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The objective of the research in this dissertation is to use novel adaptive materials called
magnetorheological nanocomposites (MRNSs) to build semi-active structures, and further apply
such smart structures into the vehicle-bridge coupling system of high-speed rail so that the dynamic

responses of the bridge can be controlled and suppressed significantly.

First, the dynamic behavior of a simplified double-beam system interconnected by an elastic layer
is investigated. A semi-analytical method is developed to analyze the natural frequencies and
corresponding mode shapes. The dynamic responses of forced system vibration are determined by
the modal-expansion method using the natural frequencies and mode shapes obtained from the free

vibration analysis.
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Second, considering the damping effect of the viscoelastic layer, a double-beam system with a
viscoelastic layer between two beams is observed. An iteration algorithm with modal-expansion

method is used to analyze the dynamic responses of forced system vibration.

Third, an active control structure, a semi-active control structure and corresponding control
algorithms are developed to suppress the vibration of the double-beam system with elastic layer or
viscoelastic layer. In the active control structure, the independent modal space control and linear
quadratic regulator are adopted to determine the active control force. With the mode shape filter
and dynamic mechanical model, the determinations of stiffness increase and damping increase are

obtained.

Fourth, a co-simulation method is proposed to complete the dynamic simulation of vehicle-bridge
coupling system. The Matlab/Simulink is used to build a platform to ensure MSC/NASTRAN for
bridge model and MSC/ADAMS for vehicle model working together. The vehicle-bridge coupling

relationships are coded as a program block and inputted into that platform.

Finally, the semi-active control structure based on MRNs is inputted into the vehicle-bridge
coupling system of high-speed railway to control and suppress the vibration of the bridge. MRNs

are applied as the viscoelastic layer between floating slab track and bridge main beam to build the
Xvii



semi-active control structure for bridges. The semi-active control algorithm for MRNs is
developed and inputted into that co-simulation platform. Numerical experiments have been made

to illustrate and verify the efficiency of the proposed semi-active control structure in the end.
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Chapter 1 Introduction

1.1 Introduction

With the fast developing economy, more and more high-speed rails have been built in the world.
First, the trains passing the bridge induce dynamic impact to bridge structures, reducing their safety
and service life. Second, the vibration of bridges in turn affects the running stability and safety of
the trains. And thus, the dynamic responses of bridges in railway engineering under the high-speed
train loads become one of the fundamental problems needed to be solved in the research and design

works.

In order to reduce the vibration of the structures, several methods have been studied deeply, and
among of them, structural vibration control has been observed more than 40 years. Yao (1972)
firstly introduced the modern control theory into civil engineering in 1972, from when the research
about structural vibration control started. Until now, the main structural vibration control could be
classified as three parts: active control, passive control and semi-active control. Many theoretical
and experimental works about different types of the structures have been made to show the

efficiency of those vibration control methods.

In those structural vibration control methods, many smart materials are applied to realize the

control effects. Magnetorheological (MR) materials are just a group of those smart materials whose



mechanical and rheological properties can be controlled rapidly and reversibly by applied external
magnetic fields. The main MR materials include MR fluid (MRF), MR foam, MR gel, and MR
elastomers (MREs). The mechanism of the field-dependent controllability of MR materials is the
magnetic interaction among the ferromagnetic particles contained in these materials, which can be

adjusted by the applied magnetic fields.

In those three research topics introduced above, researchers have been facing two challenges. First,
there are very few works about applying the vibration control structure into vehicle-bridge
coupling system, especially into the high-speed rail bridge structures. The abundant existed
structural vibration control works are for buildings. Several researches that are about bridge
structures are observed for earthquake effects. The vibration control on bridges for vehicle-bridge
coupling system is still a new research area. Second, the adjustable ability of the MR materials is
still weak and it is hard to apply it to make best control effects in structural vibration control. Due
to the limit of the matrix, the adjustable range of the MR materials, especially the MREs, is still

small and it is not enough to apply it to do the structural vibration control effectively.

The two posted challenges lead to this research on applying novel adaptive materials
magnetorheological nanocomposites (MRNS) to build semi-active control structures which can be
applied into vehicle-bridge coupling system of high-speed rail to control and reduce the vibration

of bridges. MRNs are improved MREs by adding carbon nanotubes (CNTs) to reinforce
2



conventional MREs, and their initial and adjustable stiffness and damping are better than MREs.
The advantages of MRNs make it possible to use them in structural vibration control. Considering
the ballastless track structure, which chooses floating slab track as the main constituent part, is
widely existed in modern bridges of high-speed rail, the MRNs are able to be installed as the
viscoelastic layer between floating slab track and bridge main beam to build a semi-active control
structure. With a corresponding control algorithm, the vibration control based on MRNs for high-

speed rail bridges can be completed successfully.

It is expected that when the MRNSs are applied as the viscoelastic layer between floating slab track
and bridge main beam, the semi-active control can work effectively to suppress the vibration of

bridge structures when the high-speed trains are passing.

1.2 Scope

The research in this dissertation is the first attempt to use novel adaptive materials
magnetorheological nanocomposites (MRNSs) to build semi-active control structures, and further
apply such smart structures into vehicle-bridge coupling system of high-speed rail so that the
vibration of the whole system could be controlled effectively and the dynamic responses of bridge
can be reduced significantly. The dynamic behavior of a simplified double-beam system with

elastic layer or viscoelastic layer is studied firstly, which is the theoretical basis for the control



structure research on the same mechanic models. In next step, the active control and semi-active
control are developed for those double-beam systems and the specific control algorithms are
derived. A co-simulation method is proposed to simulate the vehicle-bridge coupling system, and
it is built successfully in Matlab/Simulink platform. Last but not least, the semi-active control
based on MRNs is inputted into the co-simulation platform, and the its application in vehicle-
bridge coupling system of high-speed rail is completed successfully to control and reduce the

bridge dynamic responses and protect the whole system safety.

This dissertation is organized as follows.

Chapter 2 investigate the dynamic behavior of a double-beam system interconnected by elastic
layer. First, a semi-analytical method is developed to analyze the natural frequencies and
corresponding mode shapes of that double-beam system. Second, the dynamic responses of forced
system vibration are determined by the modal-expansion method using the natural frequencies and
mode shapes obtained from the free vibration analysis. Finally, various double-beam system
models are studied to verify the semi-analytical method and conduct the systematic parametric

analysis of the structural resonance condition and dynamic responses.

Chapter 3 observes a double-beam system interconnected by a viscoelastic layer, in which the

damping effect cannot be ignored. First, the natural frequencies and corresponding mode shapes
4



are analyzed by a similar semi-analytical method. Second, an iteration algorithm with modal-
expansion method is used to analyze the dynamic responses of forced system vibration. Finally,
the semi-analytical method and iteration algorithm are verified by the calculations of various

double-beam system models and the systematic parametric analysis is conducted .

Chapter 4 and Chapter 5 develop an active control structure, a semi-active control structure and
corresponding control algorithms to suppress the vibration of the double-beam system with elastic
layer and viscoelastic layer, respectively. First, in the active control structure, independent modal
space control and linear quadratic regulator are adopted to decouple equations of motion with
active control and determine the active control force in physical space. Second, a linear model is
assumed as the dynamic mechanical model of the adjustable viscoelastic layer and the relationship
between stiffness, damping coefficient with inputted currents is also defined as a linear model.
Third, in the semi-active control structure, based on that semi-active control force is assumed to
be close to active force and with the mode shape filter, the determination methods of stiffness
increase and damping increase are derived. Fourth, the calculation methods for double-beam
system with that active control and that semi-active control are developed. Finally, several double-
beam system with active control structure or semi-active control structure models are calculated

to illustrate the efficiency of the proposed active control and semi-active control.

Chapter 6 proposes a co-simulation method to complete the dynamic simulation of vehicle-bridge
5



coupling system. First, bridge structures are modelled by finite element method software
MSC/NASTRAN, and dynamics of multibody system software MSC/ADAMS is used to simulate
the vibration of vehicle system. Second, the vehicle-bridge coupling relationships are introduced
and the classical theories about them are adopted, including wheel-rail contact geometric
parameters, wheel-rail contact forces and track irregularity. Third, the Matlab/Simulink is used to
build a platform to ensure MSC/NASTRAN and MSC/ADAMS working together, and the vehicle-
bridge coupling relationships are coded as a program block and inputted into that platform. Finally,
numerical examples of vehicle-bridge coupling system are calculated to illustrate the practicability

of the proposed co-simulation method.

Chapter 7 inputs the semi-active control structure based on MRNSs into the vehicle-bridge coupling
system of high-speed rail to control vibration of the whole system and reduce the dynamic
responses of bridge. First, MRNSs are applied as the viscoelastic layer between floating slab track
and bridge main beam to build the semi-active control structure for high-speed rail bridges. Second,
the dynamic mechanical model of MRNs is derived based on their properties. Third, the semi-
active control algorithm developed for double-beam system with viscoelastic layer is used to
derive the semi-active control algorithm for MRNs. Fourth, that semi-active control is inputted
into the co-simulation platform of vehicle-bridge coupling system, and the simulation of the whole
system with semi-active control is completed. Finally, numerical examples are demonstrated to

prove the efficiency of the semi-active control structure proposed in this research by MRNs for the
6



vehicle-bridge coupling system of high-speed rail.

Chapter 8 concludes the dissertation by summarizing the major contributions. In addition, some

suggestions for the future work are also discussed.



Chapter 2 Dynamic Behavior of Undamped Double-Beam Systems

Interconnected with Elastic Layers

2.1 Introduction

The main research objective in this dissertation is to apply novel adaptive materials as a semi-
active control in high-speed rail bridge, and the vibration of bridge can be controlled and reduced
when the trains are passing. In order to realize that objective, the novel adaptive materials will be
used as the viscoelastic layer between floating slab track and bridge main beam, which will be
introduced specifically in Chapter 6 and Chapter 7. In that case, the floating slab track and bridge
main beam with the viscoelastic layer between them will form a kind of double-beam system,
consisting of two one-dimensional continuous beams connected by a uniformly distributed elastic
or viscoelastic layer. To that structure, it should aim to find what exactly the characteristics of
structural vibration is, and then, indicate a means to reduce or control vibration into an accepted
level. Therefore, in this chapter, the dynamic behavior of an undamped double-beam system
interconnected by elastic layer is investigated firstly, which will be the theoretical basis for the

control structure research works studied in Chapter 4 and Chapter 5.

In fact, the double-beam system is an ideal model for special structures discussed and applied in
engineering, such as sandwich or composite beam, continuous dynamic vibration absorber, active

constrained layer damping, and so on. Due to its potentially wide applications in many engineering
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areas, the free and forced vibrations of the double-beam system have been studied by many
investigators in the past decades. A theory for the free vibration of elastically connected parallel
beams has been developed by Seelig and Hoppmann (1964a), who studied the natural frequencies
and mode shapes for a double-beam system. They further extended the research into the forced
vibration (Seelig and Hoppmann 1964b) under impact load condition. Dublin and Friedrich (1956)
presented a method of obtaining the forced vibration response for two elastic beams interconnected
by spring-damper, and the exciting force is a sinusoidal load. Resonance conditions of a double-
beam system under a moving load oscillating longitudinally along the beam about a fixed point is
derived by Kessel (1966), who also considered the damping effect in the same system later (Kessel
and Raske 1967). Rao (1974) added the rotary inertia and shear deformation effects into the
elastically connected parallel system flexural vibration, the double-beam system results are
compared with some experimental values. Chonan (1976) moved his attention to the mass of the
spring which is the connection between two beams, by the method of the Laplace transformations,
dynamic behaviors of the double-beam system related to spring mass are investigated. Irie et al.
(1982) discussed the steady-state responses of a double-beam system with internal damping under
sinusoidal force, and a transfer matrix technique is adopted for solving the differential equations.
Free and forced vibrations of a double-beam system with unequal masses and unequal flexural
rigidities are investigated by Hamada et al. (1983) who applied finite integral transformation and
Laplace transformation. Cottle (1990) analyzed the layered beam with mixed boundary conditions,

and a general solution assumption and a semi-analytical method are applied to solve the equations.
9



Chen and Sheu (1995) studied the free vibration, dynamic response and static buckling of two
identical parallel beams with a viscoelastic material layer in between, the boundary conditions of
those two beams can be different, and a dynamic stiffness matrix, which is based on their another
work (Chen and Sheu 1993), is established to solve the problem. A same layered beam without
axial forces is also discussed by Chen and Sheu (1994) by using same method. Kukla and
Skalmierski (1994) considered the transverse free vibration of an axially loaded double-beam
system too, but one beam is compressed under the axial force and another beam is under a tensile
force. Oniszczuk (2000c, 2003c) presented the analytical solutions for free and forced vibrations
of an undamped elastically connected complex double-beam system with simply supported
boundary condition, based on his similar research for the double-string system (Oniszczuk 2000a,
2000b, 2003Db). Oniszczuk also conducted similar vibration studies for other structures (Oniszczuk
1999, 2000d, 2002a, 2002b, 2003a, 2004), but the basic method to solve the equations is same as
in the double-beam system. Vu et al. (2000) presented an exact method to analyze a two identical
beams system subject to harmonic excitation, and boundary conditions on the same side of the
system must be same. Li and Hua (2007) introduce a spectral finite element method for a more
general double-beam system, which could have unequal masses, unequal flexural rigidities and
arbitrary boundary conditions. Zhang et al. (2008) discussed the effects of compressive axial load
on the forced vibrations of the double-beam system under two particular excitation loadings. Xin
and Gao (2011) applied the double-beam system into a specific engineering structure, a bridge

with a slab track on it, and use finite element method and multibody dynamics theory to solve the
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problem. Some other structures, which are similar to double-beam system, are also analyzed by
many researchers, such as sandwich beam (Lu and Douglas 1974; Douglas and Yang 1978; Frostig
and Baruch 1993 and 1994; Macé 1994), continuous dynamic vibration absorber (Yamaguchi 1985;
Vu 1987; Aida et al. 1992; Chen and Lin 1998; Kawazoe et al. 1998), and composite layered
foundation (Yankelevsky 1991), the methods solving equations among all of them are also useful

and helpful for double-beam system.

Although there have been research efforts investigating the dynamic responses of double-beam
systems as shown above, they are limited to simplified cases that the two beams must be either the
same, have same transverse deformation, and/or have the simply supported boundary conditions.
Due to unequal masses, unequal flexural rigidities of the beams, and variety of possible
combinations of the boundary conditions for the system, the vibration analysis for those general
double-beam systems is indeed complicated. On the other hand, in real engineering practices, such
as the floating slab track on bridge which is the main structure studied in this research, the double-
beam system cannot always have two same beams or same boundary conditions. Therefore, a
general double-beam system must be considered. This chapter presents a semi-analytical method
to obtain the natural frequencies and corresponding mode shapes for the general double-beam
system, which may have unequal masses, unequal flexural rigidities, and arbitrary boundary
conditions. In addition, for the same double-beam model, the forced vibration excited by arbitrary

loading is analyzed by the classical modal expansion method, based on the natural frequencies and
1



mode shapes obtained from the free vibration analysis, and a specific orthogonality condition for
that double-beam system is derived and applied to decouple differential equations. The natural
frequencies and mode shapes are calculated by the semi-analytical method for three cases of
arbitrary masses, arbitrary flexural rigidities and arbitrary boundary conditions models.
Furthermore, various double-beam system models are studied with a concentrated harmonic force
in the midspan of upper beam to conduct the systematic parametric analysis of the structural

resonance condition and dynamic responses.

2.2 Formulation of the Problem

As shown in Fig. 2-1, the physical model of a double-beam system with elastic layer is composed
of an upper beam and a lower beam joined by a uniformly distributed-connecting elastic layer. In
this chapter, both beams are homogeneous, prismatic and have the same length L, however, they
can have different mass, flexural rigidity and boundary conditions, which makes the model to be

more real in engineering projects.

a b

/7@7 e, =E,l, m, =p,A /ﬂ
< L
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Fig. 2-1. The physical model of a double-beam system: (a) free vibration model; (b) forced vibration model.

~
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Applying the Bernoulli-Euler beam theory, the free and forced transverse vibrations of a double-
beam system with an elastic layer, as shown in Fig. 2-1, are described by the governing equations

of motion as follows:

o oW, oW, ]
y(ﬁllW]'FK(Wl —W2)+plA1?— fl(X,t) (2 1a)
o’ o'W, o'W, ]
y(EZIZWj_K(Wl_WZ)-FpZAZ 6‘[:2 = fZ(X,t) (2 lb)

where W, =W, (x,t)and W, =W, (x,t)are transverse beam deflections of the upper and lower
beams, respectively; x and t are the spatial co-ordinate and the time; E, and E, are the
Young moduli of elasticity of the upper beam and lower beam; 1, and 1, are the moment of
inertia of the beam cross section for upper beam and lower beam; p, and p, are the mass
density of the upper beam and lower beam; A and A, are the cross-sectional area of the upper
beam and lower beam; Kiis the stiffness of the elastic layer; and f,(x,t) and f,(x,t) arethe

exciting force acting on the upper and lower beams, respectively.

If f(x,t)="f,(x,t)=0, Eq.(2-1) is the governing equation of motion for free vibration of a

double-beam system; otherwise, it is the governing equation for forced vibration.

Considering the two beams are uniform and homogeneous, let us assume:

ElL=¢e, El,=¢,, pA=m, p,A =M, (2-2)

where e and e, are the flexural rigidity of the upper beam and lower beam, and m, and m,
13



are the mass per unit length of the upper beam and lower beam.

With the assumption of Eq. (2-2), Eq. (2-1) become

W, _ W

e ax“l +K(W1—W2)+mlat—21: f.(xt)
o'W, _ OW.

2 6X42 _K(Wl _W2)+m2 8'[22 = fz(x’t)

The initial conditions in general form are as follows:

W, (X,0) =W, (X), W,(x,0)=W,(X), W,(x,0)=V,(X), W,(x,0)=V,(x)

(2-3a)

(2-3b)

(2-4)

As to the boundary conditions at the ends (x =0, L) of the two beams, since it can analyze different

kinds of them in this chapter, so some common ones are listed as follows:

Simply supported: W, (0,t)=W, (L,t)=W,"(0,t)=W,"(L,t)=0

Clamped: W, (0,t) =W, (L,t)=W,(0,t)=W, (L,t)=0

Free: W, (0,t)=W,"(L,t)=W,"(0,t)=W"(L,t)=0

Spring supported: W," (0,t)=W," (L,t)=0, EI1W," (0,t)=-KW,(0,t),

EIW" (L,t) =KW, (L,t)

where =1 or 2 represents upper beam or lower beam.
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2.3 Solution of the Problem for Free Vibration

Based on the previous research results, it can be easily understood that the solutions for Eq. (2-3)

are separable in time and space. The solutions can be assumed in the form as follows

W, (x,t) =T (t) X, (x) = De"* Ae™, W, (x,t)=T(t)X,(x)=De""Be™ (2-6)

where T (t)=De is time function; X,(x)=Ae™ and X,(x)=Be™ is the mode shape
function of the upper beam and lower beam, respectively; « is the natural frequency of the

double-beam system; A, B, D, P are unknown constants; and i=+/~-1 is imaginary unit.

With Eqg. (2-6), the differential Eq. (2-3) become a set of algebraic ones and can be written in

matrix form as follows

eP*+K-ma’ -K Al [0
4 = 2 - (2-7)
-K e,P*+K-m,w° | B 0

It is understandable that finding the solutions to Eq. (2-7) is an eigenvalue problem. The nontrivial
solution for Eq. (2-7) requires the determinant of the coefficient matrix equal to 0, which derives
out an eighth order polynomial equation in terms of P:

ee,P’ +(eK +e,K —Ma’e, — M0’ )P* +(MM,0" - Mw’K —M,0’K ) =0 (2-8)

DefiningQ = P*, Eq. (2-8) can be changed into a second order polynomial equation
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ee,Q” +(gK +e,K ~Ma’e, ~Mo’e )Q+(MM,0’ -Ma’K -M,0’K ) =0

Since the discriminant of this algebraic equation is positive

Az[(rﬁle2 ~Me )’ + K(el—ez)]2 +4ee,K*>0

Therefore the two roots of Eq. (2-9) are

0 —(eK +e,K -Mw’e, —M,a’e ) £v/A
12 =

2ee,

The eight roots of Eq. (2-8), that are also the values of constant P, can be written as

P, =-4/Q,i

Using Eq. (2-7), the relationship among the constants A and B is given by

4 M 2
B K ><A=elP +K-mao

x A
62P4+K—I’T12a)2 K

(2-9)

(2-10)

(2-11)

7:4Qzi ,

P={Q . Pzz—\/Q_l, Psde_li’ P4:_</Q_li’ F=3Q; PG:_dQ—Z' &

(2-12)

(2-13)

Considering there are eight roots P, (] =1,2...8) for Eq. (2-8), so there should be eight values in

constants A and B, which makes Eq. (2-13) to be written specifically as

4 ~— 2
_ K XA':ele+K—mla)
! esz“ +K —m2w2 ! K

><AJ. =ﬁjAj
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Finally, the solution of Eq. (2-3) can be obtained in the form as follows

j=1

W, (x,t) = 2 D e [ZSZ(AﬂeP”"X )} (2-15a)

W, (x,t)= i D e {Zgl( B,e™ )} = i D e {Zgl(ﬁm. Ae™ )} (2-15b)

j=1 j=1

where e, is the nth natural frequency; and A, B,, D,, P;, B, arethe unknown constants

nj ! n

corresponding to nth natural frequency.

Substituting Eq. (2-15) into the real boundary conditions defined in Eq. (2-5) results in a set of

eight algebraic equations with eight unknown constants A ( j=1,2...8) under each natural
frequency. In matrix form, it can be represented as
[E]8x8 {A}le = {O}le (2-16)

where {Al ={A; A, As A, As As As AS}T is unknown constants vector;

{0},,={0 00 0 0 0O O}T is zero vector; [E] . is boundary conditions coefficient

8x8

matrix.

As to [E]BX matrix, it depends on specific boundary conditions of upper and lower beams, and

8
will be different when considering different boundary conditions. Meanwhile, in this chapter, the

method adopting [E], . matrix makes it is possible to discuss all kinds of boundary conditions

and calculate the model that upper beam boundary conditions are different from lower beam, which
17



is an obvious advantage from previous research. The specific [E], ., matrix for several typical

boundary conditions of double-beam system is demonstrated in Appendix 1.

The theory is same as in Eq. (2-7), nontrivial solutions for Eq. (2-16) will exist only when the

determinant of the boundary conditions coefficient matrix [E], . isequalto0,soitmakes [E], .

to be the frequency characteristic matrix.

[E|=0 (2-17)

Based on the Equations derived above, a semi-analytical method is developed to determine the
natural frequencies and mode shapes of the whole double-beam system. The semi-analytical
method can be generally expressed in a flowchart form as shown in Fig. 2-2. Once the frequency
range is determined, all the natural frequencies and corresponding mode shapes in that range can

be obtained by the semi-analytical method.

Due to the possible error of natural frequency by the finite step Aw, it is impossible to obtain the

precise @ satisfying |E|=0 directly. A searching process is needed, in which a classical
numerical analysis method called Secant Method is adopted in this chapter and it is demonstrated

specifically in Appendix 2.
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—— | Solve 8-order equation, Eq. (2-8), get PJ.
v
0=0+Ao |Eq. (2-14), get B, |

| Eq. (2-40) - Eq. (2-43), Build [E] |
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'
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End

Fig. 2-2. Flowchart of the semi-analytical method to determine natural frequencies and mode shapes of double-beam
with elastic layer system.

Although the natural frequencies and mode shapes have been obtained by the semi-analytical
method introduced above, it is still needed to find the final form of the free vibration, which

requires determining the value of constant D, from the initial conditions defined in Eq. (2-4).

If the unknown variable is @, the solution of the Eq. (2-13) will be

(e,P*+K)B—AK (eP*+K)A-BK
0=+ - =+ - (2-18)
m,B m A
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It is easy to find out that there are actually two roots value for each . Although the negative
value is meaningless for real structure, it is meaningful for solving the equations of motion and
obtaining the final form of free vibration. Based on Eq. (2-18), the two roots for each @, can be
in the form

w

=0, @,=—0, (2-19)

The assuming final solutions for free vibration can be written as

w1<x,t>=i<omeiwnt+onzei“*>[i(a,-epﬂ“ﬂ=i(omew+Dnzeiwnt>¢m<x>=in (0 ()

n=1 j=l n=1 n=1

(2-20a)

0

i i < jX S i, —iw,
W2 (X1t) = Z:(Dnlelwnt + Dnze_lmnt)|:2(ﬂnj A”_er ):| = Z(Dnle " + DnZe nt)¢n2 (X)
n=1 = n=1 (2-20b)
- zTn (t)¢n2 (X)
n=1
where ¢.(x) and ¢,,(x) are the mode shape functions under nth natural frequency for the

upper and lower beams, respectively, and T, (t) is time function corresponding to nth natural

frequency.

Substituting Eqg. (2-20) into Eq. (2-4), the initial conditions could be denoted as

s

(Dyy + Dy, s (X) =W (X) (2-21a)

>
Il
UN

s

(Dyy + Dy, o (X) =Wy (X) (2-21b)

>
Il
LN
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S (,Dyy ~2,D,, W (X) = Voo (X) (2-21¢)
n=1

NgE

(iw, Dy —i0,D,, s (X) =V (X) (2-21d)

=}
Il
iN

In order to apply modal expansion method to solve Eq. (2-21), it is necessary to derive the
orthogonality condition for different mode shapes of the double-beam system with elastic layer.

The governing equations Eq. (2-3) for free vibration ( f,(x,t)= f,(x,t) =0) can be written as

_0'W, o'W,
s R (2-22a)

_ 0W. OAW,
—, 8t22 =e, 6x22 -K (Wl —WZ) (2-22b)

W,

atZ

The left terms —mlaat—zwl and —m, are due to acceleration, so they are a kind of inertial

2

force f, (xt)and f,,(x,t). The right terms are related to displacement, so they can be treated as

a sort of elastic force. When considering the whole double-beam system, which consists of upper

beam and lower beam, an energy equilibrium equation will be obtained as

I [Wo, (3,1) fi (1) 4+ W, (X,1) Fy (X,1) ]dx = _f (W, Fram (X, 1)+ W, (X,1) f o0 (X, 1) ]

(2-23)

Substituting Eq. (2-20) into Eq. (2-23), and applying the definitions of f, (x,t) and f,(x,t),

Eq. (2-23) reads
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IJ[R(t)%(x)(—m>w2Tn<t>¢ (X) i+ [T (8)ha () (-1, T, (£) i () i

(2-24)
_I —m,) 3T, (1) é ( dx+J. nz(x)(—mz)wiTm(t)qﬁmz(x)]dx
Merging the similar items, the Eq. (2-24) will be simplified as
1 [ (X) s (), [ T (X) o (X) 0| T, (T, (8) (2~ 0F) =0 (2-25)

Since for different natural frequencies, ®? # @7, so the orthogonality condition for different mode

shapes of the double-beam system with elastic layer is
J.OL |:¢n1 (X) Irﬁl ml (X) + n2 (X) mz m2 (X):| dX = I\ﬁné‘mn (2_26)

where M, is the generalized mass in the nth mode, &, isthe Kronecker delta function.

Once the orthogonality condition is derived, go back to the initial condition Eq. (2-21).

Eq.(2—-21a)x¢,, (x)m, + Eq.(2—21b) x4, , (x)m,, and integrate it respect to x from 0 to L

Jy s () ;(D +Dy )i (X) O+ [ e (x ZZ D, + D, ), (X) dx

(2-27)
_I o1 (X)W, (X dx+_[0 Bz (X)MW, (X) dx
The orthogonality condition is applied into Eq. (2-27), and it will be transferred as
G0 (X)W, (X) +,, (X) MW, (X) |dx
D,+D, H - 2 (X)W ()] (2-28)

nl

Io [¢nl B (X)+ 6, () M, nz(X)]dx
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Eq.(2—-21c)x¢,, (x) M, + Eq.(2—21d)x ¢, (x) M, , and integrate it respect to x from 0 to L; apply

orthogonality condition like in Eq. (2-27), it will be

m,V. d
DD, :ij (X) V50 (X) + b, (X) M,V (X) ] X 229
1o, '[ (X) M, (X)+ by, (X) Mg, (X) ]
Solving Eq. (2-28) and Eq. (2-29), the solution of D,, and D,, can be
D —EX %+ix\7_" 5
"T20M, iw, M, (2-302)
D —Ex W, —ix V. b
2727 \M, e, M, (2-300)
M“ ZJOL[¢M(X)[T\1¢“1(X)+¢”2(X)n_12 nz(X)]dX (2-300)
W, = [ [ (X) MWig (X) + i, (X) ML (%) ] (2-30d)
V .[ |:¢nl( x)+¢n2(x)mV20(x):|dx (2-306)

where M, W_, V. is the generalized mass, displacement and velocity in the nth mode.

Until here, all constants in the assumed solutions in Eq. (2-6) or Eq. (2-20) have been determined.

Therefore the free vibration of a double-beam system with elastic layer is solved successfully.

2.4 Solution of the Problem for Forced Vibration

Once the natural frequencies and mode shapes of a double-beam system are obtained by the
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analysis of free vibration, it is possible to determine the response of the forced vibration in the
same model. It is similar to the solutions of free vibration, particular solutions of forced vibration

in the same model could be assumed in the following form
8

(% )=XT, (¢ {Z(Aﬂe"”x)}:?n () (x) (2-312)

n=1 j=1

W,(xt)=3T, (t){i(ﬂm%ep"’“)} =§Tn (1) (%) (2-31b)

n=1 j=1
8 P, x
where ¢n1 Z(Aﬂe ! ) is mode shape function of upper beam corresponding to nth natural
j=1
8
frequency; ¢ nz Z(,Bm A€ i ) is mode shape function of lower beam corresponding to nth
j=1

natural frequency; T, (t) is time function corresponding to nth natural frequency; ¢, (x) and

#,, (x) are known from the free vibration analysis, but T, (t) is unknown function which need

to be solved.

Substituting the assumed solutions Eq. (2-31) into motion equations of the whole system Eq. (2-

3), so they become

eZT +KZT ) 4 (X) nz(x)]+mlgd2;jr:2(t)¢nl(x):fl(x,t) (2-32a)
ZZT KZT ) 4(X) nz(x)]+m22d2;-:2(t)¢nz(x):fz(x,t) (2-32b)

Introducing free vibration equations in here can simplify the motion equations of forced vibration.
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Substituting Eq. (2-20) into Eq. (2-22), eliminating the same term (Dnlei“’"t-l—Dnze‘i“’"‘) and

multiplying the T (t) ineach term, the Eq. (2-22) will be in form of:

o) d4
&2 Th(t) ﬁ";th T, (6)[ 4 (X) =42 (¥)] = ZwZT (t (2-333)
e (t)M—KiT (O (X) = ()] =, > 0T, (2 2-33b
2n:1 n dX4 s n nl n2 - 2n:1wn n( nZ(X) ( - )

> m1¢n1(x)d(:+z(t)+mlw§ n ()T, (t)} f(xY) (2-342)
i n_ﬁchﬁnz(x)d g:z(t)+rﬁ2w§¢n2(x)Tn (t)}: f,(xt) (2-34b)

Eq.(2—34a)xd,,(x)+Eq.(2—34b)x ¢, (x), integrate it respect to x from 0 to L, and apply

orthogonality condition Eq. (2-26), so it will be

2
T
; d;ft) +aT, (1)=F (1) (2-352)
f
F (1) = I |:¢nl X) f.( +¢, (%) T, (X,t)] dx (2-35)
J- |:¢n1 m ¢n2(x)m2 HZ(X)]dX
Using Duhamel's integral, particular solution of Eq. (2-35) can be obtained as
T (t):wij; F.(7)-sin[ w, (t-7)]dr (2-36)
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Until here, T, (t) issolved, ¢, (x)andg,,(x) are known functions from free vibration analysis,

by assuming solutions Eq. (2-31), so the forced vibration of a double-beam system with elastic

layer is solved successfully.

2.5 Numerical Examples

In order to illustrate the semi-analytical method presented in this chapter, some numerical
examples are discussed in detail. In this section, free vibration and forced vibration numerical
examples are demonstrated, respectively. Since the method proposed in this chapter is able to
calculate the natural frequencies and mode shapes of a double-beam system with arbitrary
boundary conditions, several typical boundary conditions of double-beam system are analyzed in
free vibration part. The model with upper beam simply supported-simply supported and lower
beam simply supported-simply supported (Fig. 2-3(a)), is applied to verify the correctness and
accuracy of the proposed method. In the forced vibration part, upper beam spring supported-spring
supported and lower beam simply supported-simply supported (Fig. 2-3(b)) is the main boundary

condition simulated because it is realistic in engineering projects.

e=El, Mm=pA W f,(x.t)= f sin(wt)5(x—-0.5L)
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e,=El, m=p,

[ L | [ L |

Fig. 2-3. The model of a double-beam system: (a) free vibration model with same boundary condition for upper and
lower beam: simply supported-simply supported; (b) forced vibration model with a concentrated harmonic force in
midspan of upper beam; (c) free vibration model with boundary condition: upper beam clamped-free and lower beam
clamped-free; and (d) free vibration model with boundary condition; upper beam clamped-clamped and lower beam
free-free.

2.5.1 Free Vibration

The values for the basic parameters of the double-beam system from reference (Oniszczuk 2000c)
are used in the numerical calculations.

E=1x10"Nm? , 1=4x10"m* , p=2x10%kgm= , A=5x10°m’ , L=10m ,

e=El =4x10°Nm*, m=pA=1x10°kgm™, K =(1~5)x10°Nm™

Five cases are investigated in here for verification and discussion:

Case 1: upper beam simply supported-simply supported and lower beam simply supported-simply
supported (Fig. 2-3(a)), e, =e, =€, m=m,=m;

Case 2: upper beam spring supported-spring supported and lower beam simply supported-simply
supported (Fig. 2-1(a)), e, =e, =€, m=m,=m;

Case 3: upper beam spring supported-spring supported and lower beam simply supported-simply
supported (Fig. 2-1(a)), e, =0.8¢e, e,=e, m =0.2m, m, =m;
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Case 4: upper beam clamped-free and lower beam clamped-free (Fig. 2-3(c)), e =e, =€,
m=m,=m,
Case 5: upper beam clamped-clamped and lower beam free-free (Fig. 2-3(d)), e, =e, e, =0.8e,

m=m, m,=0.2m.

The natural frequencies and mode shapes of the five cases are calculated by the semi-analytical
method presented in this chapter, the first six natural frequencies and normal mode shapes of each
case are summarized in Tables 2-1 to 2-5, Fig. 2-4 and Fig. 2-13 to Fig. 2-16, respectively. The
comparative results available in reference (Oniszczuk 2000c) are also summarized in Table 2-1.

Some of the specific results are shown in Appendix 3.

Table 2-1. Natural Frequencies of double-beam system @, (s*); Case 1

K =x10°®° n=1 n=2 n=3 n=4 n=>5 n==6

(Nm'z) Present Ref. Present Ref. Present Ref. Present Ref. Present Ref. Present Ref.

19.74 19.7 48.88 48.9 78.96 79 90.74 90.7 177.65 177.7 183.20 183.2
19.74 19.7 66.25 66.3 78.96 79 101.16 1012 177.65 177.7 188.58 188.6
19.74 197 7894 79 7996 799 11061 1106 177.65 177.7 193.81 1938
19.74 19.7 78.96 79 9159 916 11931 1193 177.65 177.7 19890 198.9
19.74 19.7 78.96 79 10193 1019 12741 1274 17765 177.7 203.86 203.9

g b~ W N
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Fig. 2-4. The first six normal mode shapes of the double-beam system for Case 1, K =1x10°: (&) mode 1; (b) mode
2; (c) mode 3; (d) mode 4; (e) mode 5; (f) mode 6.

In Table 2-1, it can be seen that the natural frequencies calculated by the semi-analytical method
presented in this chapter, are in excellent agreement with the analytical solutions from previous
research in reference (Oniszczuk 2000c). Therefore, the correctness and accuracy of the semi-

analytical method are proved and demonstrated by the comparison above in Table 2-1.

The data in Table 2-2 to Table 2-5 are also plotted in Fig. 2-5, which indicate the effects of elastic
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layer stiffness K on the natural frequency o, of whole double-beam system. In general, as shown
in Fig. 2-5, there is a tendency to increase the natural frequency e, in case of increasing the elastic
layer stiffness K. However, some natural frequencies are not so sensitive to the elastic layer
stiffness, such as @, in each case and w,, o, in Case 4. It can be explained by their
corresponding mode shapes: for o, ineach case and ,, @, in Case 4, the corresponding mode
shapes are symmetric mode shapes which vibrate as a single beam. The elastic layer does not
deform much and it cannot produce significant force to affect two-beam vibrations. Therefore, the
change of elastic layer stiffness cannot change their natural frequencies apparently. For the mode
shapes of other natural frequencies are of antisymmetric mode shape, large deformation will be
produced in elastic layer and its internal force is significant to affect two-beam vibrations.
Therefore those natural frequencies are sensitive to the stiffness of elastic layer. In addition, in
Case 2 and Case 3, the increase of higher natural frequencies is greater than the lower ones. On
the other hand, in Case 1, Case 4, and Case 5, the increase of higher natural frequencies is smaller
although @, is increasing with the increase of K. The primary reason for that difference is due to
the boundary conditions of the two-beam system, as shown in Case 2 and Case 3 which are better
for adjusting the higher frequencies than those in Case 1, Case 4 and Case 5. When
K =4x10°Nm™ in Case 3, the valuesof @, and w, are very close, and it also can be seen for
o, and @, inCase5when K =2x10°Nm™. It means that the two different natural frequencies
may have same values when K reaches some special values, and this phenomenon is also illustrated

in previous research work (Chen and Sheu 1994). To avoid the resonance and protect the safety of
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the whole system, those K values cannot be choosen when design it.

From Case 1 and Case 2, when the boundary condition of upper beam is spring supported-spring
supported, the natural frequencies of whole double-beam system are smaller than it is simply
supported-simply supported (see Table 2-1 and Table 2-2), so the higher natural frequencies could
be avoided effectively by the boundary condition presented in this chapter. From Case 2 and Case
3, when the upper beam is smaller than lower beam, the natural frequencies become higher (see
Table 2-2 and Table 2-3), that could help to solve some low frequency domain vibration problems
in engineering projects. The models in Case 3 and Case 5 are two typical beam-type vibration
suppression structures, which can be recognized as floating slab and beam-type dynamic vibration
absorber, respectively, and it can be found that changing the stiffness of the elastic layer can alter
the natural frequencies of whole double-beam system apparently (see Table 2-3 and Table 2-5),
demonstrating that those two structures are able to avoid the resonance situation occurred in normal

structures and potentially to reduce the original structural vibrations.

a b
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Fig. 2-5. Natural frequencies of double-beam system @, versus elastic layer stiffness K: (a) Case 2; (b) Case 3; (c)

Case 4; (d) Case 5.

2.5.2 Forced Vibration
The values for the basic parameters of the double-beam system are the same from reference

(Oniszczuk 2000c) as in free vibration.

a. Analytical Model Result by Proposed Method b. FEM Model Result by MSC/NASTRAN
0.(]45 T T T T T T T T
E 0.030-
E 0.015 . 450-002
g 0.000+ %
i) 5
2. -0.015- e
2 o030 %
-0.045 ———— 2
0.0 0.1 02 03 04 05 06 07 08 09 1.0 K

. a 0 2.00-001 4.00-001 6 00-001 1.00+000 1.20+000
Time (s)

Fig. 2-6. Displacement at midspan point of two beams.

A forced vibration of a double-beam system model is calculated and compared with the same
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model analyzed by the finite element method software MSC/NASTRAN. The boundary conditions
of the double-beam system are simply supported-simply supported for the upper beam and simply
supported-simply  supported for the lower beam, and the exciting forces are
f,(x,t) =10000sin(37.68t), f,(x,t)=0.As shown in Fig. 2-6, it can be seen that the dynamic
responses calculated by the method presented in this chapter, are in excellent agreement with the
finite element method solutions. Therefore, the correctness and accuracy of the proposed method

are proved and demonstrated by the comparison.

Then, several cases are calculated and analyzed in here, all of them are with the same boundary
condition: upper beam spring supported-spring supported and lower beam simply supported-
simply supported (Fig. 2-3(b)), which is more realistic in engineering projects. Among all of those
cases; the exciting force of the double-beam system is f (x,t)= fsin(wt)5(x—-0.5L) ,
f,(x,t)=0, (Fig. 2-3(b)), where f is amplitude and e« is frequency of a concentrated

harmonic force acted on the midspan of the upper beam; &(x) is Dirac delta function.

2.5.2.1 Resonance Condition

The solution for double-beam system forced vibration is derived as Eq. (2-31), Eq. (2-35) and Eg.

(2-36), considering the exciting force is f (x,t)= f sin(wt)s(x—0.5L), f,(xt)=0, so the

specific solution becomes
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tH [osin(ot)-o,sin(at)]

W, (%)= 2T, () ()= Y (%) 2373

n=1 n=1 @, a)Z_a)r?
c = fH |osin(ot)-ao,sin(ot

W (10)= 3T, () () 3 L L et eam
n=1 n=1 @, o —,

where T jo ¢ ()8 (x—0.5L)dx (2-38)

T [ ()M (%) e (X) Mt ()

In Eq. (2-37), the denominator is (a)f —a)z), so when the harmonic force frequency @ is close
to the natural frequency of double-beam system o, , the dynamic responses of the two beams, W
and W, both of them will be unlimited, which is called resonance phenomenon. Therefore, the
resonance condition for double-beam system is

o=, N=123.. (2-39)
Two cases are calculated in here for verifying the resonance condition:

Case 1: two identical beams, ¢ =e,=e,m =m,=m, K=1x10°Nm~;

Case 2: smaller upper beam, ¢ =0.8e, e,=e, m =0.2m, m,=m, K=1x10°Nm~.
The frequency responses at the midspan of the two beams are calculated by the equations presented
in this chapter, and the absolute amplitude of the frequency responses at the two beams midspan

points are shown in Fig. 2-7.
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Fig. 2-7. Frequency response at midspan point of two beams: (a) Two identical beams; (b) Smaller upper beam.

From Fig. 2-7, Table 2-2 and Table 2-3, it can be easily seen that the dynamic response of two
beams reach some peak values when the exciting force frequencies @ is close to the natural
frequencies of double-beam system @, , which is just the resonance phenomenon and verifies the
resonance condition derived above. When designing the double-beam system, it is supposed to
make the natural frequencies of system being far away from the frequency of exciting force, and

avoid the resonance phenomenon happened.

Also in Fig. 2-7, when the resonance frequency o =62.22in Case 1, and «»=80.75,130.86 in
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Case 2, only the upper beam has the peak values, and in contrast, lower beam doesn't have. The
main reason for that is the corresponding mode shapes. Checking the mode shapes in Fig. 2-13(d),
Fig. 2-14(c) and Fig. 2-14(e), it is found that the deformation amplitude of lower beam is very
small comparing with the upper beam, so in those resonance frequencies, the lower beam dynamic

response is not as great as upper beam, although there is still resonance happened to lower beam.

2.5.2.2 Effect of Elastic Layer Stiffness
An important parameter in the double-beam system is the stiffness of elastic layer, K, which is the
connection between upper beam and lower beam, so it is necessary to make some discussions

about the effect of elastic layer stiffness K on two beams dynamic responses.

Three cases are investigated in here for discussion:
e =e,=e, m=m,=m; Case 1: K=1x10'Nm=™; Case 2. K=2x10'Nm™ ; Case 3:

K =3x10*Nm™.

The absolute amplitude of frequency responses at the midspan of the two beams are shown in a

form of semi-log plots in Fig. 2-8.

As to the upper beam, from Fig. 2-8(a), with the increase of layer stiffness K, the dynamic response

is generally reduced. Although the resonance frequencies is increase with K, the peak values at
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resonance frequencies are also decreased. Upper beam in here is a kind of a beam on elastic
foundation, when the elastic layer becomes stiffer, the restrict to the upper beam gets stronger, so

the upper beam vibrates smaller under same exciting force.

Displacement(m)

0.01 3

Displacement(m)

0.01

Exciting Force Frequency a)(s’l )

Fig. 2-8. Frequency response at midspan point of two beams: (a) upper beam; (b) lower beam.

From Fig. 2-8(b), the lower beam has an opposite changes comparing with upper beam. The
dynamic response is generally increased with the increase of layer stiffness K, and the peak values
at resonance frequencies are also increased. Elastic layer is the connection between upper beam

and lower beam, and it transfers the vibration energy from upper beam to lower beam. When elastic
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layer is softer, it deforms larger and upper beam can absorb more exciting energy, so the energy
transferred to lower beam is less; when the elastic layer gets stiffer, its deformation is smaller and
less energy absorbed by upper beam itself, so more and more energy is transferred to lower beam

and makes the vibration of it increased.

2.5.2.3 Effect of Upper Beam Mass

In many real engineering projects, the upper beam and lower beam are not identical in a double-
beam system. Considering reducing the dynamic vibration of lower beam, the upper beam is often
designed as a kind of vibration absorber, so the physical property of the upper beam has significant
effects in dynamic vibration reduction. Among those physical properties, the mass of the upper

beam is discussed in here.

Three cases are investigated in here for discussion:
e, =08e, e,=e, m,=m, K=1x10°Nm7?; Case 1: m =0.1m; Case 2: m, =0.5m; Case
3 m=m.

The frequency response at the midspan of the lower beam is shown in semi-log plots in Fig. 2-9.

The general tendency for the dynamic response of lower beam is decreased in the case of increasing
upper beam mass, which can be found from Fig. 2-9. In the whole double-beam system, upper

beam accept the exciting energy firstly, absorbs some of them and then transfer the others to lower
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beam by elastic layer. If the mass of upper beam becomes larger, when upper beam vibrates, it will
absorb more exciting energy to complete its own vibration, so the energy left for lower beam is
reduced and the vibration of lower beam gets smaller. However, the mass of upper beam cannot
grow to very large, since when it exceeds a limit value, the vibration energy of upper beam itself
will be too huge and it will be transferred to lower beam by elastic layer too, so the lower beam

vibration is not reduced anymore in that case.

0.1

Displacement(m)

0.01

T T T T T
150 180 210 240 270 300
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Fig. 2-9. Frequency response at midspan point of lower beam.

2.5.2.4 Effect of Upper Beam Flexural Rigidity

The mass and flexural rigidity are two main physical properties for a beam structure neglecting the
shear effect. The effect of upper beam mass on double-beam system dynamic responses is
discussed and shown in the section above, so this section is used to explain how the upper beam
flexural rigidity affects the vibration responses in both beams and how it works to reduce the

dynamic response.
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Also, three cases are investigated in here for discussion:

e,=e, m=02m, m,=m,K=1x10 Nm™; Case 1: e =0.le; Case 2: e =0.5e; Case 3:

elze.
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g
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Fig. 2-10. Frequency response at midspan point of lower beam.

The frequency response at the midspan of the lower beam is shown in semi-log plots in Fig. 2-10.
According to the simulation results shown in Fig. 2-10, the dynamic response of lower beam is
generally decreased with the increase of upper beam flexural rigidity. The principle for that
phenomenon is similar to the one in upper beam mass effect discussion: when upper beam is soft,
less energy could let it deform and vibrate, so more energy is transferred to lower beam; when
upper beam gets stiffer and flexural rigidity gets larger, more exciting energy is needed to complete
upper beam deformation and vibration, so less energy could be obtained by lower beam and its
dynamic response gets smaller. But if the flexural rigidity of upper beam exceeds a limit value,
upper beam will be treated as a rigid body and it will not absorb any energy, all the exciting energy

will be accepted by lower beam and its dynamic response will be very large.
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2.5.2.5 Double-Beam System Dynamic Parameter

After completing a larger number of simulation works on double-beam system, four parameters

lel ' LimZ ,

El E I K K . . .
= = - and = which could determine the system dynamic responses, are
1 2

summarized and figured out. If the values of those four parameters are the same in two different

double-beam systems with same boundary conditions, the natural frequencies and corresponding

Wn,MAx (X’t)

W, o (x)

dynamic displacement at location n of upper beam<n=1> or lower beam<n=2>; W, ;(x) Is

mode shapes will be same, and the Dynamic Factor (W, yax (X,1) IS maximum

static displacement at location x of the same beam under a static force whose amplitude is equal to
maximum value of the exciting force) of each beam under an exciting force will have same values.
Therefore, those four parameters have a key role in determining the dynamic response of double-

beam system, and it is necessary to show some simulation results on them.

W, vax (X,1)
W, 0 (x)

In order to illustrate the dynamic factor under those four dynamic parameters, four

cases are investigated in here:

Two identical beams: m =m,=m, K=1x10°~1x10°Nm?; Case 1: ¢ =e,=e; Case 2:
e =¢e,=10e;

Smaller upper beam: m, =0.2m, m,=m, K =1x10°~1x10°Nm™;Case3: ¢, =0.8¢e, e, =¢;
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Case4: e =8e, e,=10e.

El,

In each case itself, all basic parameters are constant except K, so the dynamic parameters U
1

E,I . K K . . . .
and —*-* are consistent but = and = are variables; combining the exciting force with
2

2m2 1

different frequencies, it is better to plot the dynamic factor in a form of plane in 3-D coordinate.

w 't .
The frequency responses of dynamic factor wa—((X)) at the midspan (x =0.5L) of the two
n,0 X

beams are plotted in a 3-D coordinate system, which are shown in a form of semi-log planes plots

in Fig. 2-11 and Fig. 2-12.

Dvnamic Factor
Dynamic Facror

Fig. 2-11. Frequency response at midspan point of two beams for Case 1 and Case 2: (a) upper beam; (b) lower beam.

From Fig. 2-11 and Fig. 2-12, it can be seen that the dynamic factor of each beam indeed forms a
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plane in the 3-D coordinate. It is useful to engineers when they design a double-beam system: once
they get the four dynamic parameters values of a double-beam system, they can check the standard
figures and find out the right plane, then they can read out the Dynamic Factor of each beam under

the specific exciting force frequency directly instead of doing difficult calculation works.

g

Dvnamic Factor
Dyiramic Factor

Fig. 2-12. Frequency response at midspan point of two beams for Case 3 and Case 4: (a) upper beam; (b) lower beam.

2.6 Conclusions

A semi-analytical method is developed in this chapter to analyzing the natural frequencies and
corresponding mode shapes of an undamped double-beam system, which may have arbitrary beam
mass, beam flexural rigidity and/or boundary condition. The initial conditions are considered to
find the free vibration final form, which are the exact solutions of the motion differential equations

formulated by the classical Bernoulli-Fourier method. The correctness and accuracy of the semi-
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analytical method presented in this chapter has been demonstrated by comparing the results with
analytical solutions from previous research in the literature; and the models, which have different
beam mass, beam flexural rigidity and different boundary condition, are also calculated to show
their natural frequencies and corresponding mode shapes. A discussion about the effect of elastic

layer stiffness on double-beam system natural frequencies is further accomplished.

The dynamic response of forced vibration in the same undamped double-beam system is
determined by the modal-expansion method using the natural frequencies and mode shapes
obtained from the free vibration analysis. The specific orthogonality condition for a double-beam
system is derived, and then applied to decouple the motion differential equations. Various double-
beam system models with a concentrated harmonic force in the midspan of upper beam have been
calculated with systematic parametric studies showing the following conclusions:

1. Effect of elastic layer stiffness: Increase elastic layer stiffness in a range, dynamic responses of
upper beam are reduced, but dynamic responses of lower beam are increased.

2. Effect of upper beam mass: Dynamic responses of lower beam are significantly decreased when
increase the mass of upper beam in a range.

3. Effect of upper beam flexural rigidity: Dynamic responses of lower beam are reduced if increase

the flexural rigidity of upper beam in a range.

All of those parametric study conclusions, including the four dynamic parameters defined in this
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chapter for double-beam system, can be helpful to engineers to design the complex double-beam

systems in engineering practice.

Appendix 1. Matrix [E] . for Several Typical Boundary Conditions of

Double-Beam System

The matrix [E]8X8

Is the frequency characteristic matrix for calculating the natural frequencies of

a double beam system, so it is very important and it should be demonstrated precisely for each

boundary conditions. The specific matrix [E], . for several typical boundary conditions of double-

beam system is denoted as follows.

(1) If the boundary conditions of lower beam and upper beam are both simply supported - simply

supported, the [E], . matrix will be denoted as

ﬂnl
ﬂnlepnll_
2
ﬂnl I:)nl
,B PzeP"lL
n

[E]<| %

ePML
2
I:)nl

2,P,L
i Pe™

Brz Pas o Pos Bre P
'anepnzl- ﬂnsePn3L ﬂn4ePn4L ﬂnsePML ﬁnGePneL ﬂrﬂerL
PP BPu  BPu BePs  BeRe  BaPu
BroPrie™ BiPae™ BuPie™ BeRie™t foPie™  BRie™

1 1 1 1 1 1
eF’,,ZL eP"3L ePML ePHSL eF’nGL eP"7L

i P P Pre i P
pPefet P2em" PZeMt P2efst P2 et PZeft

ﬁnS
ﬂnSePnBL

2
ﬂnspns
2 APl
IBnSPnBe ’

eP"BL

n8

2 Pl
Pse™

(2-40)

(2) If the boundary conditions of lower beam are simply supported - simply supported, and upper
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beam are spring supported - spring supported, the [E],

matrix will be denoted as

ﬂnl ﬂnz ﬂns ﬂn4 IBFIS IBnﬁ ﬂn? ﬂns —‘
ﬂnlePML ﬂnzepﬂZL ﬂnaepnzL ﬁn4ep"4L ﬂnSeP"E'L ﬁnsepneL ﬁn7ep"7L ﬂnBeP"aL
ﬁnlpnzl ﬂnZPnZZ ﬂnSPnzs ﬁnAPnzét ﬁns Pr|25 ﬂne Pn26 ﬂn7 Pn27 ﬁnBPnZB
(E]- BuPre™ Br,Poem BrsPiae™" BuPrett BrsPie™" BrsPre B Paet BraPrie™"
B Pﬂi Pﬂ22 Pn23 Pn24 PnZS Pnzﬁ Pn27 Pnzﬁ
PnZleP"lL PnzzePML PnzaePnaL PHZAePML PnzsepnsL Pnzsep”ﬁL Pn27eme Pnzsep"BL
e P +K eP.’+K eP.’+K eP+K e P’ +K eP+K e P’ +K e P’ +K
(&P’ -K)e™  (eR, -K)e™ (eRs -K)e™ (eR,-K)e™ (eRs -K)e™ (P -K)e™ (e, -K)e™" (eR,-K)e™ |
(2-41)
(3) If the boundary conditions of lower beam are clamped - free, and upper beam are clamped -
free, the [E], , matrix will be denoted as
ﬂnl ﬂnz ﬁns ﬂnA :an ﬂne ﬁn7 ﬁnS
IBnl Pnl :an Pnz ﬂn3pn3 :Bn4 Pn4 ﬂn5pn5 :Bnepne ﬂn? I:)n7 ﬂns Pna
2Pl 2 APl 2 APl 2 APl 2 APl 2 Pl 2 . P,L 2 Pl
:Bnlpnle ' ﬂnZPnZe ? ﬂnSPnSe ? ﬁn4pn4e ! ﬂnSPnSe ° ﬁnGPnGe ° ﬂn7Pn7e ! ﬂnBPnBe ?
3, Pl 3 APl 3 Pl 3 APl 3 APl 3 Pl 3 Pl 3 Pl
[E] _ ﬂnll:)nle ' ﬁnZPnze ’ ﬁn3pn3e : ﬁn4|:)n4e ) ﬂnspnse ° ﬁn6pn6e ° ﬂn7|:)n7e ! ﬁns PnSe ’
1 1 1 1 1 1 1 1
Pnl I:)n 2 Pn 3 I:)n 4 Pn 5 Pn 6 I:)n 7 I:’nS
pnie Pl Pnzze PaL Pn23€ Pl pnie Pal pn25e Pisk pn26e PrsL pn27epn7'- Pnzse Pl
PnglePnlL Pn32eP"ZL Pn33ePn3|_ Pns;ePML PnssepnsL Pn36eP"6L Pn37ePn7L Pnsgepnsl_
(2-42)

(4) If the boundary conditions of lower beam are free - free, and upper beam are clamped - clamped,

the [ E]8><8

matrix will be denoted as
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BaPi  BuPe BsPs BuPi BsRs BeRe  BuRi BuPu
BuPae™  BoPoe™ BPue™t BuRie™ BsPie™  BoPue™ BiPie BPae™
ﬂann?i IBHZPn32 ﬂnS‘Pn:; an4Pn34 ﬁnSPns:S ﬂnGPn% an7Pn37 ﬂnSPn::S
[E]- BuPue™  BoPoe™ BuPie™ BuRue™t BuPie™  BoPue™ BaPue™t BaPue™

1 1 1 1 1 1 1 1
Pl Pt Pl Pl Pt Pl N Pl
Pa P Pes P Pes Pes P Pie
I Pnlepml_ PnzePnzL PnseP"SL Pn4ePn4L PnsePnSL PnGEPn6L PﬂerL Pnsepngl_ |
(2-43)

Appendix 2. Natural Frequency Roots Search Method - Secant Method

If the determinant of frequency characteristic matrix [E]ng is denoted as a function of w,
f (@), so the real natural frequency « is the root of f(w)=0. Based on the semi-analytical
method introduced in this chapter, an approximation root «,, is determined, and the specific
algorithm based on secant method can be applied as follows:

(1) Calculate distinct values of @, ,, and function values of f (@,,), f(a,,):

=0, — Ao, (2-44)
f(@,,) =|E|w:wnvo, f(@,,) =|E|MM (2-45)
(2) Calculate:

f (o)

i1 =0 — i — O 2-46
a)n,Hl wn,l f (a)n‘i)_ f (a)n'il>(a)n,| wn,l—l) ( )
(@) =lEl,.,, . (@) =IEl.,, .. 1=123.. (2-47)
) If |@,;,1 —@,;| <&, then the final root w, = @, ;,, ; €lse continue iteration process in step (2).

where @, is nth natural frequency; ,; is the ith distinct value of o,, 1=123,...; ¢ is the
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allowable error defined by user.

Appendix 3. Numerical Examples Results Data - Natural Frequency and Mode
Shape

The first six natural frequencies and normal mode shapes of Case 2 to Case 5, are summarized as

follows:

Table 2-2. Natural Frequencies of double-beam system @, (s™); Case 2

Kx107° (Nm™?) n=1 n=2 n=3 n=4 n=5 n=6
1 17.03 38.09 46.85 62.22 85.51 130.65
2 18.11 50.65 64.63 75.75 92.80 137.87
3 18.56 57.93 78.44 86.90 100.77 144.89
4 18.82 62.44 90.02 96.46 109.04 151.67
5 18.97 65.41 104.99 117.23 158.18 191.80

Table 2-3. Natural Frequencies of double-beam system @, (s™); Case 3

Kx10® (Nm~) n=1 n=2 n=3 n=4 n=5 n=6
1 2173 75.18 80.75 96.60 130.86 180.87
2 22,62 80.70 112.89 129.53 159.37 186.58
3 23.02 82.99 137.32 156.03 173.88 200.61
4 23.26 84.58 157.80 178.09 178.97 220.37
5 23.41 85.81 175.28 182.17 197.21 239.86
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Table 2-4. Natural Frequencies of double-beam system @, (s™); Case 4

K x107 (Nm™) n=1 n=2 n=3 n=4 n=5 n=6
1 7.03 44.07 45.45 62.79 123.39 131.25
2 7.03 44.07 63.68 77.08 123.39 138.66
3 7.03 44.07 77.79 89.11 123.39 145.69
4 7.03 44.07 89.72 99.71 123.39 152.40
5 7.03 44.07 100.25 109.28 123.39 158.83
Table 2-5. Natural Frequencies of double-beam system @, (s™); Case 5
leO’s(Nm‘z) n=1 n=2 n=3 n=4 n=>5 n=6
1 42.31 69.30 77.85 114.64 127.86 243.89
2 43.76 94.38 107.44 134.43 135.64 246.05
3 44.34 108.35 130.17 144.84 154.03 248.31
4 44.68 115.34 148.87 158.34 170.65 250.74
5 44.92 119.06 164.73 173.20 186.02 253.41
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Fig. 2-13. The first six normal mode shapes of the double-beam system for Case 2, K =1x10°: (a) mode 1; (b) mode
2; (c) mode 3; (d) mode 4; (e) mode 5; (f) mode 6.
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Fig. 2-14. The first six normal mode shapes of the double-beam system for Case 3, K =1x10°: (a) mode 1; (b) mode
2; (c) mode 3; (d) mode 4; (e) mode 5; (f) mode 6.
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Fig. 2-15. The first six normal mode shapes of the double-beam system for Case 4, K =1x10°: (a) mode 1; (b) mode
2; (c) mode 3; (d) mode 4; (e) mode 5; (f) mode 6.
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Fig. 2-16. The first six normal mode shapes of the double-beam system for Case 5, K =1x10°: (a) mode 1; (b) mode
2; (¢) mode 3; (d) mode 4; (e) mode 5; (f) mode 6.
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Chapter 3 Dynamic Behavior of Double-Beam Systems

Interconnected with Viscoelastic Layers

3.1 Introduction

In Chapter 2, the undamped double-beam system interconnected by elastic layers has been studied
carefully, and the free vibration and forced vibration of it has been calculated and analyzed
specifically. In fact, in real engineering practices, the materials applied to connect the floating slab
track and bridge main beam are usually rubbers or other viscoelastic materials whose damping
cannot be ignored. In addition, one advantage of the novel adaptive materials applied in this
research to build the semi-active control structure is that its damping is controllable, so it means
the damping effects of the material must be considered and used. Based on the works in Chapter
2, in this chapter, the double-beam system interconnected by viscoelastic layers is analyzed and
the damping effects of the viscoelastic layers on the dynamic behavior of whole double-beam
system is studied. The research works in this chapter will be the theoretical basis for the control

structure studies in Chapter 5 and Chapter 7.

It is similar to the introduction in Chapter 2, most research efforts in the literature have simplified
the double-beam systems as two identical beams, and/or with simply supported boundary
conditions for both beams, and/or same transverse deformations in two beams. Among those, the

viscoelastic damping characteristics of the connecting layer between the two beams is often
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ignored (Seelig and Hoppmann 1964a, 1964b; Kessel 1966; Rao 1974; Chonan 1976; Hamada,
Nakayama and Hayashi 1983; Kukla and Skalmierski 1994; Oniszczuk 2000, 2003; Zhang, Lu and
Ma 2008; Stojanovic and Kozic 2012; Zhang, Huang, Zhang and Hua 2014; Mao and
Wattanasakulpong 2015; Li and Sun 2015). To take into account the damping effect, researchers
frequently make some assumptions to reduce the difficulty of solving. For example, based on their
early work on the axially-loaded damped Timoshenko beam on a viscoelastic foundation (Chen
and Sheu 1993), Chen and Sheu (1994, 1995) studied the free vibration, dynamic response and
static buckling of two identical beams with a viscoelastic material layer in between. Li and Hua
(2007) introduced a finite element numerical method for a double-beam system which could have
unequal masses, unequal flexural rigidities and arbitrary boundary conditions; but for damping
issue, they also assumed the two beams must be identical. Kessel and Raske (1967) solved a
double-beam system under the cyclic moving load with both individual damping and relative
damping. Although the two beams can be different, they must have same simply supported
boundary conditions. Abu-Hilal (2006) investigated the dynamic response of a double-beam
system with viscoelastic layer damping traversed by a constant moving load and obtained the
dynamic deflections of both beams in analytical closed forms. By using the direct Lyapunov
method and simplifying the damping as viscous damping of each beam itself, the stability and
instability of a double-beam system subjected to compressive axial loading is investigated by
Pavlovic et al. (2012). In those two papers, the two beams are identical with same simply supported

boundary condition. Vu et al. (2000) presented an exact method to analyze a two-beam system
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with a viscoelastic layer, with boundary conditions on the same side of the system being same and
the two identical beams. Irie et al. (1982) discussed the steady-state responses of a double-beam
system under the sinusoidal force and a transfer matrix technique is adopted for solving the
differential equations, but the damping considered in it is beam internal damping instead of the
viscoelastic layer damping. Cottle (1990) explored the layered beam with mixed boundary
conditions and a semi-analytical method was applied to solve the equations with the assumption
of same lateral displacements in beams. Xin and Gao (2011) applied the double-beam system into
a specific engineering structure, a bridge with a viscoelastic layer and a slab track on it, and used
the finite element method and multibody dynamics theory to solve the problem. Dublin and
Friedrich (1956) obtained the forced vibration responses for two elastic beams interconnected by
spring-damper system, with two spring-damper systems between two beams instead of uniformly
distributed spring-damper systems. Other similar structures have also been analyzed, such as
sandwich beams (Lu and Douglas 1974; Douglas and Yang 1978; Frostig and Baruch 1993, 1994;
Mace 1994), continuous dynamic vibration absorbers (Yamaguchi 1985; Vu 1987; Aida, Toda,
Ogawa and Imada 1992; Chen and Lin 1998; Kawazoe, Kono, Aida, Aso and Ebisuda 1998), and

composite layered foundations (Yankelevsky 1991).

While there have been plenty of research efforts investigating the double-beam systems as shown
above, most of them treat the viscoelastic layer damping as zero. Some limited efforts consider the

damping effect with simplified double-beam systems. In real engineering practices, such as
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floating slab track on bridge which is mainly studied in this research, the damping is an inherent
properties of the materials for viscoelastic layer and its value cannot be ignored and the structure
cannot be always simplified as above. Therefore, a general double-beam system with arbitrary
viscoelastic layer damping must be considered. This chapter presents a semi-analytical method to
obtain the natural frequencies and corresponding mode shapes for a general double-beam system,
in which the viscoelastic layer damping is nonzero and two beams may have unequal masses,
unequal flexural rigidities and arbitrary boundary conditions. In addition, to the double-beam
system with viscoelastic layer, the forced vibration excited by arbitrary loading is analyzed using
the classical modal expansion method and a proposed iteration algorithm, based on the natural
frequencies and mode shapes obtained from the free vibration analysis. A specific orthogonality
condition for that double-beam system is derived and applied to decouple differential equations.
The natural frequencies and mode shapes are calculated by the semi-analytical method for four
cases of arbitrary masses, arbitrary flexural rigidities and arbitrary boundary conditions models.
Furthermore, various double-beam system models are studied with a concentrated harmonic force
in the midspan of upper beam to conduct the systematic parametric analysis of the structural

resonance condition and dynamic responses.

3.2 Formulation of the Problem

As shown in Fig. 3-1, the physical model of a double-beam system discussed in this chapter
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includes an upper beam and a lower beam joined by a uniformly distributed-connecting
viscoelastic layer. Both beams are homogeneous, prismatic and have the same length L, but they
could have different mass, flexural rigidity, and boundary conditions. The governing equations of
motion for transverse vibrations of the double-beam system with viscoelastic layer, are derived by

Bernoulli-Euler beam theory as follows:

o'W oW, ow. _ O°W.

e 8x4l+K(Wl_W2)+C( atl_ &Zjﬂnl &21 = f,(xt) (3-1a)
o'W, oW, oW, _ O°W.

2 axf‘K(Wl‘Wz)‘C(ﬁ‘?zjmz = h(xY) (3-10)

where W, =W, (x,t) is transverse beam deflections, x, t are the spatial co-ordinate and the time,
e, and m, are the beam flexural rigidity and beam mass per unit length, i=1 or 2 represents upper

beam or lower beam, K and C are the stiffness and damping coefficients of the viscoelastic

layer,and f, (x,t), f,(x,t) arethe exciting force acting on the upper and lower beams.

If f (x,t)=f,(x,t)=0, EQ. (3-1) is the governing equation of motion for free vibration of a

double-beam system; otherwise, it is the governing equation for forced vibration.

The initial conditions in general form are as follows:

W, (X,0) =W,y (X)), W, (X,0)=W,o(X), W,(%,0)=V,,(X), W,(X,0)=V,,(x) (3-2)

As to the boundary conditions at the ends (x =0, L) of the two beams, since it can analyze
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different kinds of them in this chapter, so some common ones are listed as follows:

Simply supported: W, (0,t) =W, (L,t)=W,"(0,t)=W," (L,t)=0 (3-3a)
Clamped: W, (0,t)=W, (L,t)=W, (0,t)=W,(L,t)=0 (3-3b)
Free: W (0,t)=W"(L,t)=W"(0,t)=W," (L,t)=0 (3-3¢)

Spring supported: W," (0,t)=W," (L,t)=0, EIW."(0,t)=-KW,(0,t),

E W, (L,t)=KW, (Lt) (3-3d)

where =1 or 2 represents upper beam or lower beam.

f.(xt)

? v v
&,=5l, mM=pA ﬂﬁ/ M
L \ V. Y Vv

f,(x1)
Fig. 3-1. The physical model of a double-beam system: (a) free vibration model; (b) forced vibration model.

3.3 Solution of the Problem for Free Vibration

Based on the previous research results and experiences, the solutions for Eq. (3-1) is supposed to
be separable in time and space, and therefore, they can be assumed in the form as follows

W, (x,t) =T (t) X, (x) = De'* Ae™, W, (x,t)=T(t)X,(x)=De"“'Be™ (3-4)
where T (t)=De** is time function, X,(x)=Ae™ and X,(x)=Be™ is the mode shape
function of the upper beam and lower beam, respectively, @ is the natural frequency of the

double-beam system, A, B, D, P are unknown constants, and i =+/-1 is imaginary unit.
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Introducing the general solutions Eq. (3-4) into Eq. (3-1) and f,(x,t)= f,(x,t)=0 for free
vibration, the differential Eq. (3-1) becomes a set of algebraic equations and they can be written in

matrix form as follows

{elP“JrK+Cico—n_11a)2 —K-Cio HA}:{O} (3-5)

-K -Ciw e,P* +K +Cio—m,»’

It can be easily understood that finding the solutions to Eq. (3-5) is an eigenvalue problem, the
nontrivial solutions for Eq. (3-5) require the determinant of the coefficient matrix is equal to 0,

which derives out an eighth order polynomial equation in P.

ee,P°+[ (¢ +&,)(K +Ciw)-Mw’e, - Mo’ |P* +[ Mm,0" -0 (K +Ciw)(m, +m,) | =0(3-6)

The eight roots of Eg. (3-6), that are also the values of constant P, can be solved as

PJ_:4Q17 Pzz_\4/Q1’ Pa:4Q1i7 P4:_4Q1i’ P5:4Q2’ P6:_\4/Q2’ I37:4(92i’

Pg =—3 Qzl (3_7)
~[(e +&,)(K +Ciw)-ma’, -M a%, |+ VA
Q1'2 _ [(el 2)( ) 10 & — T 1} (3-8)
288,
A=[e (K +Cio-mo”)-e,(K +Cio- mla)z)]z +4ee, (K +Ciw)’ (3-9)

Using Eqg. (3-5), considering there are eight roots P, ( j=12...8), the relationship among the

constants A and B is given by
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_ K +Ciw A zelpj4+K+Cia)—rﬁla)2
e,P! +K+Cin-m,0* ' K+Ciw

<A =BA (j=12.8) (3-10)

j

Finally, the solution of Eq. (3-1) can be obtained in the form as follows

Wl(x,t):iDne‘“’nt i(%ep"jx)} (3-11a)

j=1

W, (x,t)=3 D,
n=1

8 (Bm.epm'* )} - il D, e {i( ByAL™ )} (3-11b)

i1 i1

D, P

where e, is nth natural frequency, and A, B;, D,, B;, p, are the unknown constants

corresponding to nth natural frequency.

Substituting Eq. (3-11) into the real boundary conditions defined in Eq. (3-3) results in a set of

eight algebraic equations with eight unknown constants A ( J=1,2...8) under each natural
frequency. In matrix form, it can be represented as
[E]8x8 {A}le = {0}8><l (3_12)

where {A}M:{A11 A, A; A, As As A; Aw}T is unknown constants vector,

{0},,={0 00 000 O 0}T is zero vector, and [E] . is boundary conditions

8x8

coefficient matrix.

Due to the method adopting [E], . matrix which depends on specific boundary conditions, this

chapter can analyze arbitrary boundary conditions and upper beam boundary conditions can be
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different from lower beam, which is an obvious advantage from previous researches. If lower beam

is simply supported - simply supported and upper beam is spring supported - spring supported, the

[Els.s

matrix can be denoted as Eq. (3-13).
B B B B Bs B B Be
ﬂn 1er'~ ﬂn zepnzl' ﬂn 3ePn3L /5:‘ Ae”"AL /3" 5ePn5L /5:' GePrvEL ﬁn 7erL /3" HGP"HL
AP BoPs B B BeP% BeP% BFa BeP%
B BoPag™ BePeg™ B BePag™ BePee™ Bl BePeg™
4 4 d i R R 9 4
p"ZlerL R‘ZZeRzL P"ZSGPV\QL E\ZAEPML pnzsepnsL pnzse"nsl- |:>n27€PmL P"éePnEL

eP +K+Cig, eP, +K+Cig, gP.’+K+Cim, gP+K+Cig, &P’ +K+Cin, gP+K+Cig, gP . +K+Cig, &P +K+Cim,

(6P-K-Cia)e™ (¢P-K-Cia)et* (ei—K—Cia)e™ (eR-K-Cy)e™ (¢PJ—K-CiaJe™ (e —K—Cia)e™ (eB-K-Cia)é™* (6pJ—K-Ciae™

(3-13)

From Eq. (3-12), boundary conditions coefficient matrix [E]__ is frequency characteristic matrix,

and the nontrivial solutions for Eq. (3-12) will exist only when |E|=0.

Based on the equations derived above, a semi-analytical method is developed to determine the

natural frequencies and mode shapes of the whole double-beam system: (1) start from «»=0.1,

solve eighth order polynomial equation Eq. (3-6) and obtain P; . (2) based on Eq. (3-10), obtain

the relationship parameter g, . (3) according to real boundary conditions, build frequency

characteristic matrix [E], . (4) calculate the determinant of matrix [E], .. (5)if |[E|=0,the @

is outputted as the natural frequency, solve Eq. (3-12) to obtain A, , and determine the

corresponding mode shape by Eq. (3-11). (6) if |E|= 0, modifythevalueof @ by w=w+Aw

and start doing the calculation from step (1) again until the right value of @ is founded. Due to

the error of natural frequency increase step Aw, it is impossible to obtain the precise @, which

can satisfy |E| =0, directly. Therefore, a searching process is needed in here. If the determinant
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of frequency characteristic matrix [E],_ is denoted as a function of @, f (), the real natural
frequency @ value should be the root of f(w)=0. Therefore, in the searching process, a

numerical analysis method, Secant Method, can be adopted to solve that problem after an

approximation roots ¢,, are determined by the semi-analytical method.

In order to find the final form of the double-beam system free vibration, initial conditions defined
in Eq. (3-2) are applied to determine the values of constants D, . Before that, a specific discussion
on natural frequency « in double-beam system is shown here. In this chapter, the double-beam
system with zero viscoelastic layer damping is called undamped double-beam system, and the one
with nonzero viscoelastic layer damping is called damped double-beam system. Considering the
undamped double-beam system (C =0), the equations about natural frequency, which are from
Eq. (3-5), will be written as follows

~ M, A piampes + K (A—B)+&P*A=0 (3-14a)

_mZBa)jndamped -K (A_ B) + eZPAB =0 (3'14b)

Substituting Eq. (3-14), K(A—B)+e,P*A =M Ac jmpeq aNd—K (A—B)+€,P*B = M,Ba] yamped »

—C(B-A)

into Eq. (3-5) with C %0, and defining &= (M.B-mA)
m,5—m, %ndamped

, the Eq. (3-5) will be

a)Z - 2éZa)Undamped ToRs a)jndamped =0 (3_15)
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The solution for Eq. (3-15) can be written as

=% \/1_ §2 a)Undamped + ga)Undamped i = ia)Damped + éa)Undamped [ (3_16)
- 2 -
where o is natural frequency of damped double-beam system, @p, 0 = J1-¢ Ongampes 15 TR

natural frequency of damped double-beam system, @, 4.meq 1S Natural frequency of undamped

—C(B-A)

double-beam system, and & =
(mZ B - mlA) %ndamped

Is damping ratio of damped double-beam

system.

Based on Eqg. (3-16), the assuming final solutions for double-beam system free vibration can be

written as

© ) ) 8 ) . .
Wl (X, t) — Z( Dm-e'“)n‘Dampedt + Dnze_"”n,DarmJedt )e_gwn‘Undampedt |:Z<A1jepnjx ):| — Z( Dnlelwnlt + Dnze'“’nzt )¢n1 (X)
n=1 j

j=1 n=1

(3-17a)

o0

W2 (X,t) — Z( Dnleiwn,oampedt + Dnze*ia’n,oampedt )effwn,umarmaedt |:Zs:(ﬂn] Anjepnjx )i| — Z( Dnleiwnlt + Dnzeia’nzt )¢n2 (X)

j=1 n=1

(3-17h)
Oy = a)n,Damped + é.J:a)n,Undampedi (3'17(:)
@y =~ pamped + ga)n,Undampedi (3'17d)

where ¢, (x) and ¢,,(x) are the mode shape functions under nth natural frequency for the

upper and lower beams, respectively, o, and o

h Undamped are nth natural frequency for

n,Damped
undamped double beam system and nth real natural frequency for damped double-beam system,
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defined in Eq. (3-16), and o,,, ®,, are two roots of nth natural frequency for damped double-

beam system.

Substituting Eqg. (3-17) into Eq. (3-2), the initial conditions could be denoted as

0

;(DnﬁDnz 1 (X) =W (X) (3-18a)
Z(DnﬁDnz 2 (X) =W (X) (3-18h)
Z(imenﬁiwnanz (%) =Vio (X) (3-18c)
g(ia)mDeria)nanz 2 (X) =V, (X) (3-18d)

In order to apply modal expansion method to solve Eq. (3-18), it is necessary to derive the

orthogonality condition for different mode shapes of double-beam system with viscoelastic layer.

The governing equations Eq. (3-1) with f,(x,t)= f,(x,t)=0 can be written in the form of:

_ oW, o'W oW, oW
‘mlat—f:elﬁ“(Wl‘Wz)*C(?‘#j (3-199)
_ oW o'W, oW, oW
-, =, K (W, —Wz)—c(ﬁ—ﬁzj (3-19D)

The left terms —m 62\’;/1 82\’\2/2

and -m, are due to acceleration, so they are a kind of inertial
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oW,  &°W,
;e —
ox* OX

force f, (x,t) and f,(x,t). Therightterms g and K (W, -W,)are related to

displacement, so they can be treated as a sort of elastic force. Although the right term

oW, oW,
C(j—#j is damping force which is related to two beams velocities, it also can be treated

as an outer force which produces two beams displacements, therefore, it can be treated as a special
sort of elastic force. According to Bitti Theory, when considering the whole double-beam system,

which consists of upper beam and lower beam, an energy equilibrium equation will be obtained as

[ W (%,8) Fiag (X,8) + W, (x,8) £ (x,1) ] :len (%,t) Fram (X 1) + W, (X,1) Fpm (X,1) ]l

(3-20)

Substituting Eq. (3-19) into Eq. (3-20), applying the definitions of f (x,t) f,(xt) and

merging the similar items, the Eq. (3-20) will be

{ml [ T2 () () J x4, [, (X) (x)]dx}me (T, (t) (w2 -~ w?) =0 (3-21)

Since for different natural frequencies, @’ # w7, so the orthogonality condition for different mode

shapes of the double-beam system with viscoelastic layer is

IOL |:¢n1 (X) r.Tll ml (X) + ¢n2 (X) rT]2¢m2 (X)] dX = Mné‘mn (3_22)

where M, is the generalized mass in the nth mode, and &, is the Kronecker delta function.

Go back to the initial conditions Eq. (3-18), Eq.(3-18a)xg,,(x)m, +Eq.(3-18b)x g, ,(x)m,,
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and integrate it respect to x from O to L

j¢m1 mlzw: D +D ) dX+I ¢m2 mzi(D +D )¢ ( )dX

(3-23)
:jo G (MW, (X) dx+J‘0 o (X)MW, (X) dx
The orthogonality condition is applied into Eq. (3-23), and it will be transferred as
3 W, () X) MW, (X) |dX
D,+D, j[¢1 ml 10 + ( ) 2 20( )] (3-24)

J.o [ 40 (X) Mo, (X)+ 6, (X) Mygh,, (%) ] dx

Eq.(3-18c)x¢,, (x) M, + Eq.(3—18d ) x 4,, (x)m,, and integrate it respect to x from 0 to L; apply

orthogonality condition like in Eq. (3-23), it will be

a)nan1+(0n2Dn2 1I |:¢n1 X mVlO n (X)mZVZO(X)] dX (3-25)
o[ () wm( 2<x>m2¢n2<x)]dx
Solving Eq. (3-24) and Eq. (3-25), the solution of D,, and D,, can be
1 VVn 1V ]
Dnl (a)nz nl) { @y _EX Mn} (3 263‘)
1 W 1 V ]
Dnzzmx{a}nlﬁn—}xmn} (3-26Db)
M, = [ [ (X) Mudh (X) + s (X) M, (X) ]l (3-26¢)
W, = [ [ (%) MW (X) + (%) MM (%) Jx (3-26d)
Vo = [ T ()M (%) + 6 (X) Vg () ] (3-26¢)

where M, W_, V. is the generalized mass, displacement and velocity in the nth mode.
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Until here, all constants in the assumed solutions Eq. (3-17) have been determined. Therefore, the

free vibration of a double-beam system with viscoelastic layer is solved successfully.

3.4 Solution of the Problem for Forced Vibration

It is similar to the solutions of free vibration, particular solutions of forced vibration in the double-

beam system could be assumed in the following form

0

W, (xt)=2T, (t)[ ,: (quepn,-x )} = nZ::Tn () (x) (3-27a)

n=1

W, (x,t)= iTn (t){f:( BiAe™ )} =>'T,(t) ¢, (X) (3-27b)

8 8
where ¢nl(x)=Z(AﬂeP"J’x), 4., (x):Z(ﬂnj A“.ep"l'x) are mode shape functions of upper beam
=1

j=1
and lower beam corresponding to nth natural frequency, and T, (t) is time function corresponding

to nth natural frequency. ¢, (x) and ¢,,(x) are known from the free vibration analysis, and

T,(t) is unknown function which need to be solved.

Substituting the assumed solutions Eq. (3-27) into Eq. (3-1), so they become

3T (050 $r (t)[¢nl(x)—¢n2(x)]+cn2dTglt(t)[¢nl(x)—¢n2(x)]

- (3-28a)

>
Il
N
(@}
>
IS
>
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eZETn (t) d4ﬁn;4(X) - KiTn (t)[¢nl( n2 :I Cz dt [¢n1 n2 ]

" " (3-28b)

Introducing free vibration equations of undamped double-beam system in here can simplify the
motion equations of forced vibration. In undamped double-beam system, damping ratio

_C(B-A)
( mZ B- rT‘]l A) @ ndamped

E=

=0, from Eq. (3-16), @ = £@,gampeq » the sOlUtions for free vibration can

be obtained from Eqg. (3-17) and written as

0

W, (xt) = 25Dy + D™=+ )t (x) (3-292)
n=1

W (%,8) = DD 4 D e ) () (3-29)
n=1

where ¢ (x) and ¢, (x) are undamped double-beam system (C =0) mode shapes, and

1) is nth natural frequency for undamped double beam system.

n,Undamped

Substituting Eq. (3-29) and C=0 into Eq. (3-1) with f (x,t)=f,(x,t)=0, eliminating the
same term (Dme"""*’”dampedt + Dnze’i””“““a"“’edt) and multiplying the T, (t) in each term, the Eq. (3-1)

will be in form

elZT

+ KZT )[¢”1 (X) o ¢n2 (X):| = mlzoj:a)r?,UndampedTn (t nl (X) (3'303-)

ZZT KZT )[¢nl (X :' mzz n Undamped n2 (X) (3'30b)
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Introducing Eqg. (3-30) into Eq. (3-28) produces

> m o, oW, AW,
=\ ¢n1(X) " 2( )+ma)nundamped¢nl( )T (t)}: fl(x’t)_cﬂg_ . J
o __ d2T t oW oW,
nE:l _m2¢nz(X)T()+m a)nUndamped¢n2(X)Tn (t)}: fz(X,t)+C( p _ = J

(3-31a)

(3-31b)

Eq.(3—31a)x4,, (x)+Eq.(3—31b)x¢,,(x), integrate it respect to x from 0 to L, and apply

orthogonality condition Eq. (3-22), so it will be

d’T, (t
dtZ( ) T, UndampedT (t) = Fn (t) + FDn (t)

J~OL|:¢n1 (x) f,(x,t)+ ¢, (x) f, (x,t)] dx
joL[¢nl (X) My (X) + (X)W, (X) |

Iy {Mz nl(x)][c (%Vl/l_éaV\t/zﬂ} dx

[T (X) Mg () i (X) M, (x) ]

F, (t):

Fon ()=

Using Duhamel's integral, particular solution of Eq. (3-32a) can be obtained as

I;[F”(T) :' Sm[ nUndamped ]dT

a)n,Undamped

(3-32a)

(3-32b)

(3-32¢)

(3-33)

In Eq. (3-32) and Eqg. (3-33), the unknown damping force C(%—%j is included, therefore,
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they are a kind of implicit equations and it is hard to solve them directly. An iteration method,
which could be generally expressed in a flowchart form as in Fig. 3-2, is developed in this chapter
to solve that problem. By the iteration method, the forced vibration of a double-beam system with

viscoelastic layer is solved successfully.

Define C =0, solve Egs. (3-32), obtain Undamped Double-Beam System forced vibration response

v

From Egs. (3-27), obtain W, (x,t), Wz(x,t)|

v

»|Calculate M MW, (xt)
ot ot

v

Recover C to its real value, calculate damping force: F, = c[

5W1(x,t)_6W2(x,t)}

ot ot
+ n=n+1
_ Solve Egs. (3-32), obtain Damped Double-Beam System forced vibration response
W, (x,t) =W, (x,t) ¢
W; (x,t) =W, (x.t) From Egs. (3-27), obtain W, (x,t), W, (x,t)

Output damped double-beam system forced vibration responses at this time point

W, (%, t) s W, (x,t) s W (X, ) W, (X, 1)) W (%,t): W, (x,t)

n>N, N:Total Time Steps Number
NO

YES

Fig. 3-2. Flowchart of the iteration method to calculate forced vibration responses of a double-beam system with

viscoelastic layer.
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3.5 Numerical Examples

In order to illustrate the semi-analytical method and the iteration method presented in this chapter,
some numerical examples are discussed in detail. Upper beam spring supported-spring supported
and lower beam simply supported-simply supported (Fig. 3-1(a)) is the main boundary condition
simulated in here. The model with upper beam and lower beam both simply supported-simply

supported, is applied to verify the correctness and accuracy of the proposed method.

3.5.1 Free Vibration
The values for the parameters of the double-beam system are from (Oniszczuk 2000c) as follows
E=1x10°Nm™? , 1=4x10"m"' , p=2x10°kgm= , A=5x10°m*> , L=10m |,

e=El =4x10°Nm*, m=pA=1x10’kgm™, K =(1~5)x10°Nm?, C=(0~1)x10*Nsm™

Four cases are investigated in here for verification and discussion. The boundary condition for
Case 1 is upper beam simply supported-simply supported and lower beam simply supported-
simply supported, and the ones for Case 2 to Case 4 are the same as upper beam spring supported-
spring supported and lower beam simply supported-simply supported. The specific parameter
values of all cases are as follows

Casel: e =e,=e, m=m,=m, K=(1~5)x10°Nm?, C=0Nsm™.

Case2: e =e,=e, m=m,=m, K=1x10'Nm?, C=(0~1)x10*Nsm™.
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Case 3: ¢ =008, e,=e, m=02m, m,=m, K=1x10*Nm?, C=(0~5)x10*Nsm™.

Case 4: ¢ =008, e,=e, m=02m, m,=m, K =(1~5)x10'Nm?, C=100Nsm™.

The natural frequencies and mode shapes of those four cases are calculated by using the semi-
analytical method presented in this chapter, the first several natural frequencies and normal mode
shapes of each case are summarized in Tables 3-1 to 3-4 and Fig. 3-3 to Fig. 3-9, respectively. The

comparative results available in (Oniszczuk 2000c) are also summarized in Table 3-1.

In Table 3-1, the natural frequencies calculated by the semi-analytical method presented in this
chapter, are in excellent agreement with the analytical solutions in (Oniszczuk 2000c). Therefore,
the correctness and accuracy of the semi-analytical method are apparently proved and

demonstrated by the comparison in Table 3-1.

The data in Table 3-2 and Table 3-4 are also plotted in Fig. 3-9, which indicate the effects of
viscoelastic layer damping C and stiffness K on the natural frequency @, of whole double-beam
system. As shown in Fig. 3-9(a), viscoelastic layer damping C doesn't change the natural frequency
o, significantly in a certain range, but if the damping C reach a large value, some natural
frequencies will be vanished. When the viscoelastic layer damping C reach a certain relative large
value, it makes the viscoelastic layer becoming a kind of rigid connection between two beams, the

whole system will behave like a single beam instead of two beams. Therefore, some antisymmetric
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mode shapes and corresponding natural frequencies will be eliminated, and the symmetric mode
shapes and their frequencies, which are similar to the single beam mode shapes, will exist. The
Fig. 3-5 and Fig. 3-7, which are the mode shapes under large viscoelastic damping C and are
similar to the single beam mode shapes, just confirm the conclusion and explanations above.
Different from the damping, in general, there is a tendency to increase the natural frequency @,
in case of increasing the viscoelastic layer stiffness K (as shown in Fig. 3-9(b)). Therefore, it is
effective to adjust the natural frequencies of whole double-beam system by changing the
viscoelastic layer stiffness K, that can help people to avoid the resonance phenomenon happened

in the double-beam structure during it is under some dynamic loads with specific frequencies.

From Case 2 and Case 3, the data are as shown in Table 3-2 and Table 3-3, if the viscoelastic layer
damping and stiffness are the same, when the upper beam is smaller than lower beam, the natural
frequencies become a little higher, and that could help to solve some low frequency domain

vibration problems in engineering practices.

Table 3-1. Natural Frequencies of double-beam system @, ,gameq (S7'); Case 1: C=0Nsm™

K x107° n=1 n=2 n=3 n=4 n=5 n=6

(Nm_z) Present Ref. Present Ref. Present Ref. Present Ref. Present Ref. Present Ref.

19.74 197 48.88 489 78.96 79 90.74 90.7 177.65 177.7 183.20 1832
19.74 197 66.25 66.3 78.96 79 101.16 1012 17765 177.7 188.58 188.6
19.74 197 7894 79 79.96 799 11061 1106 177.65 177.7 193.81 193.8
19.74 197 789 79 9159 916 11931 1193 177.65 177.7 19890 198.9
19.74 197 7896 79 10193 1019 12741 1274 177.65 177.7 203.86 203.9

o A W N -
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Table 3-2. Natural Frequencies of double-beam system @, p,..s (57); Case 2: K =1x10*Nm™
C(Nsm™) £ n=1 n=2 n=3 n=4 n=5 n=6
0 0 9.90 12.60 22.58 46.73 79.59 124.08
102 0.013 9.90 12.57 22.55 46.72 79.59 124.07
103 0.108 9.86 10.18 19.10 45.53 79.20 123.35
104 0.537 - - 19.05 - 78.59 -
Table 3-3. Natural Frequencies of double-beam system @, ponoeq (57); Case 3: K =1x10*Nm
C(Nsm™) £ n=1 n=2 n=3 n=4 n=>5 n="6
0 0 17.52 24.49 27.26 41.57 79.47 83.82
50 0.016 17.54 24.45 27.20 - 79.46 -
100 0.032 17.59 24.31 27.02 - 79.43 -
500 0.156 18.33 - - - 78.50 -
Table 3-4. Natural Frequencies of double-beam system @, pampeq (s7); Case 41 C =100Nsm™
K x10*(Nm~) n=1 n=2 n=3 n=4 n=>5 n="6
1 17.59 2431 27.02 79.43 155.77 177.90
2 18.25 3451 36.54 79.59 158.67 178.21
3 18.43 42.32 44.10 80.13 161.53 178.54
4 18.51 50.51 52.28 81.19 164.35 178.92
5 18.55 56.18 57.30 83.37 167.13 179.33
Mode 1 Mode 2 Mode 3
1 1 1
0 /_\ 0 /_\ 0 /\/
-1 -1 &l
1 1 1
— T, o /\/
P " \—/ 4
Mode 4 Mode 5 Mode 6

1

O/_\/
-1

1

0\/\
-1

Fig. 3-3. The first six normal mode shapes of the double-beam system for Case 1, K =1x10°,C=0.
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Mode 1 Mode 2 Mode 3

1 1 L
0 0 / 0
1 -1 -
1 0.02 4
0 —_—— I 0.00 \/\ 0 /_\
1 -0.02 4

Mode 4 Mode 5 Mode 6
1 1 1
n /\ . /\/ . /\/
R -1 -1
0.02 45 0.002
000 e e O /\/ 0.000 /\/
-0.02 -45 -0.002

Fig. 3-4. The first six normal mode shapes of the double-beam system for Case 2, K =1x10*,C =100.

Mode 1 Mode 2
1 1
0 /_\ 0 \/\
-1 -1
1 15
0 //_\ 0.0 \/\
1 -1.5

Fig. 3-5. The first two normal mode shapes of the double-beam system for Case 2, K =1x10*,C =10".

Mode 1 Mode 2 Mode 3
12 - — 1 (R —_—
0.0 0 / 0
-1.2 -1 -1
1.2 1 1
e D ——_____ i —
-1.2 1 -1

Mode 4

T—
~

Fig. 3-6. The first four normal mode shapes of the double-beam system for Case 3, K =1x10*, C=50.
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Mode 1 Mode 2
1 _— 2
8 0 /\/
-1 2
1 2
0 Q

._——-___—-__'_'_——__ /\/
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Fig. 3-7. The first two normal mode shapes of the double-beam system for Case 3, K =1x10*,C =500.
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Mode 1 Mode 2 Mode 3

12 1 " —
0.0 0 0

-h‘-._-—'————_—_'_-_--—’-
1.2 -1 -1

1.2 0.5 0.5
00— = 00 \_//\ e R ———
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Mode 4 Mode 5 Mode 6
2 1 1
N~ ——— /'\/\ 0 \_/\_/
2 -1 1
2 0.05 60
° \/—\ 0.00 /\/\ ’ \/\/
-2 -0.05 -60

Fig. 3-8. The first six normal mode shapes of the double-beam system for Case 4, K =1x10*,C =100.

Case 2 Case 4
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100 —A—o, —h— 0,
o 140 4 ’
” * N ’ 120 - @4
o —— (!Ji —_ ——0
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a 604 —t0 = —— 0,
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Fig. 3-9. Natural frequency @, versus viscoelastic layer damping C and stiffness K.

3.5.2 Forced Vibration
Various models are calculated and analyzed in here, all of them are with the same boundary
condition: upper beam spring supported-spring supported and lower beam simply supported-

simply supported, which is more realistic in engineering practices. Among all of those models, the
exciting force of the double-beam system is f (x,t)= fsin(ewt)5(x-0.5L), f,(x,t)=0,
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where f =-—10000N is amplitude and @ is frequency of a concentrated harmonic force acted

on the midspan of the upper beam, and &(x) is Dirac delta function. The values for the basic

parameters of the double-beam system are also the same from (Oniszczuk 2000c).

3.5.2.1 Resonance Condition

Resonance Phenomenon is an important issue in structure vibration problems, and it is so
dangerous which must be avoided. According to abundant previous research conclusions, the
resonance phenomenon will happen when the frequency of exciting force is close to the structure
natural frequency. Due to the complexity of the double-beam system with viscoelastic layer, it is
hard to derive the resonance condition in formulation format, but it is still reasonable to conclude
as follows: if the frequency of exciting force @ is equal to real natural frequency of damped
double-beam system .., , the dynamic responses of the two beams, W, and W, , will be
unlimited, which is resonance phenomenon. Therefore, the resonance condition for double-beam
system with viscoelastic layer is

@ = O, pamped n=123,... (3-34)

Two cases are calculated in here for verifying the resonance condition: Case 1: two identical beams,
g=6=e, m=m=m, K=1x10"Nm=?, C=100Nsm™*; Case 2: smaller upper beam,

e =008, e,=e, m=02m, m,=m, K=1x10"Nm?,C =100Nsm™. The frequency

responses at the midspan of the two beams are calculated by the equations presented in this chapter,
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and the absolute amplitude of them are shown in Fig. 3-10.

a. Case 1: Two ldentical Beams b. Case 2: Smaller Upper Beam
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Fig. 3-10. Frequency response at midspan point of two beams.

From Fig. 3-10, Table 3-2 and Table 3-3, it can be easily seen that the dynamic response of two
beams reach some peak values when the exciting force frequencies @ is close to the real natural
frequencies of the damped double-beam system @, o0 » Which is just the resonance
phenomenon and verifies the resonance condition shown above. When designing the double-beam
system, it is supposed to make the natural frequencies of system being far away from the frequency

of exciting force, and avoid the resonance phenomenon happened.

Also in Fig. 3-10, when the resonance frequency »=46.72 inCasel,and »=27.02 inCase 2,
only the upper beam has the peak values, and in contrast, lower beam doesn't have. The main
reason for that is the corresponding mode shapes. Checking the mode shapes in Fig. 3-4(d) and

Fig. 3-6(c), it is found that the deformation amplitude of lower beam is very small comparing with
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the upper beam, therefore in those resonance frequencies, the lower beam dynamic response is not

as great as upper beam, although there is still resonance happened to lower beam.

3.5.2.2 Effect of Viscoelastic Layer Stiffness K

Viscoelastic layer is the connection between upper beam and lower beam in double-beam system,
therefore, its properties will affect the dynamic responses of two beams apparently. Some
discussions about the effect of viscoelastic layer stiffness K on two beams dynamic responses are
shown in here. Three cases are investigated in here for discussion: e =e,=e, m=m,=m,
C =100Nsm™ ; Case 1l: K=1x10*Nm= ; Case 2: K=2x10*Nm= ; Case 3:
K =3x10*Nm™. The deformation response factor of frequency response at the midspan of the

two beams are shown in a form of semi-log plots in Fig. 3-11.

a. Upper Beam b. Lower Beam

Deformation Response Factor

Deformation Response Factor

0.1 . . :
0 50 100 150 0 50 100 150

Exciting Force Frequency a)(s") Exciting Force Frequency @ (S")

Fig. 3-11. Frequency response at midspan point of two beams.

With the increase of viscoelastic layer stiffness K, the dynamic response of upper beam is generally
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decreased (as shown in Fig. 3-11(a)). Upper beam in here is a kind of a beam on viscoelastic
foundation, when the viscoelastic layer becomes stiffer, the restrict to the upper beam gets stronger,
therefore the upper beam vibrates smaller and smaller under same exciting force. From Fig. 3-
11(b), the dynamic response of lower beam is generally increased with the increase of layer
stiffness K, which is opposite to upper beam. Since f, (x,t) =0, therefore the energy which let
lower beam vibrate is all from viscoelastic layer. Once the viscoelastic layer gets stiffer, its
deformation will be smaller and less energy will be absorbed by upper beam, therefore more

exciting energy will be obtained by lower beam and makes its dynamic response increased.

3.5.2.3 Effect of Viscoelastic Layer Damping C

Another parameter of viscoelastic layer in the double-beam system is the damping, C, which is an
important issue to reduce the vibrations of both beams. Three cases are investigated in here for
discussion of damping effects on two beams dynamic responses: e =e,=e, m=m,=m,
K =1x10*Nm™; Case 1: C=0Nsm™*(£=0); Case 2: C=100Nsm™(£=0.0196); Case 3:
C =500Nsm™( & =0.151). The deformation response factor of frequency response at the midspan

of the two beams are shown in a form of semi-log plots in Fig. 3-12.
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Fig. 3-12. Frequency response at midspan point of two beams.

As shown in Fig. 3-12, for both upper beam and lower beam, the dynamic responses are generally
reduced with the increase of damping C. Damping is a kind of vibration energy absorber, when
increase the damping value, more energy will be absorbed and less energy will be applied to make
structure vibration. In double-beam system, the viscoelastic layer is just between upper beam and
lower beam, so its damping can effectively absorb the energy when exciting energy is applied to
the whole system. Therefore, with the increase of viscoelastic layer damping, more exciting energy
could be absorbed and less of them will be applied to upper beam and lower beam, that’s why both
of them have a reduction on dynamic responses. But the viscoelastic layer damping cannot adopt
a very large value, since when it reaches a relative large value, it will become a rigid connection
between upper and lower beam, the whole system will vibrate as a single beam system instead of
two beams system, which is also proved in the free vibration discussions and shown in Fig. 3-5
and Fig. 3-7, the damping cannot help to absorb energy and reduce the dynamic responses of two

beams any more in that case. Therefore, increasing the viscoelastic layer damping value in a
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reasonable range could effectively help people to reduce the dynamic responses of both upper

beam and lower beam in double-beam system.

3.5.2.4 Effect of Upper Beam Mass

In plenty of engineering projects, the double-beam system usually doesn't have same upper beam
and lower beam. To reduce the dynamic responses of the lower beam, the upper beam is designed
as vibration absorber. Therefore, the physical property of upper beam has significant effects in
dynamic vibration reduction, and the mass of upper beam is discussed firstly in here. Three cases
are investigated for discussion: e =0.08e, =0.08e, m,=m, K=1x10"Nm?, C=100Nsm™;
Case 1: m =0.1m; Case 2: m =0.5m; Case 3: m =m. The deformation response factor of

frequency response at the midspan of lower beam is shown as semi-log plots in Fig. 3-13.

From Fig. 3-13, except the resonant frequency domain, when increasing upper beam mass, the
dynamic response of lower beam is generally decreased. Since the double-beam system in here is
with f (x,t)= fsin(wt)5(x-05L), f,(x,t)=0, therefore upper beam accepts the exciting
energy firstly, absorbs some of them and then transfers the left ones to lower beam by viscoelastic
layer. If the upper beam is heavier, more exciting energy are needed to complete its own vibration,
the energy left for lower beam is reduced and lower beam vibrates smaller. However, the mass of
upper beam cannot grow to very large. If upper beam mass exceeds a limit value, the vibration

energy of upper beam itself will be too huge and it will be transferred to lower beam by viscoelastic
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layer too, the lower beam vibration will not be reduced anymore in that case.
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Fig. 3-13. Frequency response at midspan point of lower  Fig. 3-14. Frequency response at midspan point of lower
beam for upper beam mass discussion. beam for upper beam flexural rigidity discussion.

However, in resonant frequency domain which is also the small exciting force frequency area in
Fig. 3-13, the dynamic response of lower beam is larger when the upper beam mass is larger, which
is an opposite tendency comparing with it in non-resonant domain. It is because the change of
upper beam mass leads to the apparent difference of natural frequency, and the one with larger
upper beam mass has smaller natural frequency. Therefore, the model with larger upper beam mass
reaches resonant vibration status at smaller exciting force frequency, and it makes the dynamic
response of lower beam has larger value than other cases in that frequency domain. Although the
tendency is different due to the resonant vibration, the dynamic response peak value at resonant
frequency of the model with smaller upper beam mass is also larger, which is still the same

tendency as in non-resonant domain.
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3.5.2.5 Effect of Upper Beam Flexural Rigidity

In this section, it will explain how the upper beam flexural rigidity affects the vibration responses
in lower beam and how it works to reduce its dynamic response. Also, three cases are investigated
in here for discussion: e,=e, m =0.2m,=0.2m, K=1x10‘Nm?, C=100Nsm™; Case 1:
e =0.01le; Case 2: e =0.1e; Case 3: e =e. The deformation response factor of frequency

response at the midspan of lower beam is shown in Fig. 3-14.

In Fig. 3-14, it is demonstrated that the general tendency for the dynamic response of lower beam
is decreased with the increase of upper beam flexural rigidity. When upper beam is soft, less energy
can let it deform and vibrate, more energy is obtained by lower beam. When the upper beam
flexural rigidity gets larger, more exciting energy is used to complete its deformation and vibration.
Thus less energy is transferred to lower beam and its dynamic response gets smaller. If the
flexural rigidity exceeds a limit value, the upper beam will become a rigid body and it will not
absorb any energy, and all the exciting energy will be transferred to lower beam and make larger

dynamic response in lower beam.

3.6 Conclusions

In this chapter, considering the viscoelastic layer damping existed in real engineering practices, a

semi-analytical method is developed to analyze the natural frequencies and corresponding mode
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shapes of the general double-beam system, which may have arbitrary viscoelastic layer damping,
arbitrary beam mass, beam flexural rigidity and/or boundary condition. The free vibration final
forms, which are the exact solutions of the motion differential equations formulated by the classical
Bernoulli-Fourier method, can be solved based on the initial conditions. Comparing the numerical
experiments results with analytical solutions from previous research in the literature, the
correctness and accuracy of the semi-analytical method presented in this chapter has been proved.
Various models, which have different beam mass, beam flexural rigidity and different boundary
condition, are also calculated to show their natural frequencies and corresponding mode shapes.
The effects of viscoelastic layer damping and stiffness on double-beam system natural frequencies

are further discussed.

The modal-expansion method and an iteration method are applied to find the dynamic response of
forced vibration in a double-beam system using the natural frequencies and mode shapes obtained
from the free vibration analysis. The specific orthogonality condition for a double-beam system is
derived, and then applied to decouple the motion differential equations. Various double-beam
system models with a concentrated harmonic force in the midspan of upper beam have been
calculated with systematic parametric studies showing the following conclusions:

1. Effect of viscoelastic layer stiffness K: Increase viscoelastic layer stiffness in a range, dynamic
responses of upper beam are reduced, but dynamic responses of lower beam are increased.

2. Effect of viscoelastic layer damping C: To both upper beam and lower beam, the dynamic
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responses of forced vibration are decreased with the increase tendency of viscoelastic layer
damping value in a range.

3. Effect of upper beam mass: Dynamic responses of lower beam are significantly decreased when
increase the mass of upper beam in a range.

4. Effect of upper beam flexural rigidity: Dynamic responses of lower beam are decreased if

increase the flexural rigidity of upper beam in a range.

Finally, the vibration problem of a double-beam system with viscoelastic layer is solved

successfully, and all of those parametric study conclusions can be helpful to engineers to design

the double-beam system.
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Chapter 4 Active and Semi-Active Vibration Control of Undamped

Elastically Connected Double-Beam Systems

4.1 Introduction

In the researches about structural vibration control, the core issue of them is the control algorithm
which determines how to apply the control force or how to adjust the parameters of the control
structure to reduce the vibration into an accepted level. Due to the complexity of the real structures,
it is very hard to derive the control algorithms directly from those real structures. In order to solve
that problem, the real structures are usually simplified as some basic mechanical models which
can represent their dynamic characteristics. The control algorithms are studied and obtained based
on those basic mechanical models, and then, they are inputed into the real structures and verified
by some numerical or experimental tests. In this research, the proposed semi-active control is to
apply novel adaptive materials as the viscoelastic layer between floating slab track and bridge main
beam, and the mechanical model of that whole structure system is just the double-beam system
which has been introduced in Chapter 2 and Chapter 3. In this chapter, the active control algorithm
and semi-active algorithm are proposed and derived for the double-beam system, which will be
theoretical foundation for the studies of the active control and semi-active control in high-speed
rail bridges. It is the same as the Chapter 2, in order to start the research from a simple model, the

double-beam system interconnect by elastic layers is chosen to be studied firstly in this chapter.
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In fact, there have been abundant research efforts in the literature about the dynamic behaviors of
the double-beam system in recent years. Those research works include the double-beam system
with elastic layer in which the damping is ignored (Seelig and Hoppmann 1964a, 1964b; Kessel
1966; Rao 1974; Chonan 1976; Hamada, Nakayama and Hayashi 1983; Kukla and Skalmierski
1994; Oniszczuk 2000, 2003; Zhang, Lu and Ma 2008; Stojanovic and Kozic 2012; Zhang, Huang,
Zhang and Hua 2014; Mao and Wattanasakulpong 2015; Li and Sun 2015), and the one with
viscoelastic layer in which the damping characteristics of the connecting layer must be considered
(Chen and Sheu 1994, 1995; Li and Hua 2007; Kessel and Raske 1967; Abu 2006; Pavlovic, Kozic
and Pavlovic 2012; Vu, Ordonez and Karnopp 2000; Cottle 1990). Although almost all of them
have made some simplifications for the structure in order to solve the coupling equations of motion,
they are still the fundamental works for the vibration control problem in double-beam system. On
the other hand, great progress in the field of structural vibration control has been achieved over the
past few decades. Yao (1972) firstly introduced the modern control theory into civil engineering
in 1972, from when the research about structural vibration control started. Until now, the main
structural vibration control could be classified as three main parts: active control, passive control
and semi-active control (Housner et al. 1997; Soong and Spencer 2002). The active control is
studied by many scholars for more than 40 years, many achievements have been obtained and there
are some real engineering practices applied with it, therefore, it is a more proven control
technology (Soong 1990). The essential aspects for the design of an active control structure are

reviewed and many topics involved in it are introduced by Alkhatib and Golnaraghi (2003). Yang
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et al. (Yang, Akbarpour and Ghaemmaghami 1987; Yang, Long and Wong 1988; Yang, Li and Liu
1991; Yang, Li and Liu 1992) proposed many active control algorithms for the control of structures
under seismic load, and some experiments were completed to verify the control efficiency. Li et
al. (Li, Liu, Fang and Tam 2000; Li, Liu, Tang, Zhang and Tam 2004) developed some active
control algorithms based on genetic algorithm and apply them in the structures under winds, which
is another main exciting force to structures. Soong et al. (1991) and Reinhorn et al. (1993) installed
full-scale active control structures in actual structures and obtained the control results in an
expected level. A type of active control for mechanics and structures, active modal control, is
generally reviewed by Inman (2001). Experiments based on the modal control are carried out to
verify its feasibility (Meirovitch, Baruh, Montgomery and Williams 1984; Schafer and Holzach
1985). Meirovitch and Silverberg (Meirovitch and Silverberg 1983; Meirovitch 1987) developed
the independent modal space control (IMSC), which is an important modal control method, for the
distributed systems vibration control. Sadek and Esfandiari (1990) applied an open-closed-loop
control for distributed parameter systems to a single Rayleigh beam with damping and it is
effective. As to some elastically connected complex systems, Kucuk and Sadek (2005) firstly used
optimal control method to actively control the elastically connected rectangular plate-membrane
system, and then, they studied the active control for the elastically connected double-string
continuous system (Kucuk and Sadek 2007). As shown above, it is easy to find out that there are
very few research papers about the active vibration control or semi-active vibration control on

double-beam system and very few scholars or engineers consider to apply an efficient active
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control structure or semi-active control structure in it. However, in many real engineering practices,
such as the floating slab track on bridge which is studied in this paper, the double-beam system
has been widely used, therefore, how to use active control structure or semi-active control structure
to suppress its vibration for protecting the structure itself is supposed to be a valuable research

topic.

This chapter proposes an active control structure installed in the elastic layer location of the
double-beam system and a semi-active control structure which adopts the adjustable elastic layer
to control the vibration and reduce the dynamic responses of whole structure. The double-beam
system with an elastic layer is considered in this chapter, and the active control structure is a
distributed control structure with many actuators along the elastic layer which can affect both of
beams at same time. By synthesizing IMSC and linear quadratic regulator (LQR), an active control
algorithm is developed for the proposed active control structure. IMSC is used to transfer the
coupling motion equations of structure in physical space into the decoupled equations in modal
space, and the vibration control is also transferred to modal control on each mode. The modal
active control force in each mode is determined by LQR, and the final active control force in
physical space that can be applied on real structure is finally calculated based on those modal
active forces. The semi-active control structure adopts the adjustable elastic layer to take the place
of traditional elastic layer between two beams. The active control force produced by the active

control structure is set up as the objective and the equivalent semi-active control force is assumed
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to be close to that active force. Based on that principle and with the mode shape filter derived in
this chapter, the stiffness increase of the adjustable elastic layer which is used to realize the semi-
active control is determined. Various models of uncontrolled, active controlled and semi-active
controlled double-beam system, which have a concentrated harmonic force in the midspan of upper
beam, are calculated and presented to illustrate the efficiency of the proposed active control and

semi-active control.

4.2 Formulation of the Vibration Control Problem

In this chapter, the physical model (as shown in Fig. 4-1(a)) of a double-beam system with an
active control structure includes an upper beam and a lower beam joined by a uniformly
distributed-connecting elastic layer, and is actively controlled by a distributed control structure
with many actuators along the elastic layer. And as shown in Fig. 4-1(b), another physical model
of a double-beam system with a semi-active control structure consists of the same two beams
connected by a uniformly distributed adjustable elastic layer. Both beams are homogeneous,
prismatic and have the same length L, but they could have different mass, flexural rigidity, and
boundary conditions. The motion governing equations for transverse vibrations of the double-

beam system with the active control (Fig. 4-1(a)), can be derived by Bernoulli-Euler beam theory

as follows:
e a;ﬁ’l K (W, —W, )+, a;’zvl ~ (0=, (%) (4-13)
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—K (W, W, )+m, —% = f,(x,t)+ f.(xt) (4-1b)

And the motion governing equations for transverse vibrations of the double-beam system with the

semi-active control (Fig. 4-1(b)) are as follows:

oW, o,
) o~ +(K+AK)(W1—W2)+m1 e = fl(x,t) (4-2a)
e a;‘X"jz (K AK) (W, W, )+, 8;% ~ 1, (xt) (4-2b)

where W, =W, (x,t)is transverse beam deflections, X, t are the spatial co-ordinate and the time,
e, and m, are the beam flexural rigidity and beam mass per unit length, i=1 or 2 represents

upper beam or lower beam, K is the stiffness of the elastic layer, AK is the stiffness increase of

the adjustable elastic layer, f_(x,t) isthe active control force produced by the distributed control

actuators, and f (xt), f,(x,t) are the exciting force acting on the upper and lower beams,

respectively.

The initial conditions in general form are as follows:

WL (X, 0) =Wig (%), W, (X,0) =Woo (X) + Wi (%,0) =Vyo (X)W, (X,0) = V5o (X) (4-3)

Based on the research in Chapter 2 and Chapter 3, it could analyze arbitrary boundary conditions

at the ends (x=0, L) of the two beams in here, and some common ones can be listed as follows:
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Simply supported: W, (0,t) =W, (L,t)=W,"(0,t)=W," (L,t)=0 (4-4a)
Clamped: W, (0,t)=W,(L,t)=W,(0,t)=W,(L,t)=0 (4-4b)
Free: W (0,t)=W"(L,t)=W"(0,t)=W," (L,t)=0 (4-4c)
Spring supported: W," (0,t)=W," (L,t)=0, EIW."(0,t)=-KW,(0,t),

EIW" (Lt)=KW,(Lt) (4-4d)

where =1 or 2 represents upper beam or lower beam.

a
fi(x.1)
€ =E1]1 ”_11 = p1A1 J’ = = = l l ‘L A IVI
Actuators — \L
£ (608) ——| 3 3 3 3 3 3 3 3K
e,=E,1, m,=p,4, ) ) —L
Vf—l—\f.__ ,I‘ w,
/i (%:7)
b
fi(x.1)

/i (%:7)
Fig. 4-1. The physical model of a double-beam system: (a) with an active control structure; (b) with a semi-active
structure.
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4.3 Active Control Algorithm for Actuators in Active Control Structure
In Eq. (4-1), the active control force f_(x,t) is produced by the actuators in the active control

structure, therefore, in order to totally solve and obtain the dynamic responses of the double-beam
system with active control structure presented in this chapter, the active control force f, (x,t)
must be determined firstly. As to the active control force, it is the final performance of the active
control structure on the whole double-beam system: on one hand, it determines the control effects
of the active control structure; on the other hand, it is determined and calculated by the active
control algorithm adopted in the active control structure. To the double-beam system with a
distributed active control structure discussed in this research, based on abundant advanced control
algorithms, a suitable and effective active control algorithm, which synthesizes independent modal

space control and linear quadratic regulator, is developed in here.

4.3.1 Independent Modal Space Control Algorithm (IMSC)
Eq. (4-1) are typical linear partial differential equations, in which the method of separation of
variables can be applied. Thus, the solutions for Eq. (4-1) could be separable in time and space,

and they can be assumed in a form as:

0

W, (1) = 2T, (4 () (52
W (%)= 3T, (€4 () (-50)
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where ¢ (x), ¢,,(x) are mode shape functions of upper beam and lower beam corresponding
to nth natural frequency, and T, (t) is time function corresponding to nth natural frequency.
¢.(x) and ¢ ,(x) can be determined from a free vibration analysis which is developed in the

Chapter 2, and T, (t) is unknown function which need to be solved.

Substituting the assumed solutions Eq. (4-5) into Eq. (4-1), so they become

qZT +KZT ) B (X) =, ( )]+ml;d2Tt = f,(x,t)— f, (x.t)

(4-6a)

ZZT KZT ) 8 (X)— (x)]+n‘12i

tha (X) = f (xt)+ . (x,t)

(4-6Db)

As shown in Chapter 2, if the free vibration of the same double-beam system is considered, the

solutions for the free vibration can be written as:

0

W' (x,t)= " (D" + D e ) i, (X) (4-7a)
W, (x,t) = i( D, +D,,e ™" ), (X) (4-7b)

where o, is the nth natural frequency, (Dnlei“’nt + Dnze’i“’”t) is the time function for free vibration

corresponding to nth natural frequency, and ¢,(x), ¢,,(x) are the same mode shape functions

as the ones in Eq. (4-5).
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Substituting Eq. (4-7) into Eq. (4-1) with free vibration conditions f, (x,t) = f, (x,t) = f,(x,t) =0,
eliminating the same term (Dmei”’nt + Dnze‘i“’"t) and multiplying the T, (t) in each term, the Eq.

(4-1) will be in form of:

qZT +KZT ) (X)= s (¥ )]:mlgmﬁn(t (%) (4-8a)

ZZT

KZT ) ¢ (X) = 4,2 (x) ] = mzZa)zT t (4-8b)

Introducing free vibration equations Eq. (4-8) into them, the motion equations of forced vibration

with active control, Eq. (4-6), can be simplified as:

i rﬁlqﬁnl(x)d ;-:2(0 +Maid, (X)T, (t)} =f,(xt)-f,(xt) (4-9a)
i rﬁ2¢n2(x)d ;-:Z(t) +m,0rd, (X)T, (t)}: f,(xt)+f (xt) (4-9b)

As derived in Chapter 2, the orthogonality condition for different mode shapes of the double-beam
system with elastic layer is:
IOL |:¢n1 (X) I’T‘Il ml (X) + ¢n2 (X) rT‘|2¢m2 (X)] dX = I\ﬁné‘mn (4_10)

where M, is the generalized mass in the nth mode, and &, is the Kronecker delta function.

Eq.(4-9a)x ¢, (X)+Eq.(4-9b)xg,,(x), integrate it respect to x from 0 to L, and apply
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orthogonality condition Eq. (4-10), so it will be

d?T, (t)
dt?

+orT, (1) =F, (t)+F.(t)

T () () + 4,
J, [ ()M () + i

(

0 (

_ IOL{[¢n2(X)_¢n1(X)] f (X,t)} dx
IoL[¢nl(X)m1 n1(X)+¢n2(

F.(t)=

n

Frc (1)

(4-11a)

(4-11b)

(4-11¢)

Based on the derivations above, the Eq. (4-1), which are the coupling motion equations of double-

beam system with an active control structure in the physical space, are transferred as Eq. (4-11),

which are the decoupled motion equations of the same structure in modal space. Therefore, the

vibration control of the infinite freedom system in physical space is also transferred as the vibration

control of several modes in modal space, and this is called Modal Space Control (MSC). Defining

the state vector Zn(t):[Tn (t) T (t)]T , the state-space form of the decoupled equation of

motion, Eq. (4-11a), can be written as

Z,(t)=3,-Z,(t)+ K,F, (t)+ L,F, (1)

0 1 0 T
here J = , K =L = ,and Z,(t)=1..
w ‘Jn |:_a)§ 0:| n n {1} ( ) {T

(4-12)

independent modal space control (IMSC), in which each vibration mode is controlled separately,

is just one widely used type of MSC and it is applied in here. According to IMSC and to avoid re-
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coupling the double-beam system with an active control structure descried as Eq. (4-12), each nth
mode shape is controlled by its own control modal force, and the nth control modal force which
adopts linear state feedback control law can be calculated as

Fo(t)=-G,Z, (t)=-09,.T,(t)—9,.T,(t) (4-13)
where G, =[g,, 9,,] isfeedback gainmatrix, g, isdisplacementgain, g, isvelocity gain,

and all of them are control gains needed to be determined.

By means of the linear quadratic regulator control method, the feedback gain matrix

G, =[9. 0,.] can be determined, therefore, the active control force F (t) and f_(x,t) can

be obtained, and the dynamic responses of the double-beam system with an active control structure

can be totally calculated eventually.

4.3.2 Linear Quadratic Regulator (LQR)
In fact, the linear quadratic regulator (LQR) control algorithm is an optimal control algorithm: it

defines a quadratic performance index J(t), which combines the state vector of the whole system

and control command together, as the objective function, and finds the optimal control force by

minimizing the objective function J(t) under all specific constrained conditions. According to

LQOR and the linear differential equations Eq. (4-12) which represent the whole structure system

in state-space form, the quadratic performance index J(t) for the active control on double-beam

system is as follows
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J(t)= j [ 27 (1)QZ, (t)+F (t)RF, (1)]= j [Z7(1)QZ, (1)+RF2 ()] (4-14)
where Z (t) isstate vector for the structure model, F_(t) isactive control force, Q is a positive
definite or a semi-positive definite weight matrix for state vector, and R is a positive definite weight

matrix for control force vector.

The mathematic model for the whole double-beam system optimal control can be denoted as:
Find active control force F,(t),
to satisfy the objective function J ( J' [Z7 (t)QZ, (t)+RFZ(t) | > min,

with constrained conditions: Z (t)=J,-Z,(t)+K,F,(t)+L,F.(t) and Z (0)=2Z,

The mathematic model is a functional extremum question with constrained conditions. Applying
the Lagrange Multiplier Method, Hamiltonian Function and Variation Method, a Riccati matrix
equation is finally derived:

—PJn—JnTP%PLanL;P—Q:o (4-15)

2
a)n
In this chapter, the weight matrices can be calculated as Q= 05[ 0 1] and R=/, in where

Ri P
and B are positive constants. Dueto J, and L, are also known, the matrix P = {P P can
21 22

be obtained by solving Riccati matrix equation Eq. (4-15). And then, the active control force

F.(t) isdetermined as:
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1_, .
} =R [PaT, (1)+P,T, (1)] (4-16)

Comparing Eqg. (4-16) with Eq. (4-13), the feedback gain matrix is finally solved by LQR:

1

Gn = [gnl gnZ] = {E R‘1P21

1
B R™ Pzz} (4-17)

By applying an active control algorithm which synthesizes IMSC and LQR, the active control

force for each mode shape of the double-beam system, F _(t), is determined successfully.

However, F,(t) isjustakind of modal control force in the modal space, it cannot be used in the

real structure to complete the control work. Therefore, the active control force in physical space,

f. (x,t), should be obtained in next step.

4.3.3 Calculation of Active Control Force in Physical Space
Considering Eq. (4-11c) and Eq. (4-16), the active control force in physical space can be assumed

in a form as:

N

f(xt)= Z{Gm [¢n1 (%) 4., (X)]Tn (1)+G., [¢nl (%)= 4. (X)]Tn (t)} (4-18)

n=1

C_;n 2

where G

nl?

are the control gains for each mode, ¢, (x)-d,,(x) is used to make the

f.(x,t) is related to the responses of both beams , and N is total number of modes which are

considered to be controlled.
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In IMSC, each modal control force can only control that mode and it doesn’t affect other modes.
Therefore, when substituting Eq. (4-18) into Eq. (4-11c), only

fre (X,8) =Gy [ 4 (X) =, (X) |T, (1) + Gy [ 4y (X) — o (X) T, (t) is used to calculate the nth

modal control force F(t) as:

IOL{ [¢m o ()
.[ [(/ﬁm(x (X)+¢,, (x)m, 2(X)]dx

Fe (t)=

X[ G, (t)+G,T, (1) ] (4-19)

Comparing Eq. (4-19) with Eq. (4-16), the control gains G, and G, can be calculated by

G - _1P21_[ [¢n1 )E) M, (X)+ ( )m, ]dx
2 0{ [ (%) ]}dx

_lpp W“(XL ( )+¢n2( (x)]ax
2 [RETACEAE) }dx

(4-20a)

G,

(4-20b)

Until here, control gains G, and G,, are solved, and by the assumptions as in Eq. (4-18), the

active control force in physical space, f_ (x,t) ,is determined. Then, it is possible to apply that

active control force in the real double-beam system and obtain dynamic responses of it with active

control structure which uses that active control algorithm.

101



4.4 Semi-Active Control Algorithm for Adjustable Elastic Layer in Semi-Active
Control Structure

The semi-active vibration control problem of a double-beam system with adjustable elastic layer
is described as Eq. (4-2), and the stiffness increase AK of the adjustable elastic layer in Eq. (4-2)
is controlled and determined by the semi-active control structure and algorithm. Therefore, the
semi-active control in here is a kind of active variable stiffness (AVS) system. Based on previous
research works, an active control and corresponding active control force is supposed to be set up
as an objective, and the semi-active control force is need to be close to that active control force. In
this section, the active control and active control force presented in Section 4.3 is chosen as the
objective, a semi-active control which makes the semi-active control to be close to that active

control and a mode shape filter are developed to calculate AK in here.

4.4.1 The Determination of Stiffness Increase in Adjustable Elastic Layer
Based on Eq. (4-2), move the terms, which are related to AK, to the right side of the equations,

then the Eq. (4-2) can be denoted as

e alﬁ’l K (W, —W, )+, a;’zvl ()= AK (W, W) w21
W oW
, 6x42 -K (W1 —W2)+ m, 6t—22 = f, (x,t)+AK (Wl —Wz) (4-21b)
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As shown in Eq. (4-21), AK (W, -W,) could be treated as a semi-active control force. Comparing

Eq. (4-21) with Eq. (4-1), in order to make the semi-active control being close to the active control,
it can assume the semi-active control structure can provide the same control force value as active

control structure as follows

AK (W, =W, ) = f,(x,t) (4-22)

Introducing Eqg. (4-11c) and substituting Eg. (4-22) into it, it can be transferred as

Jo ()~ e ()T, () W ()]

F (t) — x AK (4-23)

- J.()L[¢,11(X)n_1l 1 (X) + ¢, (X) M, nz(X)]dX

According to the active control algorithm presented in Section 4.3, the nth modal active control

force F(t) is determined as Eq. (4-16). Therefore, comparing Eq. (4-23) with Eq. (4-16), the

ideal value for the stiffness increase AK can be calculated as

.[OL[¢n1(X)m1 1 (X)+ d, (X) Mg, (X) ]
Jo D ()= ()T, (08) W, ()]}

AK = —% R P,T, (t)+P,T, (1) ] (4-24)

Due to the limit of the adjustable elastic layer material, the stiffness increase AK cannot reach

any value, and there must be a maximum stiffness value K, and minimum stiffness value K,
for the adjustable elastic layer. Considering about that, the final determination of the stiffness
increase AK, can be defined as:

If AK >K,, —K, then AK, =K_, —K; (4-25a)
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If AK<K_. —K, then AK, =K —K; (4-25b)
If K,,—K<AK<K_, —K, then AK, =AK. (4-25c)
where K. IS maximum stiffness value and K, is minimum stiffness value of the adjustable

elastic layer, and AK is the calculating stiffness increase value defined as in Eq. (4-24).

Applying Eq. (4-24) and Eq. (4-25), the stiffness increase value AK, is determined and could be
adopted by semi-active control structure. But there are two points should be declared in here: First,
as shown in Eq. (4-24), AK is calculated by one mode of the vibration and it will obtain several
different AK values based on different modes, therefore, only one main mode will be chosen to
be controlled for the semi-active control structure. Second, AK, issupposed to be determined at
each time step, therefore, AK, will be changed during the whole vibration process and it should

be continually calculated with real time.

4.4.2 The Mode Shape Filter for the Double-Beam System

Checking Eq. (4-24) carefully, in order to calculate the value of AK, the parameters R, P,,,
Poy du(X), (X)), Wi(xt), W,(x,t), T,(t) and T, (t) must be known. Among those
parameters, R, P,, and P,, are calculated by Riccati matrix equation Eq. (4-15), ¢,,(x) and
#.,(x) are obtained by free vibration analysis in Chapter 2, w,(x,t) and W,(x,t) are

displacement of the two beam detected by the sensors in the structure, therefore, only T, (t) and
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T, (t) should be determined by another method. In this section, a specific mode shape filter for

the double-beam system is just introduced to calculate the T, (t) and T, (t).

As shown in Eg. (4-5), T,(t) and T (t) are akind of generalized coordinates in modal space
and they are related to each mode. Therefore, the calculation of them from the detected value of

displacement and velocity is just to decompose those from physical space to each mode in modal

space and that is why it can be called mode shape filter.

Considering the time is at t, the displacement and velocity of both beams are detected by the

sensors and are known as W, (x,t), W,(xt), V,(x,t) and V,(x,t). According to Eq. (4-5),

they can be denoted as

o0

W, () = 2T (6) s (¥) (4-262)
W, (xt)= ZT (t)4.(x) (4-26b)
V(X0 = T, (04 (1) (4260
Vz(x,t)=gT'n (t)dha (%) (4-26d)

Eq.(4—26a)xm, xd,, (x)+Eq.(4—26b)xm, xd,,(x), integrate it respect to x from 0 to L, and

apply orthogonality condition Eq. (4-10), the T, (t) can be derived as
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j [4,.(%) )+¢nz (X) MW, (x,t) Jdx (4-27)
I [¢m )+t () i ()]

T,(t)=

Then, Eq.(4—26c)xm, xg,, (x)+Eq.(4—26d)xm,xd,,(x), integrate it respect to x from 0 to
L, and apply orthogonality condition Eg. (4-10), the T, (t) can be derived as

J' [4,,(x) )+ o (X) MV, (X,1) ]
[ [¢m )+ (X) Mo, (X) ] dx

(4-28)

To(t)=

Once ¢,(x) and ¢, (x) areobtained by free vibration analysis in Chapter 2, and displacement
and velocity of the two beam are detected by the sensors in the structure, then, the T, (t) and

T, (t) can be determined by the displacement mode shape filter as Eq. (4-27) and velocity mode

shape filter as Eq. (4-28), respectively.

In addition, the mode shape filter for calculating T, (t) and T (t) is not only useful in the

determination of stiffness increase AK as discussing at the beginning of this section, but also is
very important for the calculation of the transverse vibration of the whole double-beam system

with semi-active control structure, which will be introduced in next section.
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4.5 Solution of the Transverse Vibration for Double-Beam System with
Vibration Control Structure

Once the active control force or semi-active control parameter is determined by the control
algorithm developed in this chapter, the solutions of the transverse vibration for double-beam
system with active control structure or semi-active control structure, which is described in Eq. (4-

1) or Eq. (4-2), can be solved and the dynamic responses of whole structure system can be obtained.

4.5.1 Solution of the Transverse Vibration for Double-Beam System with Active Control
Structure

The active control force is calculated by the active control algorithm as Eq. (4-16), and then,
substituting it into Eq. (4-11), the decoupled motion equations of the double-beam system with

active control structure will be

IR, dT_“M(% R, + a)Zan (t)=F, (1) (4-299)

Ft) = (-290)
J.O |:¢n1 (X) ml¢n1 (X) + ¢n2 (X) m2¢n2 (X)] dX

Using Duhamel's integral, particular solution of Eq. (4-29a) can be obtained as

T(t)= wi 'F, (7)e 5 sin] w,, (t-7) ]de (4-30)
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. 1 1_.P . .
where a)nz,/a)f+ER 'R, «fn:ZR "2 and o, =0 1-&* are the calculation
a)n

parameters.

T,(t) is solved by Eq. (4-30), ¢,(x) and ¢ ,(x) are known mode shape functions. By

assuming solutions Eq. (4-5), the transverse vibration equations of a double-beam system with

active control structure are solved successfully.

4.5.2 Solution of the Transverse Vibration for Double-Beam System with Semi-Active
Control Structure

As introduced in Section 4.4, the semi-active control presented in this chapter for the double-beam
system is a kind of Active Variable Stiffness (AVS) system, therefore, it requires that the adjustable
elastic layer which is under control should be changed with time during the whole vibration process.
It leads to three requirements for the vibration calculation of double-beam system with that semi-
active control structure:

1. The vibration calculation must be carried out one time step by one time step, because the
structure may be different in each time step.

2. In each time step, the analysis of the structure vibration property must be done due to the change
of the adjustable elastic layer stiffness.

3. In each time step, the calculation of the forced vibration of double-beam system is generally
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same as the method derived in Section 2.4, but the stiffness of the elastic layer must be K, + AK
(K, is the stiffness value in last time step, and AK is calculated by Section 4.4.1 based on the
structure and responses from last time step) and the dynamic responses of the two beams in last

time step must be applied as the initial condition.

According to the third requirement, the solutions of the forced transverse vibration of double-beam
system with semi-active control in time step T =t,, —> T =t, can be calculated as follows:

1. Defining the value of elastic layer stiffnessas K, + AK (K isthe stiffness value in last time
step, and AK is calculated by Section 4.4.1 based on the structure and responses from last time
step) instead of K, , then, the same derivation works as Eq. (2-31) to Eq. (2-35) are completed.
2. Based on the dynamic responses of two beams in last time step: W, (x,t_), W, (x.t_),
V,(x,t,) and V,(x,t_ ), and applying the mode shape filter presented as Eq. (4-27) and Eq. (4-
28), the initial condition T, (t_,) and T (t_) can be obtained.

3. Using Duhamel's integral and considering the initial condition T (t.), T,(t_,), particular

solution of Eq. (2-35) intime step T =t , > T =t. (At=t -t _,) can be finally obtained as

T, ()= T () g, (@,At)+T, (t_,)cos (@, At) + — ['F.(¢)-sin[ @, (at-7)]dz (4-31)

Based on those three requirements and Eq. (4-31), a calculation method which could be generally

expressed in a flowchart form as in Fig. 4-2, is developed in this chapter to solve and obtain the
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dynamic responses of the whole double-beam system with semi-active control structure.

Free vibration analysis as in Section 2.3, obtain w ., ¢, (x), ¢,, (x) at t=0-— At when AK =0
v

Forced vibration analysis as in Section 2.4, obtain the dynamic response W, (x, At), W, (x,At) , W, (x,At) ,

W, (x,At), T, (At), T, (At) at t=0— At when AK =0

v

_ |From last time step t =(i —1) At — iAt, draw the natural frequencies and
" | corresponding mode shapes: @, , ¢, (X), ¢, (X)

v

From last time step t = (i—1) At — iAt, draw the dynamic responses: W, (x,iAt) , W, (x,iAt) W, (x,iAt), W, (x,iAt),
apply Eqg. (4-27) and Eq. (4-28) to get initial condition for this time step: T (iAt) and T (iAt)

v

Input @, into Eq. (4-15), solve and get P

v

Input P, W, (x,iAt), W, (x.iat), T, (iat), T, (iAt), 4, (), ¢, (X) into Eq. (4-24) and Eq. (4-25), solve AK, for each
mode, choose the one which has the maximum value of T, (iAt) as the final AK to the semi-active control system

v

Substitute AK = AK,; and K =K into Eq. (4-2), do the free vibration analysis of the new structure as in
Section 2.3, obtain the @, , 4, (X), 4., (X)intime step t = jAt S (i+1)At

v

Substitute AK =AK,and K =K into Eq. (4-2), do the forced vibration analysis of the new structure as in
Section 2.4, solve Eq. (4-31) toget T, [(l +1)At] and T, [(l +1)At]in time step t = iAt — (i +1) At

v

Based on Eq. (2-31), obtain final dynamic responses W, [ x,(i+1)At ], W, [ x,(i+1)At],
Wl[x,(i+1)AtJ ,Wz[x,(i+1)AtJ intime step t=iAt — (i+1)At

i=i+1
<i=123,...,N-1>

i+1> N, N : Total Time Steps Number

NO
YES

Fig. 4-2. Flowchart of the calculation method to solve and obtain the dynamic responses of double-beam system with
semi-active control structure.

Finally, applying the method shown as flowchart in Fig. 4-2 and doing the calculation one time

step by one time step until the end, the dynamic responses of whole double-beam system with
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semi-active control are solved and obtained successfully.

4.6 Numerical Examples

In order to illustrate the active control structure, semi-active control structure and the
corresponding control algorithm presented in this chapter for double-beam system, some
numerical examples of uncontrolled, active controlled and semi-active controlled double-beam
system are investigated in detail. The values for the parameters of the double-beam system are as
follows

E=1x10°Nm?, 1=4x10"m*, p=2x10°kgm=>, A=5x10"m*, e=El=4x10°Nm*,

m=pA=1x10°kgm™, L=10m, K=1x10°Nm?, K _ =14x10°Nm?, K_ =7x10*Nm~

The exciting force of the double-beam system is f,(x,t)= f sin(wt)s(x-0.5L), f,(x,t)=0,
where f =—10000N is amplitude and @ =10Hz is frequency of a concentrated harmonic
force acted on the midspan of the upper beam, and &(x) is Dirac delta function. Three cases are
investigated in here for discussion:

Case 1: upper beam spring supported-spring supported and lower beam simply supported-simply
supported, e =e, =€, m =m,=m;

Case 2: upper beam spring supported-spring supported and lower beam simply supported-simply
supported, e, =0.8e, e,=e, m =02m, m,=m;
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Case 3: upper beam clamped-clamped and lower beam free-free, e =e, e,=0.8e, m =m,

m, =0.2m.

The dynamic responses of uncontrolled, active controlled and semi-active controlled double-beam
system at the midspan of the two beams are shown in Fig. 4-3 to Fig. 4-5. The active control force

which is applied at the midspan of both beams, f_(0.5L,t), is shown in Fig. 4-6. The variation

stiffness K of the adjustable elastic layer is shown in Fig. 4-7.
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Fig. 4-3. Dynamic responses at midspan point of two beams for Case 1.
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Fig. 4-4. Dynamic responses at midspan point of two beams for Case 2.
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Fig. 4-5. Dynamic responses at midspan point of two beams for Case 3.
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Fig. 4-6. Active control force applied at midspan point of two beams for each case.
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Fig. 4-7. Variation stiffness K of the adjustable elastic layer for each case.
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As shown in Fig. 4-3 to Fig. 4-5, the active control structure designed for the double-beam system
and the corresponding active control algorithm developed in this chapter are effective to suppress
the vibrations of both beams, and all the dynamic responses, including displacement, velocity and
acceleration, are reduced significantly. Meanwhile, the semi-active control structure and semi-
active control algorithm also works well, although it doesn’t reduce the dynamic responses of two
beams so perfectly as the active control structure in Fig. 4-3 and Fig. 4-4, it also could suppress
the vibrations of whole system apparently. Since there are three different boundary conditions in
those 3 cases and all the models with them have smaller dynamic responses under the active control
or semi-active control, therefore, the active control and semi-active control proposed in this

research have the capability to control the double-beam system with arbitrary boundary conditions.

In case 1 (Fig. 4-3), resonance phenomenon is happened in upper beam without active control
structure or semi-active control structure, but it is controlled and eliminated when the active control
or semi-active control is applied. In case 3 (Fig. 4-5), upper beam and lower beam both meet the
resonance conditions and the dynamic responses of them increase gradually, but they are also
reduced apparently under the active control or semi-active control. Therefore, the active control
and semi-active control proposed in this chapter can effectively avoid the resonance happening in

the double-beam system and protect the safety of the whole structure.
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From Fig. 4-6, it is shown the value of active control force at midspan of both beams in physical
space for 3 cases. Although it is just part of the whole active control force, the existence and
presentation of it denote the operability of the proposed active control structure which could
control the whole structure by applying that real force and it is very possible for the engineers to
apply it in the real engineering practices. Also in Fig. 4-7, the value of variation stiffness K of the
adjustable elastic layer is shown for all 3 cases, and it is easy to find out that the stiffness K has
obvious changes under the semi-active control. Comparing with previous classical control
algorithms, the change of stiffness K is very close to the ones under switch on — switch off control
algorithm, therefore, it proves that the semi-active proposed in this chapter is reasonable and it is

practical to apply it in the real structures.

4.7 Conclusions

In this chapter, an active control structure, a semi-active control structure and corresponding
control algorithms are proposed to suppress the vibration of the elastically connected double-beam
system, which may have arbitrary beam mass, beam flexural rigidity and/or boundary condition.
Based on the vibration analysis methods developed in Chapter 2, the calculation methods for

double-beam system with that active control and that semi-active control are also developed.

In the active control structure, independent modal space control (IMSC) is applied to decouple the

motion equations of double-beam system with the active control, which are coupling partial
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differential equations, and transfer them as some decoupled equations in modal space. The
vibration control of the infinite freedom system in physical space is also transferred as the vibration
control of several modes in modal space by IMSC. linear quadratic regulator is adopted to
determine the specific modal active control force for each mode. Then, the active control force in

physical space which can be loaded in real structure is obtained by modal active control forces.

In the semi-active control structure, the active control force produced by the active control
structure presented above is set up as the objective and the equivalent semi-active control force is
assumed to be close to that active force. Based on that principle and with the mode shape filter

derived in this chapter, the determination method of stiffness increase is derived.

Various double-beam system with active control structure or semi-active control structure models
are calculated to illustrate the efficiency of the proposed active control and semi-active control,
and the resonance in the structure is also shown to be avoided by them. Although the semi-active
control is not so perfect as the active control, it still can suppress the vibration of the whole double-
beam system significantly. Finally, the proposed active control and semi-active control for double-

beam system are derived and verified successfully.
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Chapter 5 Active and Semi-Active Vibration Control of Double-

Beam Systems Interconnected with Viscoelastic Layers

5.1 Introduction

In Chapter 4, the active vibration control for double-beam system interconnected by elastic layer
and the semi-active vibration control which changes the stiffness of the elastic layer to reduce the
structural vibration, have been derived and introduced specifically. However, as demonstrated in
Chapter 3, in real engineering practices, the materials used to connect the upper beam and lower
beam in the double-beam system are usually the viscoelastic materials and their damping cannot
be ignored. When determining the active control force by the active control algorithm in the
double-beam system with viscoelastic layer, the damping effects should be considered. Meanwhile,
it will be introduced in the Chapter 7 that the novel adaptive materials applied to complete the
semi-active control in this research for vehicle-bridge coupling system of high-speed rail are
magnetorheological nanocomposites (MRNSs), which are also viscoelastic materials. Under
different applied magnetic field, both of their stiffness and damping can be changed and then the
structural vibrations could be controlled. In this way, the semi-active control algorithm for MRNs
or other adjustable viscoelastic materials cannot just change the stiffness only, but also should
change the damping at the same time. In this chapter, based on the research works completed in
Chapter 4 and counting the damping of the viscoelastic layer as stated above, the corresponding

active control, semi-active control and their control algorithms are introduced and derived to
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reduce the dynamic responses of the double-beam system with a viscoelastic layer.

It is totally the same as introduced in Chapter 4, there have been abundant research efforts in the
literature about the dynamic behaviors of the double-beam system in recent years. As to the double-
beam system with viscoelastic layer in which the damping characteristics must be considered, there
are also several important research results (Chen and Sheu 1994, 1995; Li and Hua 2007; Kessel
and Raske 1967; Abu 2006; Pavlovic, Kozic and Pavlovic 2012; Vu, Ordonez and Karnopp 2000;
Cottle 1990). Meanwhile, great progress in the field of structural vibration control has been
achieved over the past few decades as demonstrated specifically in Chapter 4 (Yao 1972; Housner
et al. 1997; Soong and Spencer 2002; Soong 1990; Alkhatib and Golnaraghi 2003; Yang,
Akbarpour and Ghaemmaghami 1987; Yang, Long and Wong 1988; Yang, Li and Liu 1991; Yang,
Li and Liu 1992; Li, Liu, Fang and Tam 2000; Li, Liu, Tang, Zhang and Tam 2004; Soong et al.
1991; Reinhorn et al. 1993; Inman 2001; Meirovitch, Baruh, Montgomery and Williams 1984;
Schafer and Holzach 1985; Meirovitch and Silverberg 1983; Meirovitch 1987; Sadek and
Esfandiari 1990; Kucuk and Sadek 2005, 2007). However, it is easy to find out that there are very
few research papers about the active vibration control or semi-active vibration control on double-
beam system with viscoelastic layer and very few scholars or engineers consider to apply an

efficient active control structure or semi-active control structure in it.

In this chapter, it proposes an active control structure installed in the viscoelastic layer location of
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the double-beam system and a semi-active control structure which adopts the adjustable
viscoelastic layer to control the vibration and reduce the dynamic responses of whole system. The
double-beam system with an viscoelastic layer is considered in this chapter, and the active control
structure is a distributed control structure with many actuators along the viscoelastic layer which
can affect both of beams at same time. By synthesizing independent modal space control (IMSC)
and linear gquadratic regulator (LQR), an active control algorithm is developed for the proposed
active control structure. IMSC is used to transfer the coupling motion equations of system in
physical space into the decoupled equations in modal space, and the vibration control is also
transferred to modal control on each mode. The modal active control force in each mode is
determined by LQR, and the final active control force in physical space is finally calculated based
on those modal active forces. The semi-active control structure adopts the adjustable viscoelastic
layer between two beams and the dynamic mechanical model of that adjustable viscoelastic
material is assumed as the linear model based on the experiments results from previous research
works. The active control force produced by the active control structure is set up as the objective
and the equivalent semi-active control force is assumed to be close to that active force. Based on
that principle and with the mode shape filter derived in this chapter, the stiffness increase and the
damping increase of the adjustable viscoelastic layer which are used to realize the semi-active
control are determined. Various models of uncontrolled, active controlled and semi-active
controlled double-beam system, which have a concentrated harmonic force in the midspan of upper

beam, are calculated and presented to illustrate the efficiency of the proposed active control and
120



semi-active control.

5.2 Formulation of the Vibration Control Problem

As shown in Fig. 5-1(a), in this chapter, the physical model of a double-beam system with an active
control structure includes an upper beam and a lower beam connected by a uniformly distributed-
connecting viscoelastic layer, and is actively controlled by a distributed control structure with
many actuators along the viscoelastic layer. Another physical model (as shown in Fig. 5-1(b)) of a
double-beam system with a semi-active control structure consists of the same two beams joined
by a uniformly distributed adjustable viscoelastic layer. Both beams are homogeneous, prismatic
and have the same length L, but they could have different mass, flexural rigidity, and boundary
conditions. The motion governing equations for transverse vibrations of the double-beam system

with the active control (Fig. 5-1(a)), can be derived by Bernoulli-Euler beam theory as follows:

o'W, oW, oW, _ oW,

91—6)(41 +K (W, —W2)+C( &1 —~ 2)+ m, 6t21 = f,(xt)-f (xt) (5-1a)
o'W oW, oWw. _ W,

eZTf‘K(Wl‘WZ)_C( o afj*mz 7= f0ut)+ T, (x1) (5-1b)

And the motion governing equations for transverse vibrations of the double-beam system with the

semi-active control (Fig. 5-1(b)) are as follows:

oW, _8W2j+m azwl _ fl(X,t) (5-2a)

"y
elyg+(K+m<)(vvl_vv2)+(c:+Ac)[8t ") 2
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ezan—(K+AK)(W1—W2)—(C+AC) " 2

oW, (@"Vl 8W2J+m W, _ ¢ (x1) (5-2b)

where W, =W, (x,t)is transverse beam deflections, X, t are the spatial co-ordinate and the time,
e, and m, are the beam flexural rigidity and beam mass per unit length, i=1 or 2 represents
upper beam or lower beam, K and C are the stiffness and damping coefficients of the viscoelastic

layer, AK and AC are the stiffness increase and damping increase of the adjustable viscoelastic

layer, f,(x,t) is the active control force produced by the distributed control actuators, and

f.(x,t), f,(x,t) arethe exciting force acting on the upper and lower beams, respectively.

The initial conditions in general form are as follows:

W, (%,0) =Wy (X)) W, (X,0)=W,q(x), W,(X,0)=V,,(X), W, (X,0)=V,(X) (5-3)

Based on the research in Chapter 2 and Chapter 3, it could analyze arbitrary boundary conditions

at the ends (x=0, L) of the two beams in here, and some common ones can be listed as follows:

Simply supported: W, (0,t) =W, (L,t)=W,"(0,t)=W," (L,t)=0 (5-4a)
Clamped: W, (0,t)=W, (L,t)=W, (0,t)=W,(L,t)=0 (5-4b)
Free: W, (0,t)=W"(L,t)=W"(0,t)=W," (L,t)=0 (5-4c)

Spring supported: W," (0,t)=W," (L,t)=0, EJ1W"(0,t)=-KW,(0,t),
E, LW (L,t) = KW, (L,t) (5-4d)

where =1 or 2 represents upper beam or lower beam.
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Fig. 5-1. The physical model of a double-beam system: (a) with an active control structure; (b) with a semi-active

structure.

5.3 Active Control Algorithm for Actuators in Active Control Structure

It is similar to the discussion about the active control algorithm in Section 4.3, although the double-
beam system under a distributed active control structure in this chapter is with viscoelastic layer
instead of elastic layer, a similar active control algorithm which also synthesizes independent

modal space control and linear quadratic regulator is developed in here.
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5.3.1 Independent Modal Space Control Algorithm (IMSC)

The solutions for Eg. (5-1) could be separable in time and space, and can be assumed in a form as:

0

= Z;T ()4 () (5-5a)
X,t)= ij (t) ¢ (X) (5-5h)

where 4.(x), ¢,,(x) are mode shape functions of upper beam and lower beam corresponding
to nth natural frequency, and T, (t) is time function corresponding to nth natural frequency. It
must be noticed that the ¢ (x) and ¢,(x) are determined from a free vibration analysis
developed in the Chapter 2 which is about the double-beam system with elastic layer instead of

viscoelastic layer in Chapter 3, but the elastic layer has same stiffness K value as the viscoelastic

layer discussed in here. T, (t) isunknown function which need to be solved.

Substituting the assumed solutions Eqg. (5-5) into Eq. (5-1), so they become

eZT(

+KZT )y (X)— o ( ]CZ [¢m 2 (¥)]

; (5-6a)
w3 Ot )¢m<x>= f(x0)~ 1, (x.t)
< gt
e251-|-n( d4d KZT )[4 (X) =2 (x) |- CZ dt [¢nl b (X))
"l "l (5-6b)
d’T, (t)

m,3y 0 ()= £ (x.0)+ 1, (x1)
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Still considering the free vibration of the double-beam system with elastic layer having same
stiffness K value as the viscoelastic layer discussed in this chapter, and as shown in Chapter 3 and

Eq. (3-29), the solutions for the free vibration can be written as:

o0

W (x0)= 2D 4 D™ ) (x) (57)
n=1

W, (x,t)= ) Dye ™ 4 D e st ) g (x) (5-7b)
n=1

where @, jaames 1S the nth natural frequency of the double-beam system with elastic layer

defined above, (Dnle'”"*““"am"“t+Dn2e"”““““am"e“t) is the time function for free vibration

corresponding to nth natural frequency, and ¢, (x), #,,(x) are same mode shape functions as

the ones in Eq. (5-5).

Substituting Eq. (5-7) into Eq. (5-1) with free vibration conditions f, (x,t)= f,(x,t)= f (x,t)=0,
eliminating the same term (Dnlei”"“”“‘°‘m"“'t +Dn2e’i“““““am"e"t) and multiplying the T, (t) in each

term, the Eq. (5-1) will be in form of:

© d4 © ©

e.LZTn (t)ﬁ”ﬁ(x) + KZTn (t)[¢nl (X) - ¢n2 (X)] = mlz wriUndampedTn (t nl (X) (5_88')
- d4¢n2 (X) < AR w 2

eZZTn (t)T_ KZTH (t)[¢n1 (X) _¢n2 (X)] - mZZ(on,UndampedTn (t n2 (X) (5_8b)

Introducing free vibration equations Eq. (5-8) into them, the motion equations of forced vibration

with active control, Eq. (5-6), can be simplified as:
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3 gy (0 s 2 (00T, (t)} fL (1) n(m)—c[%—%] (5-%8)
=i dt o ot

« [ d2T (t

> m2¢n2(x)d_:z(hmza);undmpedqﬁnz(X)Tn (t)}: f,(xt)+ fc(x,t)+c(%—%J (5-9b)

As derived in Chapter 2, the orthogonality condition for different mode shapes of the double-beam
system with elastic layer is:

[ [0 (%) Muhos () + s (X) My (x) |l = M5, (5-10)

where M, is the generalized mass in the nth mode, and &, is the Kronecker delta function.

Eq.(5-9a)x ¢, (X)+Eq.(5-9b)x¢,,(X) , integrate it respect to x from O to L, and apply
orthogonality condition Eqg. (5-10), so it will be

dTM), . (t)=F, (t)+F, (1) + Fy (1) (5-11a)

dtz n,Undamped "n

(5-11b)

IOL {[¢n2 (%) =y (X)] f, (X,t)} dx st
Jy [ ()M (3)+ e (X) Mt ()]

IJ{MZ(x>—¢n1(x>][c(5;tvl—@;fzﬂ}dx
) fo [ (X) iy () + i (X) g (x)

Fro (1) =

(5-11d)

nD

Based on the derivations above, the Eq. (5-1), which are the coupling motion equations of double-
126



beam system with an active control structure in the physical space, are transferred as Eg. (5-11),
which are the decoupled motion equations of the same structure in modal space. Therefore, the
vibration control of the infinite freedom system in physical space is also transferred as the vibration
control of several modes in modal space, and this is called Modal Space Control (MSC). Defining
the state vector Zn(t)=[Tn () T (t)]T , the state-space form of the decoupled equation of

n

motion, Eq. (5-11a), can be written as

Z,(t)=3,-Z,(t)+ K, [F,(t)+Fp (t) ]+ LF (1) (5-12)

o 5 e e )

It is like in Section 4.3.1, independent modal space control (IMSC), in which each vibration mode
is controlled separately, is applied in here. According to IMSC and to avoid re-coupling the double-
beam system with an active control structure descried as Eq. (5-12), each nth mode shape is
controlled by its own control modal force, and the nth control modal force which adopts linear
state feedback control law can be calculated as

F.(t)=-G,Z,(t)=-0,T,(t)—g,,T, (1) (5-13)
where G, =[g,, 9,,] isfeedback gainmatrix, g,, isdisplacementgain, g, isvelocity gain,

and all of them are control gains needed to be determined.

By means of the linear quadratic regulator control method, the feedback gain matrix
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G,=[9. 9,,] canbe determined, therefore, the active control force F_(t) and f (x,t) can

be obtained, and the dynamic responses of the double-beam system with an active control structure

can be totally calculated eventually.

5.3.2 Linear Quadratic Regulator (LQR)
It is similar to the derivation works in Section 4.3.2, according to LQR and the linear differential

equations Eq. (5-12) which represent the whole structure system in state-space form, the quadratic

performance index J(t) for the active control on double-beam system is as follows

J(t)= j [ 27 (1)QZ, (t)+F (t)RF, (1)]= j [Z7(1)QZ, (1)+RF2(1)] (5-14)
where Z (t) isstate vector for the structure model, F_(t) isactive control force, Q is a positive
definite or a semi-positive definite weight matrix for state vector, and R is a positive definite weight

matrix for control force vector.

The mathematic model for the whole double-beam system optimal control can be denoted as:
Find active control force F(t),
to satisfy the objective function J ( j [2] (t)QZ, (t)+RFZ ()] — min,

with constrained conditions: Z, (t)=J,-Z,(t)+K,|F,(t) (t)]+LF.(t)and Z,(0)=2,

The mathematic model is a functional extremum question with constrained conditions. Applying

the Lagrange multiplier method, Hamiltonian function and variation method, a Riccati matrix
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equation is finally derived:

—PJH—J§P+%PLHR1QP—Q=0 (5-15)

2
In this chapter, the weight matrices can be calculated as Q = o{a;” ﬂ and R=2, in where a

P, P

and §8 are positive constants. Due to J, and L, are also known, the matrix P = L)ﬂ Plz} can
21 22

be obtained by solving Riccati matrix equation Eq. (5-15). And then, the active control force

F.(t) isdetermined as:

1

Fnc (t):_E RflL-;PZn (t):—%Rl[O ]_]|:P11 Plz}{l

1, :
b P, }=—5R [PaTa (1) +PT, (1) ] (5-26)

Comparing Eqg. (5-16) with Eq. (5-13), the feedback gain matrix is finally solved by LQR:

1
Gn:[gnl gnz]:{ERan

1
ER‘lez} (5-17)

By applying an active control algorithm which synthesizes IMSC and LQR, the active control

force for each mode shape of the double-beam system, F (t), is determined successfully.

However, F_(t) is justa kind of modal control force in the modal space, it cannot be used in the

real structure to complete the control work. Therefore, the active control force in physical space,

f. (x,t), should be obtained in next step.
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5.3.3 Calculation of Active Control Force in Physical Space
Considering Eq. (5-11c) and Eq. (5-16), the active control force in physical space can be assumed

in a form as:

(08 = 3 (Gl B (0) i ()T, (06 ()~ ()T, (1) (5-18)

n=1

where G, G,, are the control gains for each mode, ¢, (x)—4,,(x) is used to make the

f.(x,t) is related to the responses of both beams , and N is total number of modes which are

considered to be controlled.

In IMSC, each modal control force can only control that mode and it doesn’t affect other modes.

Therefore, when substituting Eq. (5-18) into Eq. (5-11c), only

fe (X, 8) =Gy [ 4 (X) =, (X) T, (1) + Gy [ 4y (X) ~ o (X) T, (t) is used to calculate the nth

modal control force F(t) as:

IOL{ [¢m o (0] |
.[ [ 8 (X) My (X) +dh, (X) Mgl (X) | X

F (t)=

X[ G, (t)+G,.T, (1) ] (5-19)

Comparing Eq. (5-19) with Eq. (5-16), the control gains G, and G, can be calculated by

G —_ RlP I[¢n1(>i)nl¢nl( )+ (X) Mg, (x) ]
2 Iy {~[0 (0= ()] %

(5-20a)
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__Rlpf[%(xL ()+¢n2( (1))
2 Jo - nz(x)J}dx

G, (5-20b)

Until here, control gains G,, and G, are solved, and by the assumptions as in Eq. (5-18), the
active control force in physical space, f,(x,t) , is determined. Then, it is possible to apply that
active control force in the real double-beam system and obtain dynamic responses of it with active

control structure which uses that active control algorithm.

5.4 Semi-Active Control Algorithm for Adjustable Viscoelastic Layer in Semi-
Active Control Structure

The semi-active vibration control problem of a double-beam system with adjustable viscoelastic
layer is described as Eq. (5-2), the stiffness increase AK and the damping increase AC of the
adjustable viscoelastic layer in Eq. (5-2) is controlled and determined by the semi-active control
structure and algorithm. It is similar to the work in Section 4.4, the active control and active control
force presented in Section 5.3 is chosen as the objective, a semi-active control algorithm, which
makes the semi-active control to be close to that active control, and a mode shape filter are

developed to calculate AK and AC in here.
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5.4.1 The Dynamic Mechanical Model of the Adjustable Viscoelastic Layer

The adjustable viscoelastic layer is applied in this chapter to complete the semi-active control,
therefore, its stiffness and damping coefficients should be both changed by the control signal. In
order to use the adjustable viscoelastic layer to do the semi-active control effectively, the dynamic
mechanical model of itself must be figured out firstly, especially, the calculation model for stiffness

and damping coefficients of it must be declared.

According to Eq. (5-2), a simple pseudo linear model (as in Fig. 5-2(a)) is adopted to represent the

dynamic mechanical model of the adjustable viscoelastic layer and it can be defines as:

f

ViscoelasticLayer

u_an) .21

()= (K--2K) 0,0, )+ +a0) -

oW, oW
where (K +AK)(W, -W,) and (C+AC)[E1_EZJ is the elastic force and damping force

of the viscoelastic layer, respectively, (w,-w,) is the viscoelastic layer deformation

oW, ow.
displacement, and (ﬁ_ﬁzj is the viscoelastic layer deformation velocity.

Since this research is discussing the semi-active control on the high speed railway bridge vibrations
by applying the magnetorheological nanocomposites (MRNS), therefore, the characters of MRNs
material should be considered in here for the study of the adjustable viscoelastic layer dynamic

model which is adopted by the semi-active control structure. Itis like the traditional MREs material,
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the changes of the stiffness and damping coefficients of MRNs depend on the applied magnetic
field strength which is produced by the current in the device. Thereupon, the stiffness and damping
coefficients of the adjustable viscoelastic layer are assumed to have a linear relation with the
applied current, whose calculation models (as shown in Fig. 5-2(b) and Fig. 5-2(c)) are linear

model as follows

KT = Kmin +L( Kma>< - Kmin) (5'223-)

m

CT = Cmin + II_(Cmax - Cmin ) (5-22b)

m

where K, and C, arethe stiffness and damping coefficients of the adjustable viscoelastic layer
under specific current, K . and C_. is maximum stiffness value and maximum damping value

of the adjustable viscoelastic layer, K .. and C_.. is minimum stiffness value and damping

min

value of the adjustable viscoelastic layer, | _ is the saturation current for the device, and | is the

m

inputted current determined by semi-active control.

K A C 4
"W
K+AK
DA
—
—IV Jriscoctastct
1 ‘ > ‘ ' : >
C+AC 0 1, 1 I, 4 0 1, I I I
a. Linear Model for Adjustable b. Linear Model of Adjustable c. Linear Model of Adjustable
Viscoelastic Layer Dynamic Viscoelastic Layer Stiffness with Viscoelastic Layer Damping
Mechanical Model Applied Current Coefficient with Applied Current

Fig. 5-2. Linear model for adjustable viscoelastic layer dynamic mechanical model and linear model of adjustable

viscoelastic layer stiffness and damping coefficients with applied current.
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If the default current inputted is 1, and the default stiffness and damping coefficients of the
adjustable viscoelastic layer are K and C, respectively, the stiffness increase AK and damping

increase AC (as shown in Fig. 5-2(b) and Fig. 5-2(c)) could be controlled by the current as

AK:KT—K:I_I

0 (Kmax - Kmin) (5'233)

m

AC:CT—C:I_I

% (Crax —Ciin) (5-23Db)

m

Although the simple linear model does not represent the actual behavior of the adjustable
viscoelastic layer material or even the MRNs material, it helps us to study the dynamic
performance of the controllable viscoelastic layer and a suitable semi-active control algorithm for
semi-active control structure in next section, and so, it is proper to adopt it in the discussion in

here.

5.4.2 The Determination of Stiffness Increase and Damping Increase in Adjustable
Viscoelastic Layer
Based on Eq. (5-2), move the terms, which are related to AK and AC, to the right side of the

equations, then the Eq. (5-2) can be denoted as

o'W
elyf+K(Wl—Wz)+C

(avvl 6W2j AW,
. +m

oW, oW,
at Lot -

=fl(x,t)—AK(Wl—W2)—AC(? "
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(5-24a)

o'W oW, oW, _ oW, ow, aw,
& a)(42_K(W1_W2)_C( 8’[1_ atz)"'mz 8’[22 = fz(x’t)+AK(Wl_W) AC( ot ot j
(5-24b)

As shown in Eqg. (5-24) and the dynamic mechanical model of the adjustable viscoelastic layer
oW, oW,
introduced in Eq (5-21)’ AK (Wl -W. ) AC[ ot ot j = fViscoelasticLayer (X’t) could be treated as

a semi-active control force. Comparing Eq. (5-24) with Eqg. (5-1), in order to make the semi-active
control being close to the active control, it can assume the semi-active control structure can provide

the same control force value as active control structure. However, due to the limit of adjustable

viscoelastic layer, the semi-active control force f

ViscoelasticLayer

(x,t) cannot reach very value as
f.(x,t) calculated by active-control algorithm, therefore, the semi-active control force

f

ViscoelasticLayer (

x,t) is supposed to be defined as follows

oW, oW,
) If AK,, (W, -W,)+AC, (at &j f.(x.t),

oW, oW,
—Zj (5-25a)

then fViscoelasticLayer (X’t) = AKmax (Wl _WZ ) + ACmax (Wl — p

) If AKmaX(Wl—WZ)+ACmaX(%—%jZfc(x,t) AK o (W, =W, )+ AC,, (aavll %j,

ot

then fViscoeIasticLayer (X’ t) = fc (X’ t) (5'25b)

@3) If AK;, (W, —W,)+AC,, (aavl/ aw]

f.(xt),
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then fViscoeIasticLayer (X’t) = AKmin (Wl _WZ ) + ACmin (% - %) (5'25C)

where AK . =K . —-K, AC_, =C...—C,AK, =K.,—-K, AC_,, =C_.,—C,and K, C are

the default stiffness and damping coefficients of the viscoelastic layer.

As to the case (2) shown as Eqg. (5-25b), introducing Eq. (5-11c) and substituting Eq. (5-25b) into
it, it can be transferred as

F.o(t)=HxAK+JxAC (5-26a)

H = IoL {[¢n2 (X)_¢n1(x)][wl(x1t)—W2 (Xt)]} dx
[T () Mg (X)+ s (X) Mgy () e

J-OL[¢n1 (X) M@ (X) +0., (X) m,d,, (X):I dx

(5-26b)

Considering the calculation model for stiffness and damping coefficients of adjustable viscoelastic

layer introduced in Section 5.4.1, and substituting Eq. (5-23) into Eq. (5-26), it will be

-1,

(KmaX—Kmin)+J X

m m

(Cmax - Cmin ) (5'27)

In Eq. (5-27), the active control force F,_(t) is calculate by Eq. (5-16) in active control

algorithm derived in Section 5.3, therefore, the unknown parameter, current I, can be calculated as
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(5-28)

Once the current | for the semi-active control is obtained as Eq. (5-28), then, the stiffness increase

AK and damping increase AC can be obtained by Eq. (5-23).

In summary, combing the case (1) and case (3) shown as Eq. (5-25a) and Eqg. (5-25c), the stiffness

increase and damping increase of the adjustable viscoelastic layer under the semi-active control

presented in this chapter can be determined as

(1) If AKmaxj (W, -W, )dx+AC,,, (68\/;/ 86V¥ jdx<jOLfC(x,t)dx,

then AK, =AK AC, =AC,_,,

max ?

oW, AW,
@) If AKmaxj (W, =W, )dx + AC,., ((ﬁ = jd >j f.(xt)dx and

oW, oW,
AK,, j (W, -W, )dx+AC,, I[——E]d <[ (xt)dx,
then AK, =K, ~K=""12(K K.}, AC,=C,~C=1"'2(C_ ~C..),
I
| = T F (t)+1
H(Kmax_Kmin)+‘](Cmax_Cmin) nC( )+ ’

n

F (0 ==ZR[PT, (6)+ P, (1)]
(3) If AK_, j (W, -W, )dx+AC,, j(aw a(\;\tl jdx>LLfc(x,t)dx,
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(5-16)



then AK, =AK AC, =AC,,, (5-29c¢)

min !

where L is the total length of each beam in double-beam system.

Applying Eq. (5-29), Eq. (5-16) and Eq. (5-28), the stiffness increase AK, and damping increase
AC, are determined and could be adopted by semi-active control structure. It is the same as the

discussion in Section 4.4.1, only one main mode will be chosen to be controlled for the semi-active

control structure, AK, and AC, should be determined at each time step and changed during the

whole vibration process.

5.4.3 The Mode Shape Filter for the Double-Beam System
The discussion is totally same as the one in Section 4.4.2, therefore, the mode shape filter for the

double-beam system is as follows

()= J' [ 4, (x) MW, (x t)+ 12 (X)W, (x,t) ] dx (5-308)
N [¢m )+ ()Mot ()]
(1) = _[ [4,,(x) )+ nz(x;rﬁzvz(x,t)]dx (5:300)

[ [¢nl )+dh (X

where W, (x,t), W,(xt), V,(x,t) and V,(x,t) is the displacement and velocity of upper
beam and lower beam detected at time t, respectively, 4, (x) and ¢, ,(x) are mode shape

functions of upper beam and lower beam corresponding to nth natural frequency, which are the

same as the ones defined in Eq. (5-5).
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Once ¢,(x) and ¢, (x) areobtained by free vibration analysis in Chapter 2, and displacement
and velocity of the two beam are detected by the sensors in the structure, then, the T (t) and
T, (t) can be determined by the displacement mode shape filter as Eq. (5-30a) and velocity mode

shape filter as Eq. (5-30b), respectively. The mode shape filter for calculating T, (t) and T, (t)

is not only useful in the determination of stiffness increase AK and damping increase AC as
discussing at the beginning of this section, but also is very important for the calculation of the
transverse vibration of the whole double-beam system with semi-active control structure, which

will be introduced in next section.

5.5 Solution of the Transverse Vibration for Double-Beam System with
Vibration Control Structure

Once the active control force or semi-active control parameter is determined by the control
algorithm developed in this chapter, the solutions of the transverse vibration for double-beam
system with active control structure or semi-active control structure, which is described in Eq. (5-

1) or Eq. (5-2), can be solved and the dynamic responses of whole structure system can be obtained.

5.5.1 Solution of the Transverse Vibration for Double-Beam System with Active Control
Structure

The active control force is calculated by the active control algorithm as Eq. (5-16), and then,
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substituting it into Eq. (5-11), the decoupled motion equations of the double-beam system with

active control structure will be

d?T, (t) JLpap dT (t)

dt> 2 # dt

+G RP, mngn (t)=F, (t)+Fy (1) (5-31a)

[RERERAC? >+¢n2<x> < )]

F(t)=— (5-31b)
JO [ 4 (X)W, (X)+ 4, (X) (x)]dx
8W _ oW,
sl xﬂ}dx
Fo(t)= (5-31c)
J. |:¢nl X):IdX
Using Duhamel's integral, particular solution of Eq. (5-31a) can be obtained as
I[F (r) e sin[ @, (t-7) |dr (5-32)
* 2 1 -1 1 -1 P * 2 .
where @, = w"+ER Py fn:ZR a)* , and @, =w,\1-& are the calculation

parameters.

) oW, ow,\ . .
In Eq. (5-31) and Eq. (5-32), the unknown damping force C a5 a is included, therefore,

they are a kind of implicit equations and it is hard to solve them directly. An iteration method,
which could be generally expressed in a flowchart form as in Fig. 5-3, is developed in this chapter
to solve that problem. By the iteration method, the transverse vibration equations of a double-beam

system with active control structure presented in this chapter are solved successfully.
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o]

t=nxAt -

| Solve Riccati matrix equation Eq. (5-15), get P |

Define C =0, solve Egs. (5-31), obtain Undamped double-beam system with active control system
transverse vibration response

L]

|Fr0m Egs. (5-5), obtain W, (x,t), W, (x,t) |

v

»| Calculate M W, (x.t)
ot ot

Recover C to its real value, calculate damping force: F, =C {(Mla(txt)awza(t“)}

! n=n+l
Solve Egs. (5-31), obtain Damped double-beam system with active control system
W, (x,t) =W, (x,t) transverse vibration response

_ )
From Egs. (5-5), obtain W, (x,t), W, (x,t)

W, (x,t) * W, (X,t) && W, (x,t) * W, (x,t)

Output transverse vibrations of double-beam system with active-control system at

thistime oint W (x,t) . W, (x) W, (x.) W (x1) W, (0): W, (x1)

n>N, N:Total Time Steps Number
NO
YES

Fig. 5-3. Flowchart of the iteration method to calculate transverse vibration responses of a double-beam system with
active control structure.

5.5.2 Solution of the Transverse Vibration for Double-Beam System with Semi-Active
Control Structure
It is the same as the discussion in Section 4.5.2, so it also requires that the adjustable viscoelastic

layer which is under control should be changed with time during the whole vibration process. The
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same three requirements should be satisfied for the vibration calculation of double-beam system
with that semi-active control structure:

1. The vibration calculation must be carried out one time step by one time step, because the
structure may be different in each time step.

2. In each time step, the analysis of the structure vibration property must be done due to the change
of the adjustable viscoelastic layer stiffness and damping coefficients.

3. In each time step, the calculation of the forced vibration of double-beam system with semi-
active control is generally same as the method derived in Section 3.4, but the stiffness and damping
coefficients of the viscoelastic layer must be K, +AK and C +AC (K, , C_ are the
stiffness and damping coefficients value in last time step, and AK, AC are calculated by Section
5.4.2 based on the structure and responses from last time step), and the dynamic responses of the

two beams in last time step must be applied as the initial condition.

According to the third requirement, the solutions of the forced transverse vibration of double-beam
system with semi-active control in time step T =t,;, - T =t, can be calculated as follows:

1. Defining the value of viscoelastic layer stiffness as K, + AK instead of K, and damping
coefficient as C, +AC instead of C, (K, , C, are the stiffness and damping coefficients
values in last time step, and AK, AC are calculated by Section 5.4.2 based on the structure and
responses from last time step), then, the same derivation works as Eq. (3-27) to Eq. (3-32) are

completed.
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2. Based on the dynamic responses of two beams in last time step: W, (x,t_), W,(xt_,),
V,(x,t,) and V,(x,t_ ), and applying the mode shape filter presented as Eq. (5-30), the initial
condition T, (t_) and T, (t_) can be obtained.

3. Using Duhamel's integral and considering the initial condition T, (t_.), T,(t_,), particular

solution of Eq. (5-31) intimestep T =t_, > T =t, (At=t —t,,) can be finally obtained as

@,

T, (t)= T, (ti,l)sin(wnm)nn (ti_l)cos(wnAt)+win jOA‘[Fn (£)+Fop (7)]-sin[ @, (At —7)]dz

(5-33)

Based on those three requirements, Eq. (5-33) and the iteration method proposed in Section 3.4, a
calculation method which could be generally expressed in a flowchart form as in Fig. 5-4, is
developed in this chapter to solve and obtain the dynamic responses of the whole double-beam

system with semi-active control structure.
Finally, applying the method shown as flowchart in Fig. 5-4 and doing the calculation one time

step by one time step until the end, the dynamic responses of whole double-beam system with

semi-active control are solved and obtained successfully.

143



|Define C=0, free vibration analysis as in Section 2.3, obtain w ,, ¢, (x), 4,, (x) att =0 — At when AK =0, AC=0 |

1]
Define C=0, forced vibration analysis as in Section 3.4, obtain the dynamic response W, (x,At) A (x,At) . W, (x,At) ,

W, (x,At) , T,(At) ,T,(At) at t=0-»At when AK =0,AC =0
L]

Recover C to its real value, calculate damping force: F, =C [v\'/1 (x, At) 7v\'/2 (x, At)]

L]

Forced vibration analysis of damped model as in Section 3.4, obtain the dynamic response Wi (x,At) + W, (x,At) vv7v1(x,At) ,

\i

W, (x,At) . T, (At) . T, (At) at t=0— At When AK =0, AC =0

W, (X, At) =W, (X, At) && W, (x, At) ~W, (x, At)

YES

Output transverse vibrations of double-beam system with semi-active control system
at this time point w, (x, At). W, (x, At): W, (x,At) W, (x,At). T, (At) . T, (At)

 |From last time step t=(i—1)At — iAt, draw the natural frequencies and
" | corresponding mode shapes: @, ,¢n1(x),¢nz(x)

L]
From last time step t = (i —1) At — iAt,, draw the dynamic responses: W, (x,iAt) W, (x,iAt) W, (x,iAt), W, (x,iAt),
apply Eq. (5-30) to get initial condition for this time step: T, (iAt)and ¢ (iAt)

y

Input @, into Eq. (5-15), solve and get P

L]
Input P, W, (x,iAt) W, (x,iAt) T, (iAt),T, (iAt),qﬁnl(x) ,#n2 (X) into Eq. (5-28) and Eq. (5-29), solve AK,, AC, for each
mode, choose the one which has the maximum value of T, (iAt) as thefinal AK,, AC, to the semi-active control system
L]
Define C +AC =0, substitute AK = AK, and K =K, into Eq. (5-2), do the free vibration analysis of the new
structure as in Section 2.3, obtain the @, , ¢, (X), ¢,,(x) intime step t =iAt — (i+1)At
L]

Define C +AC =0, substitute AK = AK, and K =K_ into Eq. (5-2), do the forced vibration analysis of the new
structure as in Section 3.4, solve Eq. (5-33) toget T, [(i+1)At Jand T, [(i+1)At] in time step t = iAt — (i+1)At

o Based on Eq. (5-5), obtain dynamic responses W, [ x, i +1)Aq, W, [ x,(i+1)At]
=i+l W, [ x,(i+1)At] , W, [ x,(i+1)At] intime step t =iAt — (i+1)At _— L
<i=12,3.,N-1> v W, [ (i+1) At ] =W, [x,(i+1)At]

Substitute AC =AC, , recoverC, +AC; to its real value, calculate damping force:
Fo =(Cy +AC, ) {W,[ x,(i+2) At]-W, [ x,(i+1) At]}
L]

Vi, [x, (i +1)At] =W, [ x, (i +1)at]

Substitute K +AK = K +AK, andC+AC =C_+AC; into Eq. (5-2), Eq. (5-33), do the forced vibration analysis of damped
model, obtain the dynamic response W, ['x, (i +1) At | W, [ x, (i+1)At], W, [ x,(i+2) At ], W, [ x,(i+1)At]at t=iAt — (i+1)At

NO
i+1) AU =W, [, (i +1) At ] &&W, [, (i +1) At ] =W, [ x,

o

Output transverse vibrations of double-beam system with semi-active control system : W, [X,(i +1) At] W, [X,(i +1)At]
W [x (i+2)At]» W, [x,(i+2)at] T, [(i+2)At] o T, [(i+1)At] at t=iat—(i+1)At

i+1> N, N: Total Time Steps Number

NO
YES
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Fig. 5-4. Flowchart of the calculation method to solve and obtain the dynamic responses of double-beam system with

semi-active control structure.

5.6 Numerical Examples

In order to illustrate the active control structure, semi-active control structure and the
corresponding control algorithms presented in this chapter for double-beam system, some
numerical examples of uncontrolled, active controlled and semi-active controlled double-beam
system are investigated in detail. The values for the parameters of the double-beam system are as
follows

E=1x10°Nm?2, 1=4x10"m*, p=2x10%kgm>®, A=5x102m?, e=El =4x10°Nm?,

m=pA=1x10°kgm™, L=10m, K =1x10°Nm?, K, =14x10°Nm~?, K =7x10*Nm™

The exciting force of the double-beam system is f,(x,t)= f sin(wt)s(x-0.5L), f,(x,t)=0,
where f =—10000N is amplitude and @ =10Hz is frequency of a concentrated harmonic
force acted on the midspan of the upper beam, and &(x) is Dirac delta function. Three cases are
investigated in here for discussion:

Case 1: upper beam spring supported-spring supported and lower beam simply supported-simply
supported, € =€,=e , m=m,=m , C=1x10°Nsm* , C , =14x10°Nsm™ |,
C,n = 7TONsm™;

Case 2: upper beam spring supported-spring supported and lower beam simply supported-simply
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supported, e =0.8e , e,=e

C,., =35Nsm™;

m=02m, m,=m , C=50Nsm*, C,, =70Nsm™

Case 3: upper beam clamped-clamped and lower beam free-free, e =e, e,=0.8e, m =m,

m, =0.2m, C=1x10°Nsm™, C__=1.4x10°Nsm™, C_. =70Nsm™.
2 max min

The dynamic responses of uncontrolled, active controlled and semi-active controlled double-beam

system at the midspan of the two beams are shown in Fig. 5-5 to Fig. 5-7. The active control force

which is applied at the midspan of both beams, f_(0.5L,t), is shown in Fig. 5-8. The variation K

and variation C of adjustable viscoelastic layer are shown in Fig. 5-9.
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e. Upper Beam Acceleration
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Fig. 5-5. Dynamic responses at midspan point of two beams for Case 1.

a. Upper Beam Displacement

—~ 0.08 . ; . . ;
E ncontrolled
~  0.064 ctive Controlled
= =
E 0.04-
S 0.021
=]
=  0.004
12]
A 0024

-0.04 — . : . : ; : .

00 01 02 03 04 05 06 07 08 09
Time (s)
c. Upper Beam Velocity

’a 44 Uncontrolled 4
= Active Controlled
E = Semi-Active Controlled
z
[#]
L=
LM
=

04

00 01 02 03 0.6 08 0.9
Time (s)
e. Upper Beam Acceleration
"Q 360450 Uncontrolled ‘ ' ‘ ‘ j '
— Active Controlled
g 2404 =+= Semi-Active Contralled
=}
2
=
2
b}
9
2
<
00 01 02 03 04 05 06 07 08 09
Time (s)

Displacement (m)

Velocity (m/s)

)

Acceleration (m/s™)

0.044

b. Lower Beam Displacement

T T T T
freememees Lncontrolled -

Active Conuolled

=== Semi-Active Controlled

0.02+
0.00
70}02_ ..I T T T T T T T T
00 01 02 03 04 05 06 07 08 09 10
Time (s)

d. Lower Beam Velocity

1.5

T T T T
eseses Uncontrolled

= Active Controlled
tive Controlled.

-0.54
00 01 02 03 04 05 06 07 08 09 1.0
Time (s)
f. Lower Beam Acceleration
100+ I Uncontrolled ‘ ‘ ‘ ‘ I
804 = Active Conirolled
60 «= Semi-Active Controlled

Time (s)

Fig. 5-6. Dynamic responses at midspan point of two beams for Case 2.
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Fig. 5-7. Dynamic responses at midspan point of two beams for Case 3.
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c. Case 3
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Fig. 5-8. Active control force applied at midspan point of two beams for each case.
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Fig. 5-9. Variation stiffness K and variation damping coefficient C of adjustable elastic layer for each case.
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Fig. 5-10. Dynamic responses at midspan point of two beams for Case 1 comparing with Case 1 in Chapter 4.

As shown in Fig. 5-4 to Fig. 5-7, the active control structure designed for the double-beam system
and the corresponding active control algorithm developed in this chapter are effective to suppress
the vibrations of both beams. The semi-active control structure and semi-active control algorithm
also works well, although it doesn’t reduce the dynamic responses of two beams so perfectly as
the active control structure in Case 1 and Case 2, it also could suppress the vibrations of whole
system apparently. Since there are two different boundary conditions in those 3 cases and all the
models with them have smaller dynamic responses under the active control or semi-active control,

therefore, the active control and semi-active control proposed in this research have the capability
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to control the double-beam system with arbitrary boundary conditions.

In case 1 (Fig. 5-5), resonance phenomenon is happened in upper beam without active control
structure or semi-active control structure, but it is controlled and eliminated when the active control
or semi-active control is applied. Therefore, the active control and semi-active control proposed in
this chapter can effectively avoid the resonance happening in the double-beam system and protect

the safety of the whole structure.

From Fig. 5-8, it is shown the value of active control force at midspan of both beams in physical
space for 3 cases. Although it is just part of the whole active control force, the existence and
presentation of it denote the operability of the proposed active control structure which could
control the whole structure by applying that real force and it is very possible for the engineers to
apply it in the real engineering practices. Also in Fig. 5-9, the value of variation stiffness K and
variation damping coefficient C of the adjustable viscoelastic layer are shown for all 3 cases, and
it is easy to find out that the stiffness K and damping coefficient C have obvious changes under the
semi-active control. Comparing with previous classical control algorithms, the changes of stiffness
K and damping coefficient C are very close to the ones under switch on — switch off control
algorithm, therefore, it proves that the semi-active proposed in this chapter is reasonable and it is

practical to apply it in the real structures.
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As shown in Fig. 5-10, the dynamic responses at midspan of two beams for Case 1 are compared
with Case 1 in Chapter 4. The two double-beam system models are almost the same except the
damping control is considered in this chapter. From Fig. 5-10, the semi-active control with
damping reduces the dynamic responses of two beams a little better than the semi-active control
which only changes stiffness of elastic layer. Therefore, the damping control can help to do the
vibration control in whole system better, and the semi-active control proposed in this chapter which

adopts adjustable viscoelastic layer is better to suppress the vibrations of whole system.

5.7 Conclusions

In this chapter, an active control structure, a semi-active control structure and corresponding
control algorithms are proposed to suppress the vibration of the double-beam system with
viscoelastic layer, which may have arbitrary beam mass, beam flexural rigidity and/or boundary
condition. Based on Chapter 3, the calculation methods for double-beam system with that active

control and that semi-active control are also developed.

In the active control structure, independent modal space control (IMSC) is applied to decouple the
motion equations of double-beam system with the active control, which are coupling partial
differential equations, and transfer them as some decoupled equations in modal space. The

vibration control of the infinite freedom system in physical space is also transferred as the vibration
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control of several modes in modal space by IMSC. Linear quadratic regulator is adopted to
determine the specific modal active control force for each mode, then, the active control force in

physical space, which can be loaded in real structure, is obtained by modal active control forces.

In the semi-active control structure, the active control force produced by the active control
structure presented above is set up as the objective and the equivalent semi-active control force is
assumed to be close to that active force. A linear model is assumed as the dynamic mechanical
model of the adjustable viscoelastic layer and the relationships between stiffness, damping with
inputted currents are also defined as linear models. Based on that calculation principle, the linear
model for adjustable viscoelastic layer and with the mode shape filter derived in this chapter, the

determination methods of stiffness increase and damping increase are derived.

Various double-beam system with active control or semi-active control models are calculated to
illustrate the efficiency of the proposed active control and semi-active control, and the resonance
in the structure are also shown to be avoided by them. Although the semi-active control is not so
perfect as the active control, it still can suppress the vibration of the whole double-beam system
significantly. Finally, the proposed active control and semi-active control for double-beam system

are derived and verified successfully.
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Chapter 6 Analysis of High-Speed Rail Vehicle - Bridge Coupling

Vibration

6.1 Introduction

In Chapter 2 and Chapter 3, the dynamic behaviors of the double-beam system with elastic layer
and viscoelastic layer between two beams are calculated and analyzed carefully. And then, the
active control and semi-active control for those two kinds of double-beam system are all introduced
and derived specifically in Chapter 4 and Chapter 5. The theoretical preparation works of the high-
speed rail bridges with floating slab track on them have been completed in those four chapters as
stated above. In this chapter, the research works will come back to the real structure: vehicle-bridge
coupling system of high-speed rail, and a co-simulation method will be proposed to simulate the
whole system. The co-simulation platform built in this chapter will supply a basis for the works in
next chapter: applying novel adaptive materials magnetorheological nanocomposites as a semi-
active control structure into the vehicle-bridge coupling system of high-speed rail and controlling

the vibrations of whole bridge.

The vibration behavior of railway bridges under train loads is a fundamental problem for
researchers and engineers to solve in study and design. First, the trains passing the bridge induce
dynamic impact to bridge structures, reducing their safety and service life. Second, the vibration

of bridges in turn affects the running stability and safety of the trains.
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The relative research could date back to the works of Willis (1849) and Stokes (1849) in the mid-
19" century in investigating the collapse of Chaster Rail Bridge in England in 1847. In the early
works, researchers on bridge dynamics mainly try to get analytical or approximate solutions for
some simple problems (Timoshenko 1922; Jeffcott 1929; Inglis 1934). After the computer was
invented, researches are able to observe more realistic bridge and vehicle models in analysis. In
some structure dynamics texts, people begin to discuss the vibration of structures under moving
load (Biggs 1964; Fryba 1972; Fryba 1996). Starting from 1975, Ting and his co-workers update
the related researches on vehicle-guideway interactions from time to time (Ting 1975; Genin and
Ting 1979; Ting and Genin 1980; Ting and Yener 1983; Taheri 1990). Now, by using powerful
numerical methods, the related research has been done more deeply and the models of bridge and

vehicle have been more complicated (Yang, Yau and Wu 2004).

Bridge Models (Yang, Yau and Wu 2004)

Almost all the bridges can be simulated as two main methods: finite element method (FEM) and
modal expansion method (MEM). MEM can effectively reduce the degree of the bridge and obtain
the dynamic response of bridge much faster, but it could only be adopted in linear question and
only for simple bridge structure. On contrary, FEM could be widely used in every types of bridge
structure and complete the nonlinear analysis on it, but the analysis time will be very long and the

process will be difficult (Xia and Zhang 2002).
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Until now, various types of bridges can be simulated in vehicle-bridge coupling system, including
truss bridges, multispan uniform or nonuniform bridges, girder bridges, continuous beams, curved
girder bridges steel plate girder bridges and arch bridges (Wiriyachai 1982; Yang 1995; Kou and
DeWolf 1997; Cheung 1999; Huang 193; Cai 1994; Yang 2001; Kawatani and Kim 2001; Ju and
Lin 2003; Yang, Yau and Wu 2004). With the development of long span bridge, dynamic response
of cable-stayed bridges and suspension bridges to moving vehicles has also been studied
(Meisenholder 1974; Wang and Huang 1992; Yang and Fonder 1998; Guo and Xu 2001; Chatterjee

1994; Xia 2000; Xu 2003; Yang, Yau and Wu 2004).

Vehicle Models (YYang, Yau and Wu 2004)
Until now, moving load, moving mass, moving sprung mass and multi degree of freedom models

are the main models applied to simulate the vehicles in the majority of literatures.

The moving load model is the simplest model, which is still used in the simple analysis questions
or at the beginning of the work. However, the effect of interaction between bridge and moving
vehicle is ignored, so this model could be used when the mass of vehicle is much smaller than
bridge (Timoshenko 1922; Ayre and Jacobsen 1950; Chen 1978; Wu and Dai 1987; Galdos 1993,
Gbadeyan and Oni 1995; Wang 1997; Zheng 1998; Rao 2000; Chen and Li 2000; Dugush and

Eisenberger 2002; Yang, Yau and Wu2004). The moving mass model is used to surpass the
156



limitation of moving load model (Jeffcott 1929; Stanisic and Hardin 1969; Ting 1974; Stanisic
1985; Akin and Mofid 1989; Yang, Yau and Wu 2004). In order to simulate the vehicle better,
people consider to add the elastic and damping effects into the models, which then forms a model
called sprung mass model (Biggs 1964; Fryba 1972; Pesterev 2001; Pesterev 2003; Yang, Yau and
Wu 2004). Later, vehicle models that contain several degrees of freedom (DOFs) have been used
to represent the dynamic properties of freight cars or high speed trains. In those models, not only
the elastic and damping effect, but also the rotation and vibration inside the vehicle, are all been
considered (Chu 1986; Wang 1991; Xia, Xu and Chan 2000; Zhang 2001; Wu 2001; Yang, Yau

and Wu 2004).

Vehicle-Bridge Coupling Relationship

The main vehicle-bridge coupling relationship consists of contact displacements and contact forces.
As to the contact displacements at the contact area, it is assumed that the bridge ones has the same
values as the vehicle ones, and all of the displacements satisfy the specific geometric relationships
(Xia, De, Zhang and Zhang 2001; Xu, Zhang and Xia 2004; Guo, Deng and Luo 2009). The contact
forces at the contact area are defined as the function of wheel-rail relative motion and they also
satisfy the force equivalent conditions (Zhai, Cai and Guo 1996; Zhang, Xia and Guo 2010;

Torstensson, Nielson and Baeza 2011; Fayos, Baeza, Denia and Tarancon 2007).

Another coupling relationship between vehicle and bridge is rail irregularities. Since people find
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it will produce significantly effect when discussing the interaction between vehicle and bridge, so
many people have gotten relative conclusion and model for it, including road profile modeled as a
stationary Gaussian random process, power spectral density function, cross level and vertical
profile (Gupta 1980; Chu 1986; Wang 1991; Paultre 1992; Wang and Huang 1992; Yang and Lin

1995; Chatterjee 1994; Chang and Lee 1994; Pan and Li 2002; Yang, Yau and Wu 2004).

Railway Bridges and Vehicles (Yang and Yau 2004)

In the research of railway bridges and vehicles, the loading is often a sequence of moving load
instead of a single or very small number of loads. The loads produced by a moving train are
repetitive in nature, implying that certain frequencies of excitation will be applied on the bridge
and the dynamic responses of bridges will be apparently different (Bolotin 1964; Fryba 1972;
Kurihara and Shimogo 1978; Chu 1979; Wu and Dai 1987; Savin 2001; Yang, Yau and Wu 2004).
As to high-speed rail, scholars try to use other methods to simulate real high-speed train (Matsuura
1976; Chu 1986; Diana and Cheli 1989; Cai 1994; Hsu 1996; Yau 1996; Wu 2000). Researchers
also discuss some other issues in high-speed rail, such as: effect of column stiffness (Hsu 1996),
effect of elastic bearing (YYau 1996; Yau 2001), influence of sleepers and ballast layers (Museros

2002), and phenomena of resonance and cancellation for elastically supported (Yang 2004).

The previous research works about each aspect of the vehicle-bridge coupling system have been

demonstrated specifically as above. Although there have been abundant results in this topic, the
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bridge model, vehicle model or vehicle-bridge coupling relationships built in those works have
many simplifications and the simulation results are limited in some special cases. In order to
simulate the whole vehicle-bridge coupling system precisely and obtain its accurate dynamic

responses results, it is necessary to continue to do some further work in that topic.

In this chapter, it proposes a co-simulation method to complete the simulation of vehicle-bridge
coupling system in high-speed rail. Bridge structures are the traditional civil engineering structures
and they are modeled by finite element method software MSC/NASTRAN to analyze. Vehicle
system is a mechanical system, its nature is a multibody system and it is modeled by using
dynamics of multibody system software MSC/ADAMS to simulate. The vehicle-bridge coupling
relationships including wheel-rail contact geometric parameters, wheel-rail contact forces and
track irregularity, are all introduced specifically in this chapter. The Matlab/Simulink is used to
build a platform to make MSC/NASTRAN and MSC/ADAMS working together, and the vehicle-
bridge coupling relationships are coded as a program block inputted into that platform. A co-
simulation by using that Matlab/Simulink platform is realized and the simulation of whole vehicle-
bridge coupling system in high-speed rail is completed. Various numerical examples of vehicle-
bridge coupling system are calculated to illustrate the practicability and efficiency of the proposed

co-simulation method.
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6.2 Bridge Model Simulation - Finite Element Method

Bridge structure is an important subsystem in the whole vehicle-bridge coupling system, and it is
actually a civil engineering structure. According to abundant simulation and analysis works about
the civil engineering structures, especially, the research works about the bridge structures dynamic
problems, there are mainly two methods to build the models of bridge structures: finite element

method and modal expansion method.

In finite element method (FEM), the bridge structures are divided into finite number elements and
the equilibrium equations for each element are established, then, the whole equilibrium equations
of the whole structure are assembled by those element equations. With the help of the computer,
the equilibrium equations are solved and the force and deformation in each element could be
obtained. FEM is very accurate to simulate the civil engineering structures, but the solving

difficulty will increase apparently if the elements number is increasing to very large.

In modal expansion method (MEM), the modal orthogonality condition is applied to decouple the
structures motion partial differential equations, the responses under each mode are solved then,
and the final dynamic responses will be obtained by modal superposition method. MEM could
decrease the calculation degrees of freedom significantly, but its disadvantages are also apparent:

(2) it can only be applied in linear vibration problems, (2) it cannot calculate the vibration
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responses of some small parts in the structures, (3) it doesn’t work well to the complex structures

since there may be many modes needed to be considered.

In order to analyze large-size and complex bridges, and the deformations in them may be nonlinear,
therefore, FEM is chosen in this research to simulate bridges and calculate their dynamic responses.
With the fast developments in recent decades, there are many reliable and advanced FEM softwares
in engineering areas, such as ANSYS, ABAQUS, and MSC/NASTRAN. Because it is easy and
convenient to build models, the calculation is accurate, the analysis speed is fast, and the
calculation results are reliable by using those FEM softwares, they are widely accepted and used
in engineering areas. In this research, the MSC/NASTRAN is applied to build the bridge models

and complete the dynamic responses calculation and analysis works.

6.2.1 FEM for Simulating the Bridge System

The basic process of the FEM for simulating the bridge system could be denoted as following steps:
1. Discretization of the continuous area

In dynamic problems of bridge structure, the questions are 4 dimensional equation since the time
coordinate t is introduced into the problem. But when the FEM is applied, it only disperse the
structure equations in space area whose coordinate is just x, y, z. After dispersing the structure in

space, many basic elements are obtained from the original bridge structure.
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2. Establishment of the interpolating function in each element

As to each element dispersed from the original bridge structure in step 1, the interpolating function
for its displacement could be denoted as

u=Nu (6-1)
where u=[u(xy,2t),v(x y,z,t),w(xy,z,t)] is the displacement vector in the element,
N = [N1 N, .. Nn] is the shape function matrix, and u® is node displacement vector in the

same element.

3. Motion equations of the whole bridge system

Base on Eq. (6-1), the strain vector and stress vector of each element can be derived as
&=Au=ANu® =BU° (6-2)
o =Deg=DBu’ = Su® (6-3)
where A is the differential operator matrix, B is element strain matrix, D is elastic matrix, and S

is stain matrix.

The strain energy and kinetic energy of the element can be written as

Ve =1j gTadv=1j u¢' BT DBUCdv = S u*” ([ BTDde)ue “Likewe (6-4)
2V 2%V 2 v 2

T =2 piludv=—u (] pNTNdv)uezlueTmEue (6-5)
2%V 2 v 2

where K° =jv B'DBdv is element stiffness matrix, and m® ='[VpNTNdv is element

generalized mass matrix.
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The equivalent nodal forces of the element body force and element damping force also can be

denoted as
R® = IV N'qg°dv (6-6)
R = [ NTqidv=[ NT(~pu)dv=[ NT(-yNu*)dv=—(] yN"Nav)u*=-C*u* (6-7)

where C° = J'V yN"Ndv is the damping matrix.

Using coordinate transformation matrix, the element displacement vector and element force vector
are transferred from local coordinate system to global coordinate system, then, total strain energy

V, kinetic energy T, and total virtual work of exciting force and damping force oW can be

V=ZVG=%ZUGTKGUG:%UT (ZKe]u:%uTKu (6-8)
e 1 el _e.e 1 . T e |.- 1 .T .

T=>T :EZU mu® = > [Zm ju:au Mu (6-9)

éW:Zé\Ne:ZéueT(Re+R$)e:5UT[ZRE+ZRfJ:§uT(R+Rf) (6-10)

where K = Z K® is the total stiffness matrix of bridge structure, m= Zme is the total mass
e e

matrix of bridge structure.

The total damping force of the bridge structure can be derived based on Eq. (6-7) as follows

R =) Rf=—) Cu’ :—(ZCEJU =-Cu (6-11)
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where C = ZCe is total damping matrix of bridge structure.

Substituting Eg. (6-8), Eq. (6-9), Eq. (6-10) and Eq. (6-11) into Lagrange equations, it will be
Mi+Ku=R-Cu — Mi+Cu+Ku=R (6-12)

and Eq. (6-12) is the motion equations of the whole bridge structure in global coordinate system.

4. Solution of the bridge system motion equations
With the help of the mathematics, the motion equations of the whole bridge structure are solved

by many advanced numerical methods.

5. Strain and stress calculation of the bridge system
After the motion equations of the whole bridge structure are solved in step 4 and the nodal
displacements are obtained, they can be transferred from global coordinate system to local

coordinate system and the U° are determined. Based on Eq. (6-2) and Eq. (6-3), the strain and

stress of each element in bridge system can be calculated finally.

6.2.2 Modeling and Simulation of Bridge Structures in MSC/NASTRAN
Atypical high-speed rail bridge structure is chosen to be simulated in this research, and the sketch

of it is as shown in Fig. 6-1.
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Fig. 6-1. The sketch of bridge structure.

By using MSC/NASTRAN, that high-speed rail bridge structure shown in Fig. 6-1 is built as a

FEM model which is as in Fig. 6-2.
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Fig. 6-2. The FEM model of bridge structure.

After the modeling work of bridge structure is completed as above, the bridge structure is
transferred as a FEM model and it can be applied into the co-simulation of whole vehicle-bridge

coupling system which will be introduced in Section 6.5.

6.3 Vehicle Model Simulation - Dynamics of Multibody System

Vehicle system is actually a mechanical system and it is also another important subsystem in the
whole vehicle-bridge coupling system. Due to the limit of the major, in existed research works
about the vehicle-bridge coupling system, the civil engineers and scholars make many
simplifications on vehicle model and use the simple mechanical models to calculate the vehicle’s
vibration responses. In general, the development of vehicle model simulation is able to be denoted
as several stages as follows

(2) Ignoring the vibrations of vehicle itself, the vehicle is simplified as moving constant forces;

(2) Considering the harmonic vibrations in vehicle but they have no coupling effects with bridge
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vibrations, the vehicle is simplified as moving harmonic forces;

(3) Considering the coupling effects of vehicle vibrations and bridge vibrations, the vehicle is
modeled as moving mass;

(4) The vibrations in all three dimensions are considered, and the vehicle is modeled as a multiple
degrees of freedom system of train body, bogies and wheels interconnected by spring and damper.
Until now, the model of mass blocks connected by spring and damper is still widely applied in the
research works in civil engineering now. The accuracy of the model is only improved by increase

the number of the degree of freedom in the model.

With the development of relative research works, the requirements on the accuracy of vehicle
model will be more and more, and the existed method used to simulate the vehicle will be not
enough. Based on the nature that the vehicle system is actually a multibody system and it is better
to use mechanical engineering view to think about it, therefore, the dynamics of multibody system

will be applied to simulate and analyze the vehicle system in this research.

Dynamics of multibody system (DMS), is a subject to study the motion and dynamics of the
multibody system which consists of interconnected rigid and deformable bodies. It is based on
analytical mechanics and is applied to engineering systems such as a wide variety of machines and
all kind of vehicles. In mechanical engineering and automobile engineering, the engineers and

scholars just use this theory to simulate and analyze the machines and vehicles and it is much better
167



and more accuracy than the method used in civil engineering as introduced above.

There are also many reliable and advanced DMS softwares in engineering areas, such as
RECURDYN, SIMPACK, and MSC/ADAMS. As the professional software for analyzing the
mechanical system, all of those softwares are easy and convenient to build models, the calculation
is accurate, the analysis speed is fast, and the calculation results are reliable. In this research, the
MSC/ADAMS is applied to build the vehicle models and complete the dynamic responses

calculation and analysis works.

6.3.1 DMS for Simulating the Vehicle System

In multibody system, the bodies are rigid or flexible bodies, and the link which is the connection
of two or more bodies is defined as certain constraints that restrict the relative motion of those
bodies. The motion of the constrained bodies is described by equations that result from Newton’s
second law, and those equations are usually derived from the Newton-Euler equation or Lagrange’s
equations. In general, the motion equations of the multibody system can be denoted as

M (g,t)G+®d; (a,t)2-Q(q,q,t)=0 (6-13a)
(q,t)=0 (6-13b)
where g, §, §eR" arethe generalized coordinates and their first order derivatives and second

order derivatives, respectively, 1 eR"™ is the Lagrange multiplier, M € R™ is the mass matrix
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which depends on the generalized coordinates, @, € R™" is constraint Jacobi matrix respect to

the coordinates, Q e R" is exciting force matrix, ® <R™ is the constraint conditions.

Once those motion equations of the whole vehicle systems are established as Eq. (6-13), abundant
advanced numerical solution methods could be applied to solve them and the dynamic responses
of the vehicle systems can be obtained finally. This is just the basic theory and process to show

how the DMS softwares simulate vehicle systems and solve their vibration problems.

6.3.2 Modeling and Simulation of Vehicle Structures in MSC/ADAMS
Since this research is about the high-speed rail engineering, a typical high-speed rail train, CRH5,

is chosen to be simulated in here and the simple sketch of it is as shown in Fig. 6-3.
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Fig. 6-3. The sketch of CRH5 high-speed rail train system (by Xin and Gao 2011).
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By using MSC/ADAMS, that high-speed rail train system shown in Fig. 6-3 is built as a DMS

model which is as in Fig. 6-4 and Fig. 6-5.

Front View

Plan View

Side View Isometric View
Fig. 6-4. The DMS model of CRH5 high-speed rail train system.
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Front View Side View

Plan View Isometric View

Fig. 6-5. The DMS model of CRH5 high-speed rail train suspension system.

The modeling work of vehicle system can be completed by MSC/ADAMS as introduced above.
In this way, the train system is transferred as a DMS model and it can be applied into the co-

simulation of whole vehicle-bridge coupling system which is introduced in Section 6.5.

6.4 Vehicle-Bridge Coupling Relationship

As shown in Section 6.2 and Section 6.3, the bridge subsystem and vehicle subsystem are

simulated and analyzed, respectively. In this section, the vehicle-bridge coupling relationship will

171



be introduced and link those two subsystems together to form the final vehicle-bridge coupling

system.

In fact, the main vehicle-bridge coupling relationship is the coordinative relationship of the
displacement and force between vehicle and bridge, and it can be denoted as follows

1. At the wheel and rail contact area, the displacement of vehicle and the displacement of bridge
are coordinative;

2. At the wheel and rail contact area, the force and reacting force between wheel and rail are
equivalent.

The vehicle-bridge coupling system just uses those two coordinative relationships to combine the
vehicle subsystem and bridge subsystem together, and complete the vibration analysis of the whole

system.

Except those two coordinative relationships, the track irregularity is another important issue in the

vehicle-bridge coupling relationship and it must be considered in whole system vibration analysis.

6.4.1 Wheel-Rail Contact Geometric Parameters
When the train is running on rails, the wheels will do horizontal motion and sidewinder motion
relative to rails and the wheel-rail contact point location will be changed with the time. If the

contact point location is different, the wheel-rail contact geometric parameters are also changed
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since they depends on the specific contact point location. The main wheel-rail contact geometric
parameters are shown in Fig. 6-6 and they include:

1. Contact angle of left wheel and right wheel: &6, , J;;

2. Real rolling radius of left wheel and right wheel: 1, r;;

3. Wheel radius of curvature for left wheel and right wheel at wheel-rail contact point: p,, , Pur

4. Rail radius of curvature for left rail and right rail at wheel-rail contact point: p, , pg-

Fig. 6-6. The diagrammatic sketch of wheel-rail contact geometric relationship.

In this section, the profiles for both wheel and rail tread are introduced firstly, then, a left-right
wheel-rail equidistant iteration method is applied to determine the specific location of wheel-rail

contact point and the wheel-rail contact geometric parameters at that location can be obtained.

6.4.1.1 Profile of Wheel Tread
All wheels in trains follow the national standards and their tread profiles are made as the same.
The profile of the train wheel tread consists of several arcs and straight lines, and one typical wheel

tread profile which is adopted in this research can be shown as in Fig. 6-7.
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135

Fig. 6-7. The profile of LM train wheel tread.

¥

The specific details about the wheel tread profile are described as the following formulations:

f,(x)=4.2265+[529— (x—23)}| ", x[0.0000,6.5714]

2

f,(x)=9.1255+[ 256 - (x-18)° | ", x[6.5714,16.0000]

f,(x)=9.0313+] 256 (x~15)* |, x <[16.0000,29.3351]

f,(x)=-5.1822+ [2304—(x+13.6701)2T/2 . x€[29.3351,31.2716]
f, (X) =17.9996 - | 324~ (x - 48.1247) TZ, X €[31.2716,48.0000]
f,(x)=—0.05(x—48), x[48.0000,100.0000]
f,(x)=-0.1(x~100)-2.6, x[100.0000,129.8623]

fy (X) = ~11.5565+ | 36 - (x~129.2653)’ T/Z . X [129.8623,135]

(6-14a)
(6-14b)
(6-14c)
(6-14d)
(6-14¢)
(6-14f)
(6-149)

(6-14h)

Significantly, the wheel-rail contact point can be only located between point P1 and point Pe.
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6.4.1.2 Profile of Rail Tread
It is the same as the train wheel tread profile introduced in Section 6.4.1.1, the profiles of rail tread
are also the same according to the national standards. One typical rail tread profile is chosen in

this research and it is shown as in Fig. 6-8.
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Fig. 6-8. The profile of standard rail tread.

The specific details about the rail tread profile are also described as the following formulations:

f,(x) =250+ 250° ~x*]"*, x£[0.0000,10.0000] (6-152)
f,(x)=-80.1573+| 80° —(x~ 7.3874)1]/2 . X[10.0000,25.3500] (6-15b)
f,(x)=-14.8648+| 13" - (x- 22.4795)1”2 . X &[25.3500,35.4000] (6-15¢)
f,(x)=—-20(x—35.4)—14.2, x < [35.4000,36.5000] (6-15d)

and the profile in Xxe [—36.5000, O] is just the symmetry comparing with the one above.

From Fig. 6-8, the wheel-rail contact point can be only located between point P1 and point Pe.
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6.4.1.3 Determination of Wheel-Rail Contact Geometric Parameters

The details about the wheel tread and rail tread are shown in Section 6.4.1.1 and Section 6.4.1.2,
and all geometric parameters of those profiles are already given. In order to determine the wheel-
rail contact geometric parameters at each time, the key problem is how to confirm the exact
location of the wheel-rail contact point. In this research, a left-right wheel-rail equidistant iteration

method is adopted to solve that problem and determine the wheel-rail contact geometric parameters.

The theoretical principle for that left-right wheel-rail equidistant iteration method is: the vertical
distance between wheel and rail must be zero at the location of wheel-rail contact point, otherwise,
it must be nonzero at other locations. Based on that principle, if the wheels are moved up a certain
distance, the condition for wheel-rail contact point location will be changed as that the vertical

distance between wheel and rail must be the minimum one, which is as shown in Fig. 6-9.

_,|: - - — - — - - :|.,

Lmin < Rmin

Fig. 6-9. The calculation principle of left-right wheel-rail equidistant iteration method.
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According to Fig. 6-9 and assuming the wheels are in one horizontal location, the horizontal
coordinate y can be divided into several small distances and the vertical distances 4z and Azr
between wheel and rail corresponding to each horizontal distance y. and yr can be calculated.
Checking the values of all 4z, and 4zg, and the minimum values Azimin and Azrmin can be found

and their corresponding y coordinate can be obtained as yimin and Yrmin.

If Az . =Az,.., then, the left wheel and right wheel can both touch the rail at the same time,

Lmin

and ymin, Yrmin are the exact wheel-rail contact point locations.

If Az, . #Az

Lmin Rmin ?

the left wheel and right wheel cannot touch the rail at the same time and yimin,

Yrmin are not the real wheel-rail contact point locations. In this case, a rotation of the wheels

according to longitudinal axis must be done to modify the sidewinder angle. When Az, ... > Az

Rmin !
the counterclockwise rotation angle y can be chosen as

Az, . —AZ
}/ — Rmin Lmin (6-16)

Yrmin — YiLmin

After rotating the wheels as the rotation angle y, the process introduced above need to be repeated
and it needs to check if the minimum values Azimin and Azrmin are equal. But due to the numerical

error, it is impossible to achieve the absolute equivalent condition and it usually can be accepted

once the condition |Az,,., — Az, .| <& (e is providing error) is satisfied.

Rmin
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The iteration process as shown above should be done several times, and it can be stopped once

|AZg e — AZ, | < € s satisfied. In this way, the exact location of the wheel-rail contact point yimin

Rmin

and yrmin can be determined, and the final sidewinder angle can be calculated by

k
B = Puo + D, (6-17)

i=1

When the exact location of the wheel-rail contact point yLmin and yrmin are obtained, according to
the specific geometric parameters given in Section 6.4.1.1 and Section 6.4.1.2, the wheel-rail
contact geometric parameters can be determined finally and they will be applied to calculate the

wheel-rail contact forces introduced in next section.

6.4.2 Determination of Wheel-Rail Contact Forces

The wheel-rail contact forces are the acting and reacting forces between wheel and rail when they
contact each other, and they are just located at the wheel-rail contact area. The wheel-rail contact
forces which act on wheels are equivalent as the ones acting on rails but their directions are
opposite. There are two kinds of contact forces in wheel-rail contact forces: wheel-rail normal
contact force and wheel-rail tangential contact force. The Hertz contact theory will be applied to
calculate the wheel-rail normal contact force and the wheel-rail tangential contact force will be

determined by Kalker linear theory and Shen’s theory in this research.
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6.4.2.1 Determination of Wheel-Rail Normal Contact Force
The wheel-rail normal contact force depends on the normal compression displacement between

wheel and rail, therefore, according to Hertz nonlinear contact theory, it can be calculated as

o(t) - E 57 (t)r (6-18)

where G is the wheel-rail contact constant, G =3.86R**x10°(m/N)** R is radius of the

wheel, 5z (t) isthe compression displacement between wheel and rail.

Once the compression displacement between wheel and rail is obtained by the analysis as shown

in Section 6.4.1, the wheel-rail normal contact force can be calculated as Eq. (6-18) directly. If

S5Z(t) <0, it means that the wheel breaks away from the rail and p(t)=0 in this case.

6.4.2.2 Determination of Wheel-Rail Tangential Contact Force

When two rigid bodies repress each other and a trundle between them is allowed, the creep
phenomenon will be existed and a contact area, whose shape is an oval according to Hertz theory,
will be produced around their contact point. The wheel-rail tangential contact force is located in

that oval contact area and can be calculated by Kalker linear theory and Shen’s theory in here.

Before calculating the major semiaxis a and minor semiaxis b of the oval contact area, the
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parameters p and S are introduced and defined as

1 111 (1 1

S| T — = (6-19)

p AT \p A~

J = arccos p 1 1 (6-20)
r pPu P

where r is rolling radius of the wheel, p,, is the wheel radius of curvature at wheel-rail contact

point, p, israil radius of curvature at wheel-rail contact point.

With the S obtained by Eq. (6-20) and checking the Table. (6-1), the values of the parameters m, n

can be determined.

Table 6-1. The relationship of g and the values of m, n

p 0° 10° 20° 30° 35° 40° 45° 50°
m © 6.612 3.778 2.731 2.397 2.130 1.926 1.754
n 0 0.319 0.408 0.493 0.530 0.567 0.604 0.641
B 55° 60° 65° 70° 75° 80° 85° 90°
m 1.611 1.486 1.378 1.284 1.202 1.128 1.061 1.000
n 0.678 0.717 0.759 0.802 0.846 0.893 0.944 1.000

When the wheel and rail contact each other, and both of them are made of steel which have Poisson

ratio »=0.3 and Young’s modulus E =200Gpa, the intermediate variable a,, b, are defined:

13 13
If p/r<2: ae:0.1506m££] x10°°, be:0.1506n(£] x107 (6-21a)
r r

3 13
If p/r>2: a = O.lSOGn(ﬁj x107°, b, = 0.1506m(£) x107° (6-21b)
r r
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2/3
and the multiplying constant is always existed as a,b, = 22.68mn (Ej x107° (6-21c)

r

The major semiaxis a and minor semiaxis b of the oval contact area are determined as follows
a=a (Nr)®, b=h,(Nr)**, ab=ahb,(Nr)**, a/b=a,/b, (6-22)

where N is the wheel-rail normal contact force calculated in Section 6.4.2.1 as Eq. (6-18).
The creep parameters f, are calculate as follows

f,=CyEab, f,=C,Eab, f23 = C23E (ab)3/2 ' f33 = C33E (ab)2 (6-23)

where the constants C; are Kalker parameters and they can be checked out from Table. (6-2).

Table 6-2. The calculation table for Kalker parameters Cij (v=03)

a/b Cu Cz Czs Cas alb Cu C2 Czs Cas
0.1 1.35 0.98 0.195 3.34 0.9 1.70 1.49 0.628 0.425
0.2 1.37 1.01 0.242 1.74 0.8 1.75 1.56 0.689 0.396
0.3 1.40 1.06 0.288 1.18 0.7 1.81 1.65 0.768 0.366
0.4 1.44 111 0.328 0.925 0.6 1.90 1.76 0.875 0.336
0.5 1.47 1.18 0.368 0.766 0.5 2.03 1.93 1.04 0.304
0.6 1.50 1.22 0.410 0.661 0.4 2.21 2.15 1.27 0.275
0.7 1.54 1.28 0.451 0.588 0.3 2,51 2.54 1.71 0.246
0.8 1.57 1.32 0.493 0.533 0.2 3.08 3.26 2.64 0.215
0.9 1.60 1.39 0.535 0.492 0.1 4.60 5.15 5.81 0.183
1.0 1.60 1.43 0.579 0.458 - - - - -

The nominal velocity of the wheel on the rail is calculated as
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, 1 r

where V is the velocity of the vehicle, r is rolling radius of the wheel, R, is real rolling radius of

wheel at contact point, and R,,, is panning angle of the wheels.

Since the velocities of wheel and rail at their contact surface are different, the creep ratio in the

local coordinate is existed and is calculated by

g = Xu=Xe £, =T (6-25)

where X, , Y,,, R,, arethe local velocities of wheel in x, y and panning angle direction, and

X,, Y., R, arethe local velocities of rail deformation in x, y and panning angle direction.

Finally, according to Kalker linear creep theory, the wheel-rail tangential contact force in linear

range can be determined by the equations as follows

Fo=—1ue (6-26a)
R =—fue, — Tre, (6-26b)
M, = fe, — fiue, (6-26¢)

Kalker linear creep theory as shown above is only applied in small creep ratio case, but it cannot
calculate the creep force accurately when there is large creep happened in the wheel-rail contact

area. In this research, Shen’s theory is applied to modify the Kalker linear creep theory to determine
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the wheel-rail tangential contact force in nonlinear range. Based on Eqg. (6-26), the total creep force

is combined the longitudinal creep force F, and horizontal creep force F, as

FoJF2 4R (6-27)

A creep force parameter F’ is defined as

2 3
F F <3N then F!:fNF_%L] +A[i” (6-268)
fN 3{ fN 27\ fN

If F>3fN,then F'=1fN (6-28b)

where f =0.25 is friction factor between wheel and rail.

Introducing compensation factor ¢=F'/F, the modified wheel-rail tangential contact force in
nonlinear range are calculated as follows

Fo=¢F, R =¢Fk, M;=¢M, (6-29)

6.4.3 Track Irregularity

Track irregularity is the geometric dimension error of the two rail tracks, on which trains are
running, comparing with their ideal locations. Based on abundant real engineering projects, there
are mainly four types of the track irregularity and they can be shown as in Fig. 6-10. Due to the
limit of the construction precision and the effects of the railway operation, it is impossible to

eliminate the track irregularity totally and it is existed in all rail tracks objectively.
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Vertical irregularity Longitudinal irregularity
Fig. 6-10. The four types of track irregularity (by Li 2000).

Track irregularity brings the vibrations to vehicles which are running on the track and it is the main
excitation for the vehicle vertical vibration. Track irregularity is also the main reason to produce
the track structure vibrations and failures. Specifically speaking, track irregularity changes the
wheel-rail contact relationships and affects the dynamic properties of wheel-rail system. The
vibrations produced by track irregularity will be transferred to both vehicle system and bridge
system at the wheel-rail contact point, and the whole vehicle-bridge coupling system will be
affected significantly. Therefore, it is very necessary and important to analyze and calculate track

irregularity, and input it into the whole vehicle-bridge coupling system in here.
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According to previous research works, all kinds of the track irregularity existed in real rail tracks
are the superposition of several random rough waves which have different wavelength, phase and
amplitude, and it is just a complicated random process relative to rail line. In this way, only the
statistical parameters in random process theory can be applied to describe the track irregularity. In
this research, a track irregularity power spectrum which is formulated by U.S. Department of

Transportation — Federal Railroad Administration (FRA) is adopted as follows

k-A-Q
Longitudinal irregularity: Sa(Q)=m (6-30a)
k-A -QF
Vertical irregularity: S, (Q):m (6-30b)
2
Horizontal and track gauge irregularity: S, (Q)=S,(Q)= (Q2 422?(9(30 QZ) (6-30c)
+ C + S

where S(Q) is track power spectrum (cm’ /(rad /m)), Q is the space angular frequency of
track irregularity (rad /m), k is safety factor (0.25-1.0, usually choose 0.25), Q_, Q. are cut
frequency (rad/m), A,, A, are roughness constant (cm’-rad/m). The values for those

parameters are divided as six grades and they are shown as in Table. (6-3).

Based on track irregularity power spectrum shown in Eq. (6-30), a numerical method can be used
to calculate the track irregularity analog quantity. Since the track irregularity random function is a
stable Gauss random process, the triangle series superposition method can be applied in here as

a)(x):ﬁiﬂ/s(a)k)Aa)cos(a)kx+¢k) (6-31)
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where a)(x) is track irregularity produced by power spectrum, S(cok) is the track irregularity
power spectrum, @, (k=12,---,N) is the considered frequency, Aw is the frequency

bandwidth, ¢, is the phase corresponding to kth frequency.

Table 6-3. The parameters for U.S. track irregularity power spectrum.

Line grade
Parameters
1 2 3 4 5 6
A, (cm*-rad/m) 1.2107 | 1.0181 | 0.6816 | 0.5376 | 0.2095 | 0.0339
A (cm’-rad/m) 3.3634 1.2107 0.4128 0.3027 | 0.0762 | 0.0339
Q, (rad/m) 0.6046 | 0.9308 | 0.8520 1.1312 0.829 0.4380
Q. (rad/m) 0.8245 | 0.8245 | 0.8245 | 0.8245 | 0.8245 | 0.8245
Maximum velocity Freight train 16 40 64 96 128 176
(km/h) Passenger train 24 48 96 128 144 176

Until here, according to the track irregularity power spectrum formulated by national standard, the
track irregularity in different directions can be calculated by using the triangle series superposition

method, and they can be inputted into the vehicle-bridge coupling system now.

6.4.4 Vehicle-Bridge Coupling Relationship for Whole System Analysis

As introduced at the beginning of this Section 6.4, the main vehicle-bridge coupling relationship
is the coordinative relationship of the displacement and force between vehicle and bridge. The
introductions about the wheel-rail contact geometric parameters, wheel-rail contact forces, and

track irregularity are shown in the sections above, hence, the vehicle-bridge coupling relationship
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for the final calculation works in the whole system can be denoted as follows.

1. In one time step, the wheel-rail contact forces calculated from Section 6.4.2 will act and react
on both vehicle system and bridge structure at the same time. As the exciting forces to each
subsystem, it will produce the corresponding dynamic responses in those two subsystems. The
force equivalent condition can be denoted as a general equations as follows

Fo =—Fa (6-32)

where F. are the wheel-rail contact forces acted on vehicle system at wheel-rail contact point i,

and F, are the wheel-rail contact forces acted on bridge structure at wheel-rail contact point i.

2. In one time step, the bridge structure deformation obtained from Section 6.2, vehicle wheel

deformation calculated from Section 6.3 and the track irregularity obtained from Section 6.4.3

satisfy displacement coordinative condition at wheel-rail contact point.

u =ul +y, (6-33)
i

where u! is vehicle wheel deformation at wheel-rail contact point i, u, is bridge deformation at

wheel-rail contact point i, and Yy, is the track irregularity at wheel-rail contact point i.

Based on those two specific coupling relationships introduced above and synthesizing the
calculation methods in Section 6.4.1 to Section 6.4.2, the simulation and calculation of vehicle

system in Section 6.3 and bridge system in Section 6.2 can be linked together and the unified
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simulation for the whole vehicle-bridge coupling system can be completed. That whole system

simulation will be done by co-simulation method which is introduced in next section.

6.5 Co-Simulation of \ehicle-Bridge Coupling System

This section will introduce how to use co-simulation method to complete the simulation and

calculation works of the whole vehicle-bridge coupling system.

As shown in Section 6.2 to Section 6.4, the bridge structures are molded by FEM software
MSC/NASTAN, the vehicle systems are simulated by DMS software MSC/ADAMS, and the
coupling relationships between those two subsystems are also introduced already. Then, the main
problems are how to link those two different softwares together, make them work with each other
at the same time and how to input and consider the coupling relationships of them in the whole
simulation system. In this research, a co-simulation method is adopted to solve those problems and

realize the simulation and operation of the whole vehicle-bridge coupling system.

Co-simulation, is a method to make multiple different softwares working together and exchanging
the needed data with each other, and finally output the response results of each subsystem from its
own software under the constraint conditions. The core problem of the co-simulation is just how

to make multiple different softwares working together at the same time. Based on those

188



requirements, since Matlab/Simulink platform is able to control the operation of both
MSC/NASTRAN and MSC/ADAMS, the co-simulation is achieved by coding the program in
Matlab/Simulink platform and the coupling relationships of those two subsystems are also inputted
in Matlab/Simulink platform to ensure the data from each software could be output, processed and
exchanged with another software. In this way, the simulation of the whole vehicle-bridge coupling

system can be realized and the general process is as the flowchart in Fig. 6-11.

[ FEM Model \ Vehicle-Bridge Coupling [ DMS Model \

Relationships

: Dynamic ] Trai
Bridge Contact rain
¢ 9 Responses :
Nastran Simulink

Contact
Force

Dynamic
Responses

a Simulink N

Vehicle
Model

Vehicle
Model

K il -

Fig. 6-11. Flowchart of the whole vehicle-bridge coupling system simulation.

n=n+1 (n=0,1,...N)
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As shown in Fig. 6-11, the bridge model built by MSC/NASTRAN is sealed as a M file module,
and the vehicle model simulated by MSC/ADAMS is saved as a mechanic module in
Matlab/Simulink platform. The vehicle-bridge coupling relationships are coded as M files and
inputted into Matlab/Simulink platform. Therefore, those two subsystems and their coupling
relationships are all realized on Matlab/Simulink platform, and the simulation of whole vehicle-

bridge coupling system can be completed by that platform now.

6.6 Numerical Examples

In order to illustrate the co-simulation method presented in this chapter for simulating the vehicle-
bridge coupling system, some numerical examples are investigated in detail. The values for the
parameters of the vehicle-bridge coupling system are as follows.

1. The parameters for bridge structure.

The specific size details about the bridge structure are as shown in Fig. (6-1), and the FEM model
built by MSC/NASTRAN is totally based on those sizes. In addition, the bridge main beam and
floating slab track are made of concrete which has E, =3.45x10°°Nm™, p_=2500kgm™,
v, =0.2, the rail track is made of steel which has E, =2x10"*Nm™, p, =7850kgm~, v, =0.2,
and the rubber for connecting rail and floating slab track has K, _=1x10°Nm? ,
C, =3x10*Nsm™. The stiffness and damping of the viscoelastic layer between bridge main beam

and floating slab track are variables and their effects on the dynamic behavior of bridge structure
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will be discussed in this section.

2. The parameters for train system.
A high-speed rail train, CRH5, is adopted in this research for the simulation of train system, and

the specific details about CRH5 size and other parameters are as shown in Table. (6-4).

Table 6-4. The parameters for CRH5 train system.

Parameters Notation Unit Value

Mass of car body m. kg 6.2904x10*
Mass of bogie frame m, kg 2.929x10°
Mass of wheel-set m, kg 1.95x10°
Moment of inertia of car body frame about the x-axis I kg - m? 7.55x10"
Moment of inertia of car body frame about the y-axis |Cy kg - m? 3.1598x10°
Moment of inertia of car body frame about the z-axis I, kg -m’ 3.1598x10°
Moment of inertia of bogie frame about the x-axis Ly kg - m? 2.247x10°
Moment of inertia of bogie frame about the y-axis |by kg - m? 5.045x10°
Moment of inertia of bogie frame about the z-axis ly, kg - m? 2.806x10°
Moment of inertia of wheel-set about the x-axis L kg -m? 900
Moment of inertia of wheel-set about the y-axis Ly kg -m’ 96

Moment of inertia of wheel-set about the z-axis 1, kg -m’ 900

Vertical stiffness of primary suspension K, N/m 2.1216x10°
Vertical damping of primary suspension C, N-s/m  1.77x10"
Horizontal stiffness of primary suspension K,y N/m 1.2944x10°
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Horizontal damping of primary suspension y N-s/m 1.77x10

Longitudinal stiffness of primary suspension K N/m 1.2944x10°
Longitudinal damping of primary suspension C, N-s/m 1.77x10
Vertical stiffness of secondary suspension K,, N/m 1.86x10°
Vertical damping of secondary suspension C,, N-s/m  1.00x10*
Horizontal stiffness of secondary suspension Ky N/m 7.00x10°
Horizontal damping of secondary suspension C, N-s/m 1.00x10*
Horizontal stiffness of secondary suspension K, N/m 7.00x10°
Horizontal damping of secondary suspension C,, N-s/m  1.00x10*
Radius of wheel R, m 0.445
Full length | m 10
Half-distance between two bogies d, m 4
Half-distance between wheel-sets d, m 0.5
Half-distance between rolling circularity d, m 0.748
Half-distance between first suspension system d, m 1.10
Half-distance between second suspension system d, m 1.10
Distance between car body and second suspension system ~ h, m 1.80
Distance between second suspension system and bogie h, m 0.20
Distance between bogie and wheel-set h, m 0.645

6.6.1 Effect of Viscoelastic Layer Stiffness K

Viscoelastic layer is the connection between floating slab track and bridge main beam in high-
speed rail bridge structures, therefore, its properties will affect the dynamic responses of bridge
structures apparently. Some discussions about the effect of viscoelastic layer stiffness K on
dynamic responses of floating slab track and bridge main beam are shown in here. Three cases are
investigated in here: V =40m/s , C=35000N-s/m , Case 1: K=1x10°N/m |,
K =2x10°N/m, K =3x10°N/m. Only one train is simulated to pass the bridge. The dynamic

responses at the midspan of the floating slab track and bridge main beam are shown in Fig. 6-12.
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a. Floating Slab Track Displacement b. Bridge Main Beam Displacement
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Fig. 6-12. Dynamic responses at midspan point of floating slab track and bridge main beam.

The dynamic responses of floating slab track is apparently decreased with the increase of
viscoelastic layer stiffness K (as shown in Fig. 6-12). It is the same as the analysis in Section
3.5.2.2, floating slab track in here is a kind of a beam on viscoelastic foundation, when the
viscoelastic layer becomes stiffer, the restrict to it gets stronger, therefore the it vibrates smaller
and smaller. From Fig. 6-12, the dynamic responses of bridge main beam is generally increased
with the increase of layer stiffness K. The energy which let bridge main beam vibrate is all from

viscoelastic layer. Once the viscoelastic layer gets stiffer, its deformation will be smaller and less
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energy will be absorbed by floating slab track, therefore, more exciting energy will be obtained by

bridge main beam and makes its dynamic responses increased.

6.6.2 Effect of Viscoelastic Layer Damping C

Another parameter of the viscoelastic layer is the damping coefficient, C, which is an important
issue to reduce the vibrations of both floating slab track and bridge main beam. Three cases are
investigated in here for discussion of the damping effects on bridge dynamic responses:
V =40m/s, K=1x10°N/m, Case1l: C=10000N-s/m,Case2: C=20000N-s/m, Case 3:
C =35000N -s/m. Only one train is simulated to pass the bridge. The dynamic responses at the

midspan of the floating slab track and bridge main beam are shown in Fig. 6-13.
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Fig. 6-13. Dynamic responses at midspan point of floating slab track and bridge main beam.
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As shown in Fig. 6-13, for both floating slab track and bridge main beam, the dynamic responses
are generally reduced with the increase of damping C. It is the same as the explanation in Section
3.5.2.3, damping is a kind of vibration energy absorber, when increase the damping value, more
energy will be absorbed and less energy will be applied to make structure vibrations. The
viscoelastic layer is just between floating slab track and bridge main beam, its damping can
effectively absorb the energy when the trains are passing the bridge. Therefore, with the increase
of viscoelastic layer damping, more exciting energy could be absorbed and less of them will be
applied floating slab track and bridge main beam, that’s why both of them have a reduction on

dynamic responses.

6.7 Conclusions

In this chapter, a co-simulation method is proposed to complete the dynamic simulation of vehicle-
bridge coupling system. Bridge structures are the traditional civil engineering structures which are

better to use finite element method (FEM) to analyze, and the FEM software MSC/NASTRAN is
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applied in here to build the bridge model. Vehicle system is actually a mechanical system, its nature
is a multibody system which is better to use dynamics of multibody system (DMS) to analyze, and
the professional DMS software MSC/ADAMS is used in this research to simulate the vibration of
vehicle system. The vehicle-bridge coupling relationships are introduced specifically in this
chapter and the classical theories about them are adopted in this research, including wheel-rail
contact geometric parameters, wheel-rail contact forces and track irregularity. The
Matlab/Simulink is used to build a platform to ensure MSC/NASTRAN and MSC/ADAMS
working together, and the vehicle-bridge coupling relationships are coded as a program block and
inputted into that platform. In this way, a co-simulation by using that Matlab/Simulink platform is

realized and the simulation of whole vehicle-bridge coupling system is completed.

Various numerical examples of vehicle-bridge coupling system are calculated to illustrate the
practicability and efficiency of the proposed co-simulation method. Parametric studies about the
effects of stiffness and damping of viscoelastic layer, which is between floating slab track and
bridge main beam, on the dynamic responses of bridge are completed. The results not only are
helpful to engineers to design, but also show the potentiality of the semi-active control based on

novel adaptive materials which will be introduced in Chapter 7.

Finally, the proposed co-simulation method is derived, and the corresponding platform by using

Matlab/Simulink is built and verified successfully.
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Chapter 7 Semi-Active Control in High-Speed Rail Vehicle-Bridge

Coupling System with Magnetorheological Nanocomposites

7.1 Introduction

The main topic of the research in this dissertation is using novel adaptive materials
magnetorheological nanocomposites (MRNS) to build a semi-active control structure, and further
apply it into the vehicle-bridge coupling system of high-speed rail so that the vibration of the whole
system could be controlled effectively and the dynamic responses of bridge can be reduced
significantly. In Chapter 4 and Chapter 5, the semi-active controls of the double-beam system with
elastic layer and viscoelastic layer have been introduced and derived. In Chapter 6, a co-simulation
platform based on Matlab/Simulink for the whole vehicle-bridge coupling system has been built
successfully. In this chapter, the semi-active control algorithm is needed to be inputted and applied
in the co-simulation platform, and the semi-active control for vehicle-bridge coupling system

should be completed to reduce the bridge dynamic responses and protect the whole system safety.

As introduced in Chapter 4 and Chapter 5, from that Yao (1972) firstly introduced the modern
control theory into civil engineering in 1972, great progress in the field of structural vibration
control has been achieved over the past few decades (Yao 1972; Housner et al. 1997; Soong and
Spencer 2002; Soong 1990; Alkhatib and Golnaraghi 2003; Yang, Akbarpour and Ghaemmaghami

1987; Yang, Long and Wong 1988; Yang, Li and Liu 1991; Yang, Li and Liu 1992; Li, Liu, Fang
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and Tam 2000; Li, Liu, Tang, Zhang and Tam 2004; Soong et al. 1991; Reinhorn et al. 1993; Inman
2001; Meirovitch, Baruh, Montgomery and Williams 1984; Schafer and Holzach 1985; Meirovitch

and Silverberg 1983; Meirovitch 1987; Sadek and Esfandiari 1990; Kucuk and Sadek 2005, 2007).

In those research works about the structural vibration control, applying smart materials to build
control structure to reduce the structural dynamic responses is just one popular and valuable
research topic. Among plenty of existed smart materials, magnetorheological fluids (MRFs) and
magnetorheological elastomers (MRESs) have been studied for a long time and there have been
many valuable research results (Ginder, Nichols, Elie and Tardiff 1999; Ginder, Nichols, Elie and
Clark 2000; Ramallo, Johnson and Spencer 2002; Yoshioka, Ramallo and Spencer 2002; Koo,
Sung, Lee and Jung 2008; Deng and Gong 2007; Koo, Jang, Usman and Jung 2009; Hoang, Zhang
and Du 2009; Opie and Yim 2009; Dong, Yu, Liao and Chen 2009; Jung, Park and Koo 2010; Du,

Li and Zhang 2011; Behrooz, Wang and Gordaninejad 2014).

Many research works about the vehicle-bridge coupling system have been stated specifically in
Chapter 6, however, in most of those previous studies, the effects of the track structures on the
bridges have been completely neglected or only partially accounted. Several researchers take into
consider the elastic properties of the track structures by computing the combined stiffness of track
and bridge (Wiriyachai, Chu and Garg 1982; Chu, Garg and Wang 1986; Wang, Garg and Chu

1991). Yang and Yau (1997) study the ballast stiffness of the track by continuously distributed
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springs while implicitly neglecting the stiffness of the rail, and the similar work is done by Yau et
al. (1999). Le et al. (1999) make some numerical work and field measurements on ballast mats on
high-speed bridges, the track and bridge are modelled by conventional Timoshenko beam finite
elements, and sleepers and ballast are modelled as spring-damper system. Cheng, Au and Cheung
(2001) develop a new finite element called bridge-track-vehicle element to investigate the
interactions among a moving train, supporting railway track and bridge, and the effect of track

structure on the dynamic responses of bridge structure is shown.

As to the real bridge structures in railway engineering, several researchers also make some efforts
to control and reduce their vibration when the trains are passing on the bridge. Minsili, Zhong and
Xia (2002) suggest to install supplemental diagonal elements in truss bridges connected to original
braces by Slotted Friction Connections, in order to reduce the vibrations induced by traffic or
earthquake. Martinez-Rodrigo, Lavado and Museros (2010a) propose and evaluate a solution,
which is based on retrofitting the bridge with fluid viscous dampers connected to the slab and to
an auxiliary structure, to reduce inadmissible levels of deck vertical acceleration. Another similar

work is also completed by the same researchers (Martinez-Rodrigo, Lavado and Museros 2010b).

As shown above, although the structural vibration control and the control by using smart materials
have been studied for a long time, there are few research works on the vibration control of bridge

structures in vehicle-bridge coupling system. The effect of track structure on the dynamic
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responses of bridge is not considered in many works, so there is not any research considering to
use track structure to realize the bridge vibration control. In this way, installing the vibration
control structure on track structure and using the vibration of track to control and reduce the

dynamic responses of the bridges in bridge-vehicle coupling system is really a new topic.

In this chapter, considering the ballastless track structure, which chooses floating slab track as the
main constituent part, is widely existed in modern high-speed rail engineering, MRNs with
corresponding electromagnetic field devices are applied as the viscoelastic layer between floating
slab track and bridge main beam to realize the semi-active control on vehicle-bridge coupling
system of high-speed rail. Simplifying the connection between rail and floating slab track, the
simply supported bridge with floating slab track in real high-speed rail project is actually a double-
beam system. It means that the semi-active control developed in Chapter 4 and Chapter 5 based
on double-beam system can be used in here. After introducing the MRNs and their dynamic
mechanical model, the specific semi-active control algorithm for MRNSs applied in high-speed rail
bridge is derived according to the works in Chapter 5. That semi-active control algorithm is coded
as a program block and inputted into the co-simulation platform which is built in Chapter 6. Finally,
the simulation of the whole vehicle-bridge coupling system with semi-active control in high-speed
rail can be completed. Numerical examples are demonstrated and discussed in details to verify the
efficiency of the semi-active control structure proposed in this research by MRNs, which may be

applied in real engineering practices in future.
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7.2 Introduction of Ballastless Track and Floating Slab Track

In modern railway engineering, especially in high-speed rail engineering, the ballastless track
structure is widely used in railway constructions and gradually becomes the main current structural
style. Comparing with traditional railway track structure ballast track (as shown in Fig. 7-1(a)), the
most obvious difference of the ballastless track is that it adopts the overall concrete bed structure
to take the place of the ballast bed (as shown in Fig. 7-1(b)). The biggest advantages of using
ballastless track consist of : (1) Stability, precision, and ride comfort; (2) Flexibility and end-to-
end effectiveness in application; (3) Long life cycles and practically no maintenance. That is why

it is so popular in high-speed rail engineering and is constructed over the world now.

e 2 -

a. Ballast Track (by Lechner 2011) b. Ballastless Track (by Wang 2011)
Fig. 7-1. The railway track structure: ballast track and ballastless track.

In ballastless track, the floating slab track is the most important part and it is used in almost all

ballastless tracks to reduce the vibrations produced by trains and transferred to ground or bridge
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under it. As shown in Fig. 7-2, floating slab track is usually a overall concrete slab with rails
installed on it, and it is connected with ground or bridge main beam under it by viscoelastic layer.
Considering the floating slab track on bridge main beam is basically a long concrete slab, they can

form a mechanical model as shown in Fig. 7-3.

a. Floating Slab Track on Bridge (by Wilson 2004) b. Floating Slab Track on Bridge

7] s wias [
R B T

c. Floating Slab Track on Ground (by SSF Ingenieure) d. Floating Slab Track on Ground
Fig. 7-2. Floating slab track.
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Beam

Fig. 7-3. Mechanical model of bridge main beam with floating slab track.
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If we simplify the connections between rails and floating slab track, assume that they are joined
by rigid connections and they can be treated as just one substructure, in fact, the floating slab track
and bridge main beam will form a typical double-beam system as shown in Fig. 7-4. In this way,
the analysis on the vibrations and dynamic responses of double-beam system in Chapter 2 and
Chapter 3, the active control and semi-active control for double-beam system in Chapter 4 and

Chapter 5, all of them, can be applied in the real structure in here.

—=Rail and Slab

Xﬁ%&%#%%%+%+%+%+%%%%+%+%+%+%+%+%+%+%+%%%+%+#+%+#+%+%+%%%+%+:

—=Beam

Fig. 7-4. Mechanical model of bridge main beam with simplified floating slab track: a double-beam system.

In this research, the simplified double-beam system formed by bridge main beam and floating slab
track as introduced above and shown in Fig. 7-4 will be used to study the semi-active control in
vehicle-bridge coupling system of high-speed rail by novel adaptive materials MRNSs. The specific

derivations about the semi-active control algorithm will be introduced in Section 7.4.

7.3 The Introduction and Dynamic Mechanical Model of the
Magnetorheological Nanocomposites

It is well known that the magnetorheological elastomers (MREs) are smart materials whose

mechanical behavior can be controlled by external magnetic fields rapidly and reversibly, showing
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abilities for wide use in structural control applications. However, due to matrix materials, MRES
have comparatively inferior mechanical properties. In order to make up those limits of MREs,
some other smart materials are developed by many scholars, and magnetorheological
nanocomposites (MRNSs) are just one kind of those new smart materials. In this section, the

microstructure and dynamic mechanical model of MRNs will be introduced and derived.

7.3.1 Introduction of Magnetorheological Nanocomposites

A research group led by Professor Lizhi Sun at University of California, Irvine (UCI) developed
the novel adaptive materials MRNSs, which use carbon nanotubes (CNT) to enhance and increase
stiffness, strength and damping performances of the elastomers. In another word, MRNs are a kind
of improved MREs by adding CNT to enhance the matrix materials. It is similar to MREs, for
MRNSs, magnetic particles are aligned in chains in nonmagnetic matrix along the direction of
curing magnetic fields (as shown in Fig. 7-5(a)), and when it is exposed to external magnetic fields,
the bulk mechanical properties of MRNs can be changed by controlling the magnetic field strength
due to the interaction between the magnetic particles. The microstructures of MRES and MRNSs by

scanning electron microscope are shown in Fig. 7-5 (b, c).
I
. Magnetic
. Particles
. Apply magnetic field

o ® —

@ o — " B

a. The formation of chain structure in MREs and MRNs by curing magnetic field.
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microscope, the direction of iron particle chains are microscope, the direction of iron particle chains are
shown by arrow in the figure. shown by arrow in the figure.
Fig. 7-5. Microstructure of MREs and MRNs (by Li 2011).

Dr. Rui Li in Professor Sun’s group at UCI completed plenty of experiment works on MRNs and
discovered several very important results about the dynamic properties of those novel adaptive

materials (Li 2011). Some of those experiment works can be shown as in Fig. 7-6 and Fig. 7-7.
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Fig. 7-6. Dynamic stiffness of MRNs with and without magnetic field (by Li 2011).
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Fig. 7-7. Dynamic damping of MRNs with and without magnetic field (by Li 2011).

From those experiment works, one most important result about the dynamic properties of MRNs
can be concluded as: adding CNTSs significantly increase the dynamic stiffness and damping of the
conventional MREs and clearly enhances the MR effect in both compression and shear mode.
Because of that result, the MRNs has larger dynamic stiffness and damping, and the MR effect in

it is stronger, therefore, MRNs has more potentialities than MREs to be applied in structural control.

7.3.2 Dynamic Mechanical Model of Magnetorheological Nanocomposites
It is the same as the discussion in Section 5.4.1, the dynamic mechanical model of MRNSs is the
basis for its corresponding semi-active control algorithm, and it is very important to identify it

firstly in order to apply MRNs in structural vibration control.

In plenty of existed research works about the dynamic mechanical model of traditional MREs, the
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linear model is just an easy but still practical one for the MREs’ application in structural vibration
control (Jung, Park and Koo 2010; Behrooz, Wang and Grodaninejad 2014; Usman, Jang, Kim,
Jung and Koo 2009; Yang, Du, Li, Li, Li, Sun and Deng 2013). Based on the research results of
MRNSs obtained by Dr. Rui Li (Li 2011) and comparing them with MREs, a simple pseudo linear
model (as shown in Fig. 7-8(a)) is adopted to represent the dynamic mechanical model of MRNs
and it can be defined as introduced in Section 5.4.1 as:

fyrns = (K +AK)AW +(C +AC) AW (7-1)
where (K+AK)AW and (C+AC)AW is the elastic force and damping force of the MRNSs,
respectively, K and C are the stiffness and damping coefficients of MRNs, AK and AC is the
stiffness increase and damping increase of MRNs, AW is the MRNs deformation displacement,

and AW is the MRNs deformation velocity.

The stiffness and damping coefficients of the MRNSs are assumed to have a linear relation with the
applied current, whose calculation model is a linear model (as shown in Fig. 7-8(b) and Fig. 7-

8(c)) as follows

|
KT = Kmin +I_(Kmax - Kmin) (7-23.)

m

C,=C, +|L(Cmax ~Cpin) (7-2b)

min
m

where K; and C; are the stiffness and damping coefficients of the MRNs under specific

current, K ., and C_, ismaximum stiffness value and maximum damping value of the MRNs,
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K., and C_. is minimum stiffness value and damping value of the MRNs, 1_ is the

min m

saturation current for the device, and I is the inputted current determined by semi-active control.

K+AK

W
A

C+AC 0o I I 1, 1 0o 1 1 1, 1
a. Linear Model for MRNs b. Linear Model of MRNs Stiffness  c. Linear Model of MRNs Damping
Dynamic Mechanical Model with Applied Current Coefficient with Applied Current

Fig. 7-8. Linear model for MRNs dynamic mechanical model and linear model of MRNs stiffness and damping
coefficients with applied current.

If the default current inputted is |, and the default stiffness and damping coefficients of the

MRNs are K and C, respectively, the stiffness increase AK and damping increase AC (as

shown in Fig. 7-8(b) and Fig. 7-8(c)) could be controlled by the current as

AK =K, —K =1~

0 (Kmax - Kmin) (7'33.)

m

-1,

AC=C,-C=—2(C,..—C.) (7-3b)

m

Although the simple linear model does not represent the actual behavior of MRNSs, it helps us to
study a suitable semi-active control algorithm for the semi-active control structure in next section,

and so, it is proper to adopt it in the discussion in here.

208



7.4 Semi-Active Control Algorithm based on MRNs for High-Speed Rail
Vehicle-Bridge Coupling System

As introduced in Section 7.2, with the simplification of the connections between rails and floating
slab track, the floating slab track with rails on it and the bridge main beam will form a double-
beam system. Considering the semi-active control of double-beam system with viscoelastic layer
studied in Chapter 5, in this research, the semi-active control in vehicle-bridge coupling system of
high-speed rail is proposed by applying the controllable MRNSs in the viscoelastic layer between
bridge main beam and floating slab track (as shown in Fig. 7-9). In this section, the specific semi-
active control algorithm based on MRNs applied in vehicle-bridge coupling system of high-speed

rail will be studied.

—*=Rail and Slab

K}fiﬁ%é‘%ﬁf?ﬂf%ﬁﬁ%‘*##ﬁi‘%ﬁfl‘%‘%%%%#‘%%%%%%%’%‘%%%‘4‘%%%‘%‘%%%%%%%*%%%%%‘%%%%%#{

—=Beam
@)

Fig. 7-9. Double-beam system of floating slab track and bridge main beam with controllable MRNSs as viscoelastic
layer between them.

From Fig. 7-9, the floating slab track with rails on it and the bridge main beam form a double-
beam system. It means that the semi-active control algorithm derived in Chapter 5, which is for
the double-beam system with viscoelastic layer, can be applied in here. Meanwhile, the dynamic
mechanical model of MRNs defined in Section 7.3 is also the same linear model as the one in

Section 5.4.1. Therefore, based on the research works in Chapter 5, the semi-active control
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algorithm based on MRNs in vehicle- bridge coupling system can be:

(1) If AKmaxj (W, =W, ) dx+AC,,,, | (aw W, )dx j

then AK, =AK,_ .., AC, =AC_,, (7-43a)
() If AKmaxj (W, ~W, )dx +AC,, (aw W, jdx j (xt)dx and
at ot
AK i, L(Wl —Wz)dx+ACmin oW, _ W, dx<I t)dx
0 a ot

then AK, =K;-K=

O(Kmax_Kmin)’ ACd :CT -C=

m m

0 (Cmax - Cmin ) ) (7'4b)

@) If AK

min

[ (W, W, )dx+AC,, [ (aw W, jdx [t

then AK, =AK AC, =AC, (7-4c)

min

where AK . =K __ —K, AC_, =C_ ., —C,AK ,, =K., —K, AC; =C... —C, K, C are the

max max

default stiffness and damping coefficients of the MRNSs, respectively, fc(x,t) is the active

control forced determined as in Section 5.3.3, W, =W,(x,t) is transverse displacements,

OW, AW, (xt)

p is transverse velocities, i=1 or 2 represents floating slab track or bridge main

beam, and L is the length of bridge main beam or floating slab track.

The parameters in Eq. (7-4b) are calculated as in Section 5.4.2 as follows

| = TS )13(0 ———F. (t)+1, (7-52)

max min

210



F(t)= _% RY[RT, (1)+P,T, (1)] (7-5b)

{000~ (0] (x0) W ()]}
.[oL[¢nl(X)m1¢nl(X)+ 2 (X)m, nz(X)]dx
LL{MZ (X)—¢n1(><)]rwla(tx’t) ~ awza(tx,t)}} "

. (7-5d)

J:Wm (X) My (X)+ 8, (X) My, (X) ]dx

where F(t) is modal active control force in the modal space which is determined as in Section

(7-5c)

5.3.2, m,, m, are the beam mass per unit length of floating slab track and bridge main beam,

and ¢, (x), ¢n2(x) are mode shape functions of floating slab track and bridge main beam

corresponding to nth natural frequency.

The specific derivation works of the semi-active control algorithm based on MRNSs in vehicle-
bridge coupling system, which are shown as Eq. (7-4) and Eqg. (7-5) above, can be referred to the

derivation works in Chapter 5.

Until here, based on the semi-active control algorithm introduced in this section, the stiffness
increase AK, and damping increase AC, of MRNs are determined and could be adopted by
semi-active control structure. It is the same as the discussion in Section 5.4.2, only one main mode

will be chosen to be controlled for the semi-active control structure, AK, and AC, should be

determined at each time step and changed during the whole vibration process when the trains are
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passing the bridge.

7.5 Co-Simulation Platform for Vehicle-Bridge Coupling System with Semi-
Active Control

The semi-active control algorithm based on MRNs for semi-active control in vehicle-bridge
coupling system has been introduced and determined in Section 7.4, in this section, that semi-
active control structure and corresponding semi-active control algorithm will be inputted into the
co-simulation platform of vehicle-bridge coupling system and the final simulation of whole system

with semi-active control will be completed.

In Section 6.5, the co-simulation platform has been built successfully by Matlab/Simulink,
MSC/NASTRAN and MSC/ADAMS. The semi-active control algorithm derived in Section 7.4
can be coded as a program block and inputted into the Matlab/Simulink platform, and then, it could
work in the co-simulation platform. In this way, the simulation of the whole vehicle-bridge
coupling system with semi-active control based on MRNs can be realized and the general process
is as the flowchart in Fig. 7-10. And the simulation of the semi-active control structure based on

MRNSs in the co-simulation platform can be denoted as the flowchart in Fig. 7-11.
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Fig. 7-10. Flowchart of the simulation for whole vehicle-bridge coupling system with semi-active control based on
MRNSs.

In the real high-speed rail engineering projects, during each time step when the trains are passing
the bridge, the displacements and velocities of the bridge main beam and floating slab track can

be detected by the sensors installed on bridge structure, and then inputted into the central control

computer. The central computer will calculate and determine the semi-active control signals AKj,
AC, and applied current 1 following the calculation procedure as shown in the flowchart in Fig.

7-11. Those semi-active control signals will be outputted to the electromagnetic field devices
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designed for MRNSs. According to those control signals, the stiffness and damping coefficients of
MRNSs can be changed to complete the semi-active control in this time step. Repeating that control
process one time step by one time step until the train passes the whole bridge, the semi-active

vibration control for whole vehicle-bridge coupling system of high-speed rail is just completed.
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Fig. 7-11. Flowchart of the semi-active control structure based on MRNs in co-simulation platform for vehicle-bridge

coupling system of high-speed rail.

7.6 Numerical Examples

In order to illustrate the effectiveness of the semi-active control based on MRNSs in vehicle-bridge

coupling system of high-speed rail, which is proposed in this chapter and is also the main objective
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of this research, some numerical examples are investigated in detail. The values for parameters of

the vehicle-bridge coupling system with semi-active control are as follows.

1. The parameters for bridge structure.

The specific size details about the bridge structure are the same as shown in Fig. 6-1. In addition,
the bridge main beam and floating slab track are made of concrete which has E, =3.45x10"°Nm~,
P, =2500kgm™, v, =0.2, the rail track is made of steel which has E, =2x10"Nm?,
p, =7850kgm=, ©»,=0.2, and the rubber for connecting rail and floating slab track has
K, =1x10°Nm™, C_=3x10*Nsm™. The stiffness and damping of the viscoelastic layer which
is made of MRNs and between bridge main beam and floating slab track are controlled and

changed by semi-active control structure. The specific value of MRNSs layer stiffness and damping

will be shown in Fig. 7-14.

2. The parameters for train system.
A high-speed rail train, CRHS5, is adopted in this research for the simulation of train system, and

the specific details about CRH5 size and other parameters are as shown in Table. (7-1).

Table 7-1. The parameters for CRH5 train system.

Parameters Notation Unit Value

Mass of car body m, kg 6.2904x10*
Mass of bogie frame m, kg 2.929x10°
Mass of wheel-set m, kg 1.95x10°
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Moment of inertia of car body frame about the x-axis

Moment of inertia of car body frame about the y-axis

Moment of inertia of car body frame about the z-axis

Moment of inertia of bogie frame about the x-axis

Moment of inertia of bogie frame about the y-axis

Moment of inertia of bogie frame about the z-axis

Moment of inertia of wheel-set about the x-axis

Moment of inertia of wheel-set about the y-axis

Moment of inertia of wheel-set about the z-axis

Vertical stiffness of primary suspension
Vertical damping of primary suspension

Horizontal stiffhess of primary suspension

Horizontal damping of primary suspension

Longitudinal stiffness of primary suspension
Longitudinal damping of primary suspension
Vertical stiffness of secondary suspension
Vertical damping of secondary suspension

Horizontal stiffness of secondary suspension

Horizontal damping of secondary suspension

Horizontal stiffness of secondary suspension
Horizontal damping of secondary suspension
Radius of wheel

Full length

Half-distance between two bogies
Half-distance between wheel-sets
Half-distance between rolling circularity
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Half-distance between first suspension system
Half-distance between second suspension system
Distance between car body and second suspension system
Distance between second suspension system and bogie
Distance between bogie and wheel-set

o o
[

N

= =

N

-

[

1.10
1.10
1.80
0.20
0.645

3 3 3 3 3

In this chapter, three trains are simulated to pass the bridge one by one, and the velocities of them

are all the same as V =80m/s for Case 1 and V =100m/s for Case 2. The dynamic responses

at the midspan of the floating slab track and bridge main beam with passive control and semi-

active control are shown in Fig. 7-12 and Fig. 7-13. The variation stiffness K and variation damping

coefficient C of MRNs layer controlled by semi-active control structure are shown in Fig. 7-14,

and the current applied to control MRNs are also shown in Fig. 7-14.
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Fig. 7-12. Dynamic responses at midspan point of floating slab track and bridge main beam for Case 1: V=80m/s.
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Fig. 7-13. Dynamic responses at midspan point of floating slab track and bridge main beam for Case 2: V=100m/s.
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Fig. 7-14. Variation stiffness K and variation damping coefficient C of MRNs layer controlled by semi-active control
structure, and current applied to MRNs for each case.

As shown in Fig. 7-12 and Fig. 7-13, comparing with the viscoelastic layer with constant stiffness
and damping called passive control in here, the semi-active control structure based on MRNs and
the corresponding semi-active control algorithm developed in this research are more effective to
suppress the vibrations and reduce the dynamic responses of both floating slab track and bridge
main beam. Although the acceleration is not controlled so well as displacement and velocity, the

reduction effects of it on both floating slab track and bridge main beam are still apparent.

In case 1 (Fig. 7-12), resonance phenomenon is happened in bridge main beam with passive control,
but it is controlled and eliminated when the semi-active control is applied. Therefore, the semi-
active control proposed in this research can effectively avoid the resonance happening in the bridge

structure when the trains are passing and protect the safety of the whole structure.
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In Fig. 7-14, the value of variation stiffness K and variation damping coefficient C of the MRNs
layer are shown for all cases, and it is easy to find out that both of them have obvious changes
under the semi-active control. The range of those two parameters are K =5x10° ~2x10"N/m
and C=2x10"~8x10°N-s/m. The maximum value of each parameter is just 4 times of the
minimum value, which could be reached by existed MRNs material. The current applied to MRNs
and determined by semi-active control algorithm is also shown in Fig. 7-14, and the existence and
presentation of it denote the operability of the proposed semi-active control. In summary, from Fig.
7-14, it proves that the semi-active based on MRNs proposed in this research is reasonable and it

is practical to apply it in the real bridge structures in high-speed rail engineering.

7.7 Conclusions

The main objective of the research in this dissertation is applying the novel adaptive materials
magnetorheological nanocomposites (MRNSs) to build a semi-active control structure in vehicle-
bridge coupling system of high-speed rail, controlling the vibration and reducing the dynamic
responses of the bridge by that semi-active control. In this chapter, that main objective is completed
and the semi-active control based on MRNs for vehicle-bridge coupling system of high-speed rail

is presented.
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Considering the ballastless track structure, which chooses floating slab track as the main
constituent part, is widely existed in high-speed rail engineering, the MRNs are applied as the
viscoelastic layer between floating slab track and bridge main beam to build the semi-active control
structure. The dynamic mechanical model of MRNs is derived by their properties from
experiments. Simplifying the connection between rail and floating slab track, the simply supported
bridge with floating slab track is actually a double-beam system. Combining the linear model of
MRNs dynamic mechanical model which is the same as the viscoelastic layer in Chapter 5, the
semi-active control developed in Chapter 5 can be used in here. That semi-active control algorithm
is inputted into the co-simulation platform of whole vehicle-bridge coupling system, and the

simulation of that coupling system with semi-active control based on MRNs is completed finally.

Numerical examples are demonstrated and discussed in details to verify the efficiency of the MRNs
semi-active control structure proposed in this research for the vehicle-bridge coupling system of
high-speed rail. Comparing with the passive control that the viscoelastic layer has constant
stiffness and damping, the semi-active control based on MRNs can suppress the vibrations of both
floating slab track and bridge main beam more effectively. That semi-active control can also
eliminate the resonance happened in bridge structure when the trains are passing, and protect the
safety of the whole structure. The acceptable changes of stiffness and damping of MRNs layer
prove that the semi-active structure is reasonable and it is practical to apply it in the real bridge in

high-speed rail. In the end, the main objective of this research is accomplished successfully.
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Chapter 8 Conclusions and Future Work

8.1 Conclusions

In the present dissertation, a novel adaptive materials magnetorheological nanocomposites (MRNS)
are used to build a semi-active control structure, which is applied into the vehicle-bridge coupling
system of high-speed rail so that the vibration of the whole system could be controlled effectively
and the dynamic responses of bridge can be reduced significantly. Both theoretical and numerical
experimental efforts have been made to analyze the dynamic behavior of the basic mechanical
model, design and derive the control algorithms for the structure system, and simulate the whole
structure system with vibration control. As a final remark, some achievements in this dissertation

are summarized as follows.

As the first major contribution, the dynamic behavior of an undamped double-beam system
interconnected by elastic layer is investigated. A semi-analytical method is developed to analyze
the natural frequencies and corresponding mode shapes of that undamped double-beam system,
which may have arbitrary beam mass, beam flexural rigidity and/or boundary condition. The initial
conditions are considered to find the free vibration final form, which are the exact solutions of the
motion differential equations formulated by the classical Bernoulli-Fourier method. The dynamic
responses of forced system vibration are determined by the modal-expansion method using the

natural frequencies and mode shapes obtained from the free vibration analysis. The specific
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orthogonality condition for a double-beam system is derived, and then applied to decouple the
motion differential equations. Various double-beam system models are studied to verify the semi-
analytical method and conduct the systematic parametric analysis of the structural resonance

condition and dynamic responses.

Second, considering the viscoelastic layer damping existed in real engineering practices, the
double-beam system interconnected by viscoelastic layer is analyzed and the damping effects of
the viscoelastic layer on the dynamic behavior of whole system are studied. A similar semi-
analytical method is developed to analyze the natural frequencies and corresponding mode shapes
of the general double-beam system, which may have arbitrary viscoelastic layer damping, arbitrary
beam mass, beam flexural rigidity and/or boundary condition. The free vibration final forms,
which are the exact solutions of the motion differential equations formulated by the classical
Bernoulli-Fourier method, are solved based on the initial conditions. An iteration algorithm with
the modal-expansion method is applied to find the dynamic responses of forced system vibration
using the natural frequencies and mode shapes obtained from the free vibration analysis. Various
double-beam system with viscoelastic layer models are studied to verify the semi-analytical
method and the iteration method, and conduct the systematic parametric analysis of the structural

resonance condition and dynamic responses.

Third, an active control structure, a semi-active control structure and corresponding control
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algorithms are proposed to suppress the vibration of the elastically connected double-beam system.
In the active control structure, independent modal space control is applied to decouple the motion
equations of double-beam system with the active control, and transfer the vibration control of the
infinite freedom system in physical space into the vibration control of several modes in modal
space. Linear quadratic regulator is adopted to determine the specific modal active control force
for each mode and the active control force in physical space. In the semi-active control structure,
the active control force produced by the active control structure presented above is set up as the
objective and the equivalent semi-active control force is assumed to be close to that active force.
Based on that principle and with the mode shape filter derived, the determination method of
stiffness increase is derived. Various double-beam system with active control structure or semi-
active control structure models are calculated to illustrate the efficiency of the proposed active

control and semi-active control.

Fourth, an active control structure, a semi-active control structure and corresponding control
algorithms are proposed to suppress the vibration of the double-beam system with viscoelastic
layer, since the materials used to connect the upper beam and lower beam in the double-beam
system are usually the viscoelastic materials and their damping cannot be ignored in real
engineering practices. In the active control structure, independent modal space control and linear
quadratic regulator are also applied to decouple motion equations with active control and

determine the active control force in physical space. In the semi-active control structure, the active
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control force produced by the active control structure presented above is still set up as the objective
and the equivalent semi-active control force is assumed to be close to that active force. A linear
model is assumed as the dynamic mechanical model of the adjustable viscoelastic layer and the
relationships between stiffness, damping with inputted currents are also defined as linear models.
Based on that calculation principle, the linear model for adjustable viscoelastic layer and the mode
shape filter, the determination methods of stiffness increase and damping increase are derived. The
calculation methods for double-beam system with that active control and that semi-active control
are also developed. The efficiency of the proposed active control and semi-active control for

double-beam system with viscoelastic layer is illustrated by various numerical models.

Fifth, a co-simulation method is proposed to complete the dynamic simulation of vehicle-bridge
coupling system of high-speed rail. Bridge structures are modelled by finite element method
software MSC/NASTRAN, and dynamics of multibody system software MSC/ADAMS is used to
simulate the vibration of vehicle system. The vehicle-bridge coupling relationships are all
introduced and the classical theories about them are adopted, including wheel-rail contact
geometric parameters, wheel-rail contact forces and track irregularity. The Matlab/Simulink is
used to build a platform to ensure MSC/NASTRAN and MSC/ADAMS working together, and the
vehicle-bridge coupling relationships are coded as a program block and inputted into that platform.
In this way, the co-simulation by using that Matlab/Simulink platform is realized and the

simulation of whole vehicle-bridge coupling system is completed. Various numerical examples of
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vehicle-bridge coupling system are calculated to illustrate the practicability and efficiency of the

proposed co-simulation method.

Finally, the semi-active control structure based on MRNs is developed and applied into the vehicle-
bridge coupling system of high-speed rail so that the vibration of the whole system could be
controlled effectively and the dynamic responses of bridge can be reduced significantly. MRNs are
applied as the viscoelastic layer between floating slab track and bridge main beam to build the
semi-active control structure for high-speed rail bridges. The dynamic mechanical model of MRNs
is derived based on their properties obtained from experiments. Simplifying the connection
between rail and floating slab track, the simply supported bridge with floating slab track is actually
a double-beam system. The semi-active control algorithms developed for double-beam system
with viscoelastic layer is used to derive the semi-active control algorithm for MRNs. That semi-
active control is inputted into the co-simulation platform of vehicle-bridge coupling system, and
the simulation of the whole system with semi-active control is completed. Numerical examples are
demonstrated to prove the efficiency of the MRNSs semi-active control structure proposed in this

research for the vehicle-bridge coupling system of high-speed rail.

8.2 Suggestions for Future Work

In the future research on MRNSs and its application for semi-active control in vehicle-bridge
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coupling system of high-speed rail, there are several suggestions summarized as follows.

First, the fabrication techniques of MRNs should be improved, and the better MRNs materials with
wider adjustable range in stiffness and damping should be developed to make better control effects

for their application in civil engineering structural vibration control.

Second, the specific electromagnetic devices for MRNSs should be invented so that the semi-active

control devices based on MRNs could be installed and used in real structures.

Third, the theoretical research on the dynamic behavior of double-beam system should be
continued. The double-beam system with non-uniformly distributed elastic layer or viscoelastic

layer should be studied carefully, since it will be the basis for the decentralized control in future.

Fourth, the semi-active control algorithms based on MRNs for vehicle-bridge coupling system of
high-speed rail should be improved. Several specific semi-active control algorithms should be
developed based on the properties of MRNs and the bridge structure with floating slab track. And

a decentralized control method and correspond algorithm should be observed.

Fifth, the co-simulation platform should be improved so that the calculation and simulation will

be faster and more accurate, especially when simulating some complex bridges and vehicles.
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Finally, the semi-active control based on MRNs and developed in this research is needed to be
applied on real bridge structures and do some field tests, and their control effects should be proved

by those field tests so that they can be used in real engineering projects in future.
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