelastic foundation) traversed
by a passing train (moving load) comprised the case
study in this research. The Euler—Bernoulli beam the-
ory is employed to model the finite beam and MSM
is used to obtain the response of the free and forced
vibration of the non-linear system. A comprehensive
parametric sensitivity analysis is carried out to investi-
gate the effects of different parameters on the dynamic
performance of the system.

2 Problem formulation

The case of a uniform finite beam resting on non-linear
viscoelastic foundation and subjected to a moving con-
centrated load is shown schematically in Fig. 1. Us-
ing the Hamilton principle and employing the Euler—
Bernoulli theory, one can develop the governing dif-
ferential equation of motion as

Elwyyxy +kw+ aw? + dw; + pAwy,
= Fyd(x —vt) (1)

where E,I, A, and p are the respective modulus
of elasticity, the second moment of area, the cross-
sectional area of the beam, and the beam material den-
sity. The parameters k and « are the linear and non-
linear parts of the foundation stiffness, /&t is the damp-
ing coefficient of the foundation, and F;,, v and w are
the concentrated load, the moving load speed and the
beam deflection, respectively.

It should be noted that since in reality, several foun-
dations show non-linearities of the form of (1), the
authors have chosen this type of model with the cu-
bic non-linear term. In order to give a real sample of
such non-linear behavior, one could consider the field
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Fig. 1 A finite beam
resting on a nonlinear
viscoelastic foundation
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Fig. 2 Nonlinear behavior of a real case of railway track [29]

measurement results illustrated in Fig. 2. The detailed
field measurement results can be found in [29]. An
actual railway track was modeled by Dahlberg [25]
using a hinge-hinge beam placed on a non-linear vis-
coelastic foundation and solved the dynamic problem
in the time domain using FEM. He found that the
differences in the results between the non-linear and
linear models are considerable and a non-linear track
model simulates the rail deflection quite well (com-
pared with the measurements) whereas the equivalent
linear model cannot as shown in Fig. 3. He validated
his non-linear model experimentally within the fre-
quency range of 0.1 to 20 Hz. Subsequently and in
a more recent work, Wu and Thompson [30] used a
similar non-linear model and studied the problem of
wheel/track impact using the finite element method.
They concluded that linear track models are not totally
appropriate for the analysis of the wheel/track impact
problems.
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Fig. 3 Comparison between different models of railway
track [25]. Solid line (—): field measurement; dotted line (.. .):
nonlinear model; dashed line (—-): equivalent linear model

The beam is assumed simply supported at both ends
with the boundary conditions:

x=0
x=I

w=wy, =0 at{ 2)
The Galerkin method is used to discretize the sys-

tem with the following expansion in w
> nx
w =2}u,,(z)-s.inT 3)
n=

In general, it is convenient to assume the expan-
sion of the displacement in terms of the linear free-
oscillation modes. These functions and the natural
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frequencies are intrinsic properties whereas, in the
present research, the infinitesimal motions are well de-
scribed by them. In order to find w, the first three terms
of (3) were considered. Substituting (3) into (1) would
lead to

3
2.
m=1

P Aiiy (1) + [ty (t)+ . (mnx>
mn

4_4 -7
(% +k>um(t) [

3 3
+a|:2{um(t)-sinm7;x}:|

m=1

= Fy6(x —vr) (€Y

Using the orthogonality principle of the mode shapes
and multiplying (4) by sinnmx /[ and then integrating
it over the interval length [0, /] yields:

i +w%u1 =—Mu —alu? —(qu%ug, —a3u1u%

— a4u1u% - a5u%u3

+ Ficos(Qt +11), (5)
iy + w%uz =—Mi — a6u% — owu%uz - ozguzu%

— aguiuruz + Frcos(Qt + 1), (6)
i3+ w§u3 =—Mus — aloug — a11u3u% — a12u%u3

- ()[1311%141 — Olmu? + F3cos(23t + 13)

(7
where
_lﬂ Q—lQ—lg_m)
3 a
A1 =05 =0 =0 = = -,
1 5 6 10 13 4,0A
3 a
03 =04 =07=08 =09 =0Q]] =2 =="—7,
3 4 7 8 9 11 12 2 oA
3 a 1l o
o) = ——=—, o = -,
2T 404 MT T4
) E1n4+ k 5 16E1n4+ k
w7 = _—, wy = —— —_—,
I™7 pAl* 7 pA 2 pAl* pA
, SIEIx* &k
w3 = 1 ,
pAl pA
Fi=&fi, h=fh, FB=f M=u
T

and T1=mr=173=——.
2

In these equations, ¢ is a considered as a small and
the dimensionless parameter and the order of the am-
plitude, F;, and M are set in such a way that, in the
case of the primary resonances, the effect of the damp-
ing term, non-linearity, and the excitation term appear
in the same perturbation equations.

An asymptotic expansion would be in the form of

ui = euj1(Ty, To)+&uiz(Ty, T)+--- fori=1t03
(®)

where T,, = &"t.

Since the non-linearity is in the form of cubic, the
terms 0(82)and the scale 77 are missing from (8). By
substituting (8) into (5), (6), and (7) and equating the
coefficients of the same powers of ¢, one could obtain

Order ¢:

D2ui1 + w?uj; =0 fori=1to3 )
Order &3:

D§u13 + w%uw
= —2DoDauyy — 2uDott1) — iy — aaud u3)
— a3upus; — 0!4141114_%1 — asu3yus)
+ f1cos(2t 4 11), (10)
D§u23 + a)%u23
= —2DoDauzy — 2uDotin) — gl — azud )

2
—agupiyy — aguu2 U3 + f2cos(2Q21 + 12),

(11)
2 2
Diuzs + w3uss
3 2
= —2DoDouzi — 2uDouszy — oz — Q117 U31
2 2 3
— 02U31 Uy — OQ3ULI Uy — K14UT

+ fzcos(3Q2t + 13) (12)

The solutions of (9) can be expressed in the follow-
ing form:

uit = Ai(Ty) exp(iw;T,) +cc fori=1to3 (13)

where cc denotes the complex conjugate of the pre-
ceding terms.
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Substituting u;1 in (10), (11), and (12) one can ob-

tain the following equations:

Dgulg + a)%u13
= —2a4A] A3A3 exp(iow1 Tp)
—203A1 A2A2 exp(iw1 Tp)

—2ipwiArexp(ior T,) — 2i Ajwi explio; Tp)

—3a1 AT A  exp(ior T,)
— a0y AT Az expli (w3 — 201)T,]
— as A1 A expli(1 +203)To]
— a5 A5 Az expli Qwy — w3)Ty]
—2a5A2A2A3 - exp(ianT,)
— a5 A3 Az expli Qwy + @3)T,]
— ag A1 A3 expli (w1 — 2w3) To)
— a3 A1 A3 expli (w1 — 2w2)To)
— wy AT Az expli Qwi + @3)Ty]
—200A A1 A3z -exp(iwzTo)
— a3 A1 A3 expli(@1 +202) T
— a1 A3 expBiw; To)
+ %fl expli (21 To + 71)] + ce,

D2us3 + w3uns

= —3agAArexpionTy)

—207A2A1 A1 exp(ianT,)
—2a3A2A3A3exp(ionT,)
—2ipuAranexp(iwaTo)
— 2i Ay explioa To) — a6 A3 exp(3iwn T,)
—agA1 Ay Az expli(wy — 1 — 3)T,]
— a9 A1 Ay Az expli (@ + w3 — 1) T,
— a9 A1 Ay Az expli (w1 + @) — 3)T,]
—agA1ArAzexpli(w) + w2 + w3)To]
— a7 A2 A7 expli (w2 — 201) Ty ]

— a7 A AT expli (w2 + 2w1) To)
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(14)

— agAr A3 - expli (w2 + 203) T, ]
— ag Az Az expli(wz — 2w3) To]
+ % faexpli (T, + 12)] + c, (15)
D§u33 + w§u33
= —30510A%A3 exp(iwsTy) — oz14A? expBiw Ty)
— 2011 A1 A1 Az exp(ianTy)
—2012A2A2 Az exp(ias Ty)
—2i Ajwzexp(iosT,) — 2i pAzws exp(iwzTp)
— a10A3 expBiwsT,)
— a1 AT A3 expli Qi + 3) T
— a1 AT A3 - expli (w3 — 201) T
— a12A3 Az expli Qwr + @3) To]
— a12A3 A - expli (w3 — 20) T, ]
— a13A1 A3 expli Qwy — 1) T,]
—2a13A1A2A; - exp(io To)
—3a14AT Ay expio Tp)

— a13A1 A expli (w1 + 202) To]

1
+ §f3 expli (23T, + t3)] + cc (16)
2.1 Three-to-one internal resonance

The case of the internal resonance is of much interest
and should be considered here in depth. The internal
resonance would occur when

Elx*
k=9_”
14

= w3 = 3w 17
In order to quantitatively express the neighborhood
of w3 to 3wy, a detuning parameter, o, is defined so
that w3 = 3w; + &0
Therefore,

03Ty =3w Ty + 20Ty =3 Ty + 0T (18)

To eliminate the terms that produce secular terms,
one can state that the coefficients of exp(iwiTy),
exp(iwnTy), and exp(iw3T,) on the right-hand side
of (14) to (16), respectively, should be set to zero.
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Eliminating the secular terms would then lead to the
following equations:

—2a4A1 A3 A3 — 203A1As Ay — i Ay — 2i Al oy
—301A2A; — 0y A Azexp(io Tr) =0, (19)

—3agA3Ar — 207 A2A1 A1 — 208A2A3A3
—2ipArwy — ZiA/za)z =0, (20)

—30(1()A%A3 — a14A? exp(—ioT)) — 2011A1A1 A3

— 2a12A2A2A3 — ZiA/3a)3 —2inAzw3 =0 (21)

Eliminating the terms which, produce the secular
terms in these equations and substituting the polar co-
ordinates notation, in the form of (22), into the ob-
tained equations and by separating the real and the
imaginary parts, one could obtain

1
Ay = Eam exp(if,) form=11to03, 22)
3 1 1
a1w19{ — gala% — Zouam% — Za4a1a§
1 2
— §“2a1 azcosy =0, (23)
/ 1 2 :
—w1a] — pajwy — §a2a1a3 siny =0, (24)
1 2 1 2 / 3 3
——azaay — —agaaj +wra; — —agay =0, (25)
4 4 8
—paywy — aywy =0, (26)
1 3 1
—Za12a§a3 — galoag’ +9§(o3a3 — Zotlla]za3
1 3
— §a14a1 cosy =0, 27)
/ 1 3.
—w3a; — pazws + §a14a1 siny =0, (28)

where y = o T> + 63 — 301.
2.2 Forced vibration

With regards to (14), (15), and (16), an internal reso-
nance should occur when w3 =~ 3w;. Hence, a similar
detuning parameter o1 must be defined:

w3y = 3w + %0y (29)

Now there are three possible cases that might occur.

2.2.1 Case 1 when Q1 ~ w

A new detuning parameter o, should now be intro-
duced in accordance with:

Qr=w + 820’2 30)

By substituting (29) and (30) into (14), (15), and
(16), one could obtain the solvability condition of the
system. Using (22) and by separating the real and the
imaginary parts, and eliminating the secular terms, one
could obtain

3 1 1
’ 3 2 2
ajw10; — galal — Za4a1a2 — Z(x4a1a3

1 1
— gagafag cosy + Efl cosyr =0, (1)

1 1
—wia] — pajw; — gaga%@ siny; + Efl siny, =0,

(32)
1 » 1 2 / 3 3_
——a7axaj; — —agaxay + wb,ar — —aga; =0, (33)
4 4 8
—paywy — aywy =0, (34)
1 3 1
—Za12a§a3 - galoag + Qéw3a3 - Za“a%@
1 3
— §a14a1 cosy; =0, 35)
/ 1 3
—w3az — pazws + §a14a1 siny; =0, (36)

where y1 = 011> + 03 — 361 and y» =02 Th — 01 + 11.
2.2.2 Case 2 when Q) ~ w)

In this case, following the same procedure as men-
tioned in Sect. 2.2.1 with different detuning parameter,
one could determine the following equations, which
must also be satisfied in order for that the secular terms
be eliminated.

3 1 1
ajw10) — gala% — Zamm% — Za4a1a§
1
— gaza]zag cosy; =0, 37
1
—wia; — pajwy — gazalzcg siny; =0, (38)
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1 1 3
—Zonaza% — Zotgaga% + wzeéaz — ga(,ag
1
+ gfz cosyr =0, (39)
/ 1 .
—pnaxwy — ar,wy + Efz siny, =0, (40)
1 3 1
—Za12a§a3 - galoag +9§w3a3 - Zaua%@
1 3
— guadicosyr = 0, (41)
I 1 3
—w3az — pazws + §a14a‘1 siny; =0, 42)

where y1 = 011> + 03 — 3601 and y» =02 Th — 6> + 12.
2.2.3 Case 3 when Q3 ~ w3

One could state that in this case, the following equa-
tions must be satisfied:

3 1 1
ame{ — gdla% — Za4a1a§ — Zomam%
1 2
— §“2a1 azcosy; =0, 43)
i 1 2 :
—w1a; — pajwy — gazalag siny; =0, 44)
1 2 1 2 / 3 3
——azazaj — —agaaj +wrbhay — —agay =0, (45)
4 4 8
—paywy — aywy =0, (46)
1 3 1
—Zalza%cg — galoag’ +9§w3a3 — Z(xlla]za3
1 3 1
- §a14a1 cosy; + §f3 cosy, =0, 47)

1 ) 1, .
—w3a3 — pazws + §Oé14al3 siny1 + 5f3 siny; =0,
(43)

where y1 = 011> + 03 — 361 and y» = 021> — 63 + 13.

3 Numerical results

To find the steady-state response in all those cases,
which were mentioned in Sect. 2, the following con-
ditions are implemented:

a;=y/ =0 (49)
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Table 1 Geometrical and mechanical properties of the finite
beam, non-linear foundation and the moving load [16]

Item Notation Value

Beam

Length l 18 m

Young’s modulus (steel) E 210 GPa

Mass density P 7850 kg/m>
Cross-sectional area A 7.69 x 1073 m?
Second moment of area 1 30.55 x 107 m*
Foundation

Linear stiffness k 35 MN/m?
Non-linear stiffness o 4 x 108 MN/m*
Viscous damping m 1732.5 N s/m?
Moving load

Load Fy 65 kN

A computer program is developed using
MATLAB®, which was linked with the MAPLE®
software to solve the equations numerically. The phys-
ical and geometrical properties of the finite beam and
those of the non-linear foundation and the data for the
moving load are listed in Table 1 [16].

Local stability analysis is performed on the system
by linearization of (31) to (36) for Case 1, (37) to (42)
for Case 2, and (43) to (48) for Case 3 for the parame-
ters ai, az, az, y1, and y» around the singular (or the
steady-state) points. In doing so, a set of linear equa-
tions with constant coefficients, multiplied by an un-
known disturbance term, would be obtained and the
eigen-value problem should then be formed. If the real
part of every eigen-value of the coefficient matrix is
positive then the point is unstable, otherwise must be
stable.

After evaluating the values of the parameters aj,
as, az, y1, and y», it would be assumed that each one
is comprised of two parts: (i) a steady-state part, and
(i) a disturbance part. Therefore, one could write
az =ass +asq,

ay =ays+ayg, ax=azx+auy,

Vi =VYis +Yid, and yr =y + Yo

where ayg, azs, ass, Y1s, and yog are the singular points
and aiq, axd, a3d, Y14, and y»4 are the disturbance
parts of a1, az, a3, y1, and y», respectively.



Internal-external resonance of beams on non-linear viscoelastic foundation traversed by moving load 171

In order to define the nature of all the various sin-
gular points, the new forms of aj, a», a3, y1, and y»
with their derivatives are substituted into (31) to (36)
for Case 1, (37) to (42) for Case 2, and (43) to (48) for
Case 3. By expanding these relationships, one could
solve the state-space equation {X} = [A]{X} in order
to obtain the eigen-values, where the matrix [A] is re-
ferred to the Jacobian matrix. By knowing the eigen-
values, one could easily check the local stability of the
system and in order to illustrate the unstable regions
on the response graphs these have been indicated by
the dashed lines in every figure.

3.1 Free vibration

In considering the system response at the steady-state
condition with (26), one can conclude that

ar =0
and
3awp 3o\
’_ -2 27
a3y _a3a+<8w3 4 wq 3

. : lay 3 3a2
It should be noted that the preceding analysis de- + 8 o U1 T g M1as Jcosy (50)
. . o 3 1
termines the linear or local stability of the steady-state
solutions. The stability of motions in the large domain Furthermore, from (28), one could have
can be determined theoretically by the use of tech-
. e v . ajar + vasay = —pai — pvaz 1)
niques applicable in the global stability analysis, e.g.,
the Lyapunov method. The other notable issue is that, where
within the practical range of engineering input para- w30
meters, no neutrally stable points were found along w1014
the points on the frequency response curves. In other Since @» and @14 have the same sign, therefore,
words, no bifurcation points were recognized along
the frequency-response curve and all the points were v>0
found 'to be elthér st.able o'r unstable points. More ex- For the steady-state motion one could write
planations on this, including some case studies, are
presented in the Appendix. a12 + Ua% =0 (52)
Fig. 4 Free oscillation 0.5 T T T T T T
amplitudes when w3 ~ 3w L \ 4 —a1
0.45! k LILTLILTE 9 as|
04 -
o 0.35} .
©
o3
@ 03f -
025+ b
0.2 .
1 1 | 1 L | L 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5
Time
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Fig. 5 Effects of damping T T
coefficient on the free 0.5
vibration of the system

0.45

04

0.35
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0.15

0.1 L L

1 1 1 1
0.15 0.2 0.25 03 0.35 0.4 0.45 0.5
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Fig. 6 Effects of nonlinear 0.5k T T
stiffness on the free \

vibration of the system VAR
0.45F

041

0.35-

al

0.3

0.25+

0.2

— alpha=800,000
A A alpha=400,000
—— alpha=200,000 ||

Ai g -_ g ﬂ i. **alpha=0

The integrated form of (51) is then obtained as
2 2 _ 2
aj +vay = E -exp(—2&-ut) (53)

where E is a constant of integration being proportional
to the initial energy of the system.

One could conclude by saying that when t — oo,
then a% + va% — 0, i.e., the energy present in the sys-
tem decays exponentially with time. The variations of
a; and a3 with time, for the numerical solution of (24),
(28), and (50), are illustrated in Fig. 4.
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The effects of damping and non-linear stiffness on
the free vibration of the system are presented in Figs. 5
and 6, respectively. It can be seen that the non-linear
stiffness will increase the frequency of the vibration,
but not the rate of the dissipation.

3.2 Forced vibration

The forced vibration analysis of the system under the
condition of input excitation will be considered in this
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Fig. 7 (a) Frequency 1.2

Stable
------ Unstable

response curves for a; with

w3 ~ 3w, and Q| X w;.

(b) Frequency response 1
curves for a3 with

w3 ~ 3w, and Q1 ~ w;

08

a:1086

04

0.2

0.05 -

0.045 A

0.04 -

0.035 A

0.03 A1

az 0.025 -

0.02 4

0.015

0.01 1

0.005 -

20 30 40 50 60 70 80 20

Stable
Unstable

Backbone Curve

section. The response of the system will be studied for
different possible conditions.

3.2.1 Case (a) when Q1 ~ w

In this case, by application of the steady-state re-
sponse, (34) will lead to pazw, =0.

T T T T T T T 1

20 30 40 50 60 70 80 90
G2

(b)

Since neither u nor w, are equal to zero, therefore,
a)=0 54)
Taking the derivative of expression y» = 0277 — 61 +

71, one would obtain y;, = o2 — 6}, which is rearranged
as 0] = o2 — y5. Furthermore, by taking the derivative
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Fig. 8 (a) Effects of 1.4
damping coefficient on Stable u=170
frequency response for a) - Unstable
with w3 ~ 3w, and 1.2 1
Q1 ~ wj. (b) Effects of
damping coefficient on
frequency response for a3 11 =24
with w3 ~ 3w, and
Q| ~ w
058 - it = 300
a, £k
0.6 1Backbone Curve “L'I 5/ ‘
0.4 1
0.2 1
0 i . . - - ; ; ; : : ;
-10 0 10 20 30 40 50 60 70 80 90 100 110
G2
(@)
0.06
] Stable
[ [ <enn-- Unstable
0.05 A
0.04 A
a3 0.03 1
0.02 A
0.01 1
Backbone Curve
0 f T T T T T T T T T T
-10 0 10 20 30 40 50 60 70 80 90 100 110
G;
(b)
of y1 = 01T + 63 — 361 one could arrive at yl/ =o0] + tions, which must be solved for ay, az, y1, and y».
65 — 36, which can be transformed into 65 = 3(02 — 3 1 1
.. 3 2 2
¥;) — o1 — y;. In the case of steady-state condition ajwioy — g“lal - Za4ala3 - §a2a1a3 cos y1
¥/ =0, hence 0] = 03 and 0 =302 — 07. 1
By setting ap = 0,0 = 02 and 0 = 30, — o1 and + §f1 cosyy =0, (35)
allowing aj = a} = a4, = 0 in (31) through (36), one 1, 1 0 s
could obtain the following set of simultaneous equa- TRaiwr — godiazsiny, + 5 fisiny, =0, (56)
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Fig. 9 (a) Effects of 1

nonlinear stiffness on

frequency response for a; 0.9
with w3 ~ 3w, Q1 ~ w;.
(b) Effects of nonlinear 0.8

stiffness on frequency
response for az with
w3 ~ 3w, Q1 ~ 0

0.7 1

0.6 1

a; 0.5

0.4 1
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0.005

90
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(a)
E Stable
7 e | eemee- Unstable
-1 ®
a=2x10° a=4x10° a =8x10°

3 3 1 2
g %1043 + w3az(302 —o1) — 7114143

1

— §a14af cosy; =0,

1 .
—pnazws + §a14af siny; =0

(57)

(58)

60 70 80 90 100 110

(b)

The variations of parameters a; and a3z with op
for three different values of amplitude of the excita-
tion under the condition of 2| &~ w; are presented in
Fig. 7. Furthermore, the effects of the damping coef-
ficient and the non-linear stiffness could be observed
from Figs. 8 and 9, respectively.

@ Springer



176

M. Ansari et al.

Fig. 10 Frequency 0.8
response curves when
w3 X 3wy, Q0 R w

Stable
—————— Unstable

0.7 1

0.6

0.5 1

az 0.4 A

F = 80 kN

Backbone Curve [ ]
0.3 A
0.2 1
0.1
0 T T
-10 -5 5 10 15 20 25

3.2.2 Case (b) when Q0 ~ w»

In this case, the values of both parameters a; and a3
will be set to zero in accordance with the following
equations:

3 1 1
ajwi6) — gala? — Za3a1a§ — Zoma]a%
1 2
— gazalag cosy; =0, (59)
1 2 .
—paiwy — §a2a1a3 siny; =0, (60)
1 , 1 2 3 3
——w7axa; — —agaras + wr0nay — —Agd
4 %7201 — S o5a2ay 20202 — S 06d)
1
+§fchSV2=0, (61)
1 .
—pazwy + §f2 siny, =0, (62)
1 2 3 3 39/
—%124203 — ga10d; + w3a3(30] — o)
1 2 1 3
— Za“alag — §a14a1 cosy; =0, (63)
1 3 .
—pazws + §a14a1 siny; =0 (64)

The variations of parameter a, with o, for three
different values of the amplitude of excitation under
the condition of Qy =~ w;y, are illustrated in Fig. 10.

@ Springer

The influences of the damping coefficient and the non-
linear stiffness on the frequency-response curves are
presented in Figs. 11 and 12, respectively.

3.2.3 Case (c) when Q3 ~ w3

In this case by applying the steady-state condition, one
may obtain

a=0 (65)

Therefore, the following simultaneous equations
must be solved.

L onor 4 om) — Sagad — | 5
—aiwi(o o) — —1ay — —og4aga
311 1 2 811 4413

1
— gaza%ag cosy; =0, (66)
1, .
—unajwy — gazalag siny; =0, 67)
— 501003 + W3a302 — —®11a7a3 — 501447 COS Y1
8 4 8
1
+ Efz cosyr =0, (63)
1 3 . 1 .
—pazws + g4 sinyy + §f3 siny, =0 (69)

Here, the parameter a; is proved to be always zero
while a3 has a non-zero value. The variations of a3
with o, for three different values of the amplitude of
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Fig. 11 Effects of damping 0.9 -
coefficient on the frequency ‘ ______ 3‘:*’['1]
response curves for 08 - [ e
@3 X 3w, QX

0.7 1

06

05 1 1 =300

ax
0.4 ]
Backbone Curve 7]

0.3 A

0.2 4

0.1

0 T T T T T T T
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Gy
Fig. 12 Effects of e
------ Unstable a=2x10°

nonlinear stiffness on the 06
frequency response curves
for w3z ~ 3wy, Q2 ~ w)

0.4

az
0.3 4

0.2 1

@ = 8x10°

excitation under the conditions of Q3 ~ w3 and a; =
0 are shown in Fig. 13. The effects of the damping
coefficient and the non-linear stiffness parameter on
the frequency response curve have been illustrated in
Figs. 14 and 15, respectively.

4 Conclusion

Vibration of a finite beam supported by non-linear vis-
coelastic foundation traversed by a moving load was

5 10 15 20 25 30
G2

investigated. The Galerkin method was used to dis-
cretize the non-linear partial differential equation of
motion and subsequently, its solution was obtained for
different harmonics using the multiple scales method
(MSM). Free vibration of the beam resting on non-
linear foundation was then studied in the case of in-
ternal resonance. The effects of damping coefficient
and non-linear stiffness of the foundation on the re-
sponses were investigated. It was found that the mag-
nitude of the oscillations of the first harmonic is larger
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Fig. 13 Frequency 0.45
response curves for i
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— ------ Unstable

F =80 kN

w3 301, BN w3, a1 =0 04{1. ¥
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0.25 1
as
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Fig. 14 Effects of damping 0.45

coefficient on the frequency *

response curves for

Stable
------ Unstable

w3 X 3wy, QR wsz,a =0

0.35 A

0.25 A
a;
0.2 A

0.15 1

Backbone Curve -‘___)

than those of the others and the non-linear stiffness
would increase the frequency, as well as the magni-
tude of vibration, but the rate of dissipation is not af-
fected. The internal-external resonance condition was
then considered and the frequency responses of dif-
ferent harmonics were obtained using MSM. Different
conditions of external resonance were studied and for
each case a parametric sensitivity study was carried
out. In the case of moving load, even with a constant
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-5 -25 0

25 5 75 10
G2

magnitude, the jump phenomena will occur in the fre-
quency response. The effects of damping coefficient
and non-linear stiffness of the foundation as well as
the magnitude of the moving load on the frequency
responses were investigated and the backbone curves
were obtained for every case. It is found that the sharp-
ness of the frequency responses decrease in the higher
order external resonances. In other words, the jump
phenomenon will occur at lower detuning parameters.
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Fig. 15 Effects of 0.35
nonlinear stiffness on the
frequency response curves
for w3 ~ 3wy, 0.3 1
Q3 ~ w3, a1 =0
0.25 A
0.2
a;
0.15 A
0.1 1
0.05 A
0 T

Stable

------ Unstable

In the case of w3 ~ 3w, 2] = w; a two-branched
frequency response was obtained for the third har-
monic. Generally, one concludes that all the harmon-
ics are more sensitive to the non-linear stiffness than
the damping coefficient or the moving load magni-
tude. The increase in the damping coefficient and the
decrease in the non-linear stiffness can delay the phe-
nomenon of jump more effectively in the lower range
of the external resonances.
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Appendix: Example for the stability analysis

The procedure, which was suggested in Sect. 3, will be
applied to (31) through (36) in order to demonstrate as
how to perform the stability analysis. In this case,

0y =02~ v, (70)
63 =y, — 3y, + 302 — o1, (71)
ay=ay=0 (72)

Substituting (70) through (72) into (31) through (36),
and solving for aj, a}, y, and y, one would obtain

aratassin(yy) | JisinGn)

/
a; = —pay —
! 8w

, 73
201 (73)

25 0 25 5 75 10
o]
, aaa; sin(y)
ay = —paz + 11 (74)

8ws3

2 2 2
J = 3ay0a3 B 3aqa; B 3anajasz cos(yy) B 9a1aj
| =

80)3 4a)1 80)1 8(,()1
3 ficos ana®  ogaad cos
n Ji (J/2)+01+ 1145 14a; cos(y1)
2a1w1 4wz 8wiaj
(75)
, aajaz cos(yr) 3ot1af a4a§
= 0) — — —
V2 : 8w 8w 4w
cos
n f1cos(y2) 76)
26110)1

By linearizing of (73) through (76) and following
the instruction given in Sect. 3, one may define the
Jacobian matrix as

Ju Jiz Jiz Jis
S Jn D3 Ju
J= 77
Ja1 Tz I3z Jx 7
Jyn Jun Jaz Ju
where
azayasz sin(yy)
Ji=—u— ———7, (78)
4wy
2 .
anay sin(yy)
Jp=——1— (79)

8w
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Fig. 16 Frequency
response curves for a; with

w3 X 3w;, and Q) X o), 0.9 1
when F = 65 kN :
0.8 !
0.7 1 =
0.6 - I i
a,05 1 i ]
1
0.4 - l '®
03 A :
0.2 i
0.1 1 C
0 ‘ ‘ - ‘ ; |
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o2
2 3 fisin(y)
azajaz cos(yr) Jay = S8y
== 34 = (89)
Ji3 81 , (80) 2ay0,
fsin(y2) Ju = _2ascos(yr)  3aiar ficos(y) 90
Jig = o 81) 41 Soor doo, 201 (90)
3ay4a? si araicos(yr)  o4a3
Iy — a14a; sm(Vl)’ 82) Jp = — - , 91)
8ws3 8w 2w
122 =—u, (83) J43 _ @zai1das Sin()/l) (92)
8w ’
3
ajaay cos(yy) .
Jyy3=——"7—", 84 Sisin(yy)
BT D gy = D 93)
2a1wq
J24 =0, (85) . o ,
One particular case in Fig. 7a is considered, as an
T — _3a2a3 cos(y1) _ 9a1a; B 3 f1cos(y2) example, when F = 65 kN, and it is illustrated in
3= 8w 4wy 2a12a)1 Fig. 16. If values of different parameters, associated
) with different points on this graph, are introduced in
ajrar | 3aiaaycos(yr) (86) (77), the Jacobian matrix corresponding to every point
2w3 8azws would be obtained. Therefore, four eigen-values of
3aj0as  3asas  3azaj cos(yi) this matrix can then be evaluated. If any of the eigen-
J3o = - - values have a positive real part, that point will corre-
4w3 2w1 8w
spond to an unstable performance.
o 14a13 cos(y1) 87 In Fig. 16, all the eigen-values of Jacobian matri-
B ngag &7 ces associated with points A and C have negative real
parts and, therefore, both of these points represent sta-
J 3aaias sin(yr) 061461? sin(y1) (88) ble ones. However, if the same numerical analysis is
33 = -

8w w3as
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performed for point B, then two of the eigen-values
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Table 2 Case studies for

stability analysis, Points A

corresponding to Fig. 16,

where 07 = 30 Al —1.0966 + 62657.43511i
A2 —1.0966 — 62657.43514i
A3 —1.9785 +324.5164i
A —1.9785 —324.5164i

B C

—1.0552 + 64377.7327i
—1.0552 — 64377.7327i
1.9818 + 323.4934i
1.9818 — 323.4934i

—0.9939 + 73870.3654i
—0.9939 — 73870.3654i
—1.9878 + 134.0352i
—1.9878 — 134.0352i

will have positive real part. Therefore, point B is an
unstable one (see Table 2, for the numerical values).
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