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Transverse Vibrations of a Continuous Beam on Rigid and Elastic
Supports under the Action of Moving Bodies

Nguyen Van Khang, Nguyen Minh Phuong

In the present paper the method of substructures is used to derive transverse vibration equations of a continuous
beam on rigid and elastic supports under the action of moving bodies. An algorithm for calculating the solutions
of vibration equations of a continuous beam is presented. From this algorithm, a computer program is created
using C++ language.

1 Introduction

The transverse vibration of a simple beam and of a continuous beam on elastic supports under the action of
moving bodies has been mentioned in works such as (Filippov et al., 1974; Popp and Schiehlen, 1993; Nguyen
Van Khang et al., 1999; Nguyen Van Khang et al., 2000). Currently transverse vibrations of the beam on many
rigid and elastic supports are attracting increased attention in cable stayed bridges. In this work, we use the
method of substructures to derive transverse vibration equations of a continuous beam on rigid and elastic
supports under the action of moving bodies. An algorithm is suggested to solve the received vibration equations.

From this algorithm, a computer program is created using C++ language.

2 Derivation of Vibration Equations Using the Method of Substructures
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Figure 1. Vibration Model of a Continuous Beam on Elastic and Rigid Supports

Consider a continuous Euler-Bernoulli beam with length [ on J elastic, and K rigid supports (Figure 1). Suppose
that its mass per unit length is p (L = pA), and the bending stiffness EI is constant along of its length where p is
the mass density, A the cross sectional area, E the Young’s modulus, I the centroidal moment of inertia. c¢jand b,
(j=1.....J) respectively represent the rigidity and the coordinate of the intermediate elastic support j and q,
(k=1,...,K) the coordinate of the intermediate rigid support k. The i~th body (i=1,...,N) consists of the mass m,
attached to the spring system with rigidity ; and damping d; directly proportional to the velocity. The i—th body
moves with the velocity v; and is subjected to the action of a force G;sin(€;+7;) caused by an unbalanced mass
which rotates with angular velocity ;. Here G; is the amplitude of the force.
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Figure 2. Substructures

Using the method of substructures in order to derive vibration equations of the beam and the bodics, we divide
the system into N+1 substructures: beam and N bodies (Figure 2). Here the intermediate rigid supports are
replaced by the reaction forces N(t).

The position of the i—th body can be determined by (1)

Ni=vl{tT) t 27 (1)
where 1; denotes the time when the i—th body starts moving along the beam with the constant velocity v;.

Additionally it is supposed that during the motion, the i-th body is not separated from the beam and its velocity v,
satisfies the condition of non impact as following

n>mn; (<))
The following loads are applied to the substructure beam:

- pressure load p;(x,z,t) of bodies on the beam

N
pi(xz,0) =Y Li0lmg + G, sin g, —mz [8(x—n,) 2)
i=l

with Q0= t+Y

- reaction load of elastic supports

J
Pr(x,z,t)==3,c;w(b;,1)8(x~b;) (3)
=

- reaction load of rigid supports

K
p3(x,z,8)==Y N ()3 (x—a;) “)
k=1

Within this we apply the Dirac-function 0 (x-a) and the logic signal-function L,(t), which are determined by the
following relations

L&) 1 when 71;<t<T, +7,
E 0 when t<t,0rt>T +7;

with Rt
=
and O (x-a) = lim 8.(x-a)
e—0

1
. —  when Ix—a\ <e
with S.(x—a)=42e

0 when |x—a| >€
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Vibration differential equations of substructures can be obtained by applying the basic principles of dynamics.
The equation describing transverse: vibration of a beam including internal friction is (Hagedorn, 1989; Petersen,
1996)

0w ow *w , ow

EI +o + +B— |= p(x,z,1) (5
[ax“ aﬁa;] “(azz Bar] 4

p(xz,0) = pi(xzt) + p2 (620 + p3(x,2,1) (6)

in which o and [ are damping constants.
The equation describing the vibration of the i-th body has the following form

L (t)(m,-'z',- +d;z; +k,»z,-)= L (t)(mig + G, sin @; +d,-v'v,7, +kjwy, ), (i=1..,N) (7)
in which wy = w;,1); wn, = _E)w(”q_,,t) (3)
7 i a,

The constraints at the rigid supports are given in the form

wlapt) =0, (k=1,...,K) )

The equations of motion (5), (7) and the constraints (9) form a mixed system of partial differential equations, an
ordinary differential equation and nonlinear algebraic equations. Four boundary conditions, two at x=0, two at
x=I, and initial conditions must be specified for the solution of the equations.

The boundary conditions have the following form

2
x=0: »v(O,t):MgiQ:O (10)
ox~
3*w(l,1)
x=10: w(l,t)=——=%=0 (1)
) ox?

The initial conditions are expressions of the form

f=1m ¢ WUJQ:f“Rn,Qﬁgfﬁ:f@km (12)
t
t=1;: 2T =20 () @) =40, E=1.,N) (13)
From the constraints (9) we have
=0, fPay=0 (14)

3 Transformation of the Mixed Equation System into Ordinary Differential Equations
Using the mode superposition principle a solution of equations (5) and (7) with the boundary conditions (10) and
(11) is assumed in the form

M&0=i%ﬁmm%£ (15)
r=1

in which ¢,(t) (r=1,...,n) are generalized coordinates to be determined. From the relation (15) we can calculate
the particular derivation
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wy, = Lioween| —L,<t>2q, (1)sin -

n ) n VY. rmom.
Wy =L (z)1:2q'r sin mln’ +Y.4, %cos—ln—’}
r=1 r=1

By substituting the relation (15) into the equation (5) we obtain

4 4
EI{Z[?] q, sin%x—+ 0(2[—?) g, sin —”;x—“+
r=l r=l

PR T e

4 4
Vg, o ] | ga T q,lsinit’f:lpumo
r=l woi ! [V J T

Multiplying equation (18) by sm——l— , integrating from 0O to /, and using the orthogonality condition

g 0 when r#s

. ITX . STX
jsm—sm—a’x= 1
) l — when r=ys

we obtain the ordinary differential equations

= I ;
g, + £l 51 +B q'\_+E1 q, I 7(x,z,t)sin—jﬁdx
‘ [V ! a4 Uy l

Using the characteristics of the Dirac-function, we have

!
'[p(v,w,z)sdex fpl(x,L,r)sdeth pz(x,4,7)81nTnxdx+j p;(‘c,&,t)sdex
0 0

rmh.
sin

N
=Y L(1)[m,g +G, sing, —m.Z, |sin

=1

. n J
ol ~2 | 2@
l r=1| j=1
Substituting the relation (20) into equations (19) we obtain

l

4 N
gy +[&(%] +B} qs +ﬂ[_] qy =£ ZL,'(I)(’”fg +G;sin@; —m
3! 28

n o

o) K
—l—sz(z)sin

W =1 lurl /l' l )

Substituting the relations (16) and (17) into equation (7) we have

L (l)[m,-'z',- +d;2; +k;z; ] =L (Z)[m,-g +G; sin @, ]+ L (r)Z[a’,- sin %Jq,

r=]
- N My, I, )
+L.(t k. sin Ltd. ~Cos g, =L.,N
<>Z( Tt l }4 (i )

Substituting the relation (15) into the constraints (9) we obtain

way.1)= 3 q, (t)sin Tk

r=1

=0, k=1,...K)
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. }q,, — 3 N, (1) sin 2k
k=1

rmb; b,
——2 {Ec sin 4 gin— }q,, (s=1,..

(16)

a7

(18)

(19)

(20)
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The second derivative with respect to time of the equations (23) reads

=0, (k=1,...,K) (24)

L. L
Y G, (¢)sin s

r=1

We can prove that the equation system (23) is equivalent to equation system (24) when the initial values of the

generalized coordinates g, (7,) and of the generalized velocities g, (T, ) satisfy the conditions

n
=0, Yq,(t)sink =0,  (k=1..K) 25)

n

Y g, (t))sin L
r=l1 r=1

Therewith the mixed equation system (5), (7), and (9) describing the transverse vibration of a continuous beam
on J elastic, and K rigid supports under the action of moving bodies is transformed into the ordinary differential
equations (21), (22) and (24). Thus we have (n+N+K) equations with (n+N+K) unknowns which are
g, (s=1..,n),z(=1..,N),and N,(k=1,.K).

4 Numerical Computation of the Transverse Vibrations of the Continuous Beam

For the integration of the ordinary differential equations (21), (22), and (24) we rewrite the equations (22) in the
form

. N(d, o omn; ). d . N~k . o, d; v, rmn,
L)z, =Lt —sin—=+ |g, —— 7, + —ts Ly—L—Lcos— |g,
® ( )\:z[mi l ]q m; 4 Z[I’n~ - ) m, | ¢ [ 4

r=1 i r=l1 I i

(26)

i i

k; G;
——'Z,-+g+—Lsin(p,} E=1,.,N)
m m

Substituting the relation (26) into the equation (21) we obtain

Elo | 7 & s
h +B|+— ) L (1), T akal ile + 2N 1.0 dos A P
Z { [ j B} 2 (1, sin T sin T g, lu; ,()( sin T j
EI . . |
2{6 u ( J +—2L (t)[ mlnl +k; sin ’”ffln, }sin WIT\: }q,— +% ;L,-(r)(k,- sin%]zi 27)

r=l1

2 % . STay
——ZNk(r)sm—
i

in which

n

d ;. ST,
2 Zc/sm ! sin A q,, (s=1,....,n)

lp’rl/l

5 =

r

1 when r=g
0 when r#s

@, =Qt+a; ; M; =v;(F—1;)

Using the vectors

a=la 9, - q,]”
A (28)
N:[Nl Nz NK]T
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the equations (27) can also be expressed in matrix form as
e 3
tj=Uq+Szz+Vq+S3z——l——S,N (29)
u

In this new expression the matrices S, Sy, S3, U, and V are defined as

S, = { (1)}, 58 —sm%, F Sl =l K (30)
szz{sff’}, s =%L(t)a' sin ﬂln (g S Ly 31
u
S, =159} 9 =2 Lok sin L, (r=1.mi=1,..,N) (32)
; u [
O=fs.} | ) 4B |t L) sin T gy T
=y ) Uy s ot () d;s e '8
ST S M l lu = : [ [ (33)
(s,r=1,..,n)
2 ¥ rn; P )L ST, kg i 4
v={,hv, == > L (#) d,- Lcos l ’+k,sinT’ hi— L 8\ TS
[ 28 (34)
rmb;  smb;
——Zc sin < sin . (s,r=1,.,n)
le/ 1 [ [
Equation (29) is transformed into
T Tl - .
S'sN=S] 7[-q+Uq+szz+Vq+s3z] (35)

Solving the equation (35) for N(z) and using the conditions (24) SlTij =0 we have the expression for the
reaction forces of the rigid supports

N=A" s?%[uq+szi+vq+s3z] (36)

in which we put A = SITSI.
Substituting the relation (36) into the equation (29) we obtain

q=H[Uq+S,2+Vq+Ssz] (37)
In equation (37) the matrix H is defined by

H=1I-S,A7's] (38)
where I is the identity matrix. If we describe the new vector

v=la, @ - a0 @ 20 2" (39)
then the differential equations (37) and (26) can be written in the following matrix form

y =BOy+C)y+£() (40)
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The matrices B(r), C(¢) and the vector f(¢) are defined as

B=|,

n+l,1 bn+1,n brz+1,r1+1 bn+l,n+N

bm—N,l ws

L n+N,n bn+N,n+l bn+N,n+N_

where B, = HU, B, = HS,

d. : ‘
by =L Lsin 0 (r=1...n; i=1....N)
i m; l

14

d;

- J T
byyinej =—Li®d —, (i,j=1..,N)
Ini
CI C2
C) =
Cn+l4,l Cn+l,n Cz'1+1,11+1 Ch+ln+N
_Cn+N,1 CI1+N,11 C}1+N.n+1 C11+N,11+N i

where C, = HV, C,=HS;

d. rmv, g .
i cosﬂqL—'sin@j e B

m; ) m;

Cn+i,/‘ = Li (t)(

Cn+i.,u+j = _Li (I)SII _l5 (l’ J= 1”N)

n;

f:[f] fz fn+N]T

where f,=0, (s=1,...,n)

G
fori@® = L,»(Z){g +—’sin(Q,-z+ Y, )} (i=1...N)
m;

{4

The Runge-Kutta method is used for calculating the solutions of the ordinary differential equations (40). From

this algorithm, a computer program for calculating transverse vibrations of continuous beam (VIBEAM) is
created using C*" language at the Hanoi University of Technology.
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5 The Transverse Vibration of a Cable Stayed Bridge in Vietnam

my msj my m;
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w (m) Figure 3. The Model of a Cable Stayed Bridge in Vietnam

The model of a cable stayed bridge in Vietnam influenced by the action of moving bodies is drawn in Figure 3.
The data for calculating the model is given in Table 1.

[=1739m bg¢ =133 m ms = 6515 kg

pA = 3629.89 kg/m ce = 10294933 N/m ky = 716781.38 N/m
EI = 1928552021 Nm? N=4 dy = 2871.74 Ns/m
Mku = 0.0162 m’ m; = 6515 kg vy = 19.444 m/s
a=0027s ki =716781.38 N/m G;=0N

B =0.011/s dy = 2871.74 Ns/m Q3 = 0rad/s

K=2 vy = 19.444 m/s vs = O rad
ay=225m G =0N T3=4s
a;=1514m € = 0 rad/s ms = 6515 kg

J=6 Y1 = O rad ks = 716781.38 N/m
by =409 m 7,=0s dy = 2871.74 Ns/m
¢ = 10294933 N/m m, = 6515 kg vy = 19.444 m/s

b, =592 m ky = 716781.38 N/m G;=0N

¢; = 4344805 m d, = 2871.74 Ns/m Q, = 0rad/s
by=775m vy, = 19.444 m/s v = O rad

¢3 = 2409446 N/m G,=0N T =6s

by =96.4m Q, = 0 rad/s g = 9.81 m/s?

cq = 2409446 N/m v, = 0 rad =15

bs=1147m T,=2s t.=15s

cs = 4344805 N/m

Table 1. Data for Calculating the Model of a Cable Stayed Bridge in Vietnam

Computational results are presented in Figures 4, 5, 6, and 7. In Figure 4 the transverse deflection of the
continuous beam at the time t = 7.5 s is demonstrated. In Figure 5, the curve of the dynamic stress of the cross

section at 86.95 m is plotted. Figures 6 and 7 show the transverse vibrations of the cross sections at 10.8 m and
86.95 m.

6 Conclusion

A system of vibration equations of a continuous beam on elastic and rigid supports under the action of moving
bodies has been determined by the application of the substructure method, Also an algorithm and the computer
program (VIBEAM) for the numerical calculation of vibrations of beams have been created at the Hanoi
University of Technology. The VIBEAM program can be used for analysing in the design of bridges that bear
moving bodies.

This paper was completed with the financial support of the Vietnam Basic Research Program in Natural Science.
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Figure 4. The Deflection of the Continuous Beam at the Time t =7.5 (s) .
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Figure 7. The Transverse Vibrations of the Cross Section 86.95 (m)
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