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Nonlinear Dynamic Analysis of Vehicle-Bridge Interaction considering the

Hertzian Contact Spring and Rail Irregularities
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ABSTRACT

In this paper, the nonlinear dynamic response of Vehicle-Bridge interaction with the coupled equations of motion
including nonlinear Hertzian contact is presented. The moving train model is chosen to have 10 degrees of freedom
(DOF). The bridge is modeled as 2D Euler-Bemoulli beam element with 4 DOF for each element, two for rotations
and another two for translations. The nonlinear Hertzian contact is used to simulate the interaction between vehicle
and bridge. Base on the relationship of wheel displacement of the vehicle and the vertical displacement of the
bridge in Hertzian contact, the coupled equations of motion of the whole system is derived. The convenient
formulation was encoded into a computer program. The contact forces, contact area and stress of the rail surface
were also computed. The accuracy and efficiency of the proposed program are verified and compared with exact
analytical solution and other previous studies. Various numerical examples and parametric studies have

demonstrated the versatility and applicability of the proposed program.

1. Introduction

Since very first railway system was operated, the “ratting during the motion” has been observed and
studied. Although nowadays, the problem may have been reduced, the problems of rail — vehicle dynamics
resulting from the moving contact points between wheels and rails are as much concern today as they were
over 150 years ago [1]. Generally, only the bridge response is concerned, and vehicle is just simply modeled
as moving load. However, when the weight of the vehicle increase, such as for the case of railway train. The
inertial and the dynamic forces are needed to taken into account. The moving load model also cannot
concerning the vehicle response. There are many researchers interested in this problem. In [2] only vehicle is
investigated while in [3] only track system is concerned. In this study, the vehicle and bridge will be model
as one system, and the convenient coupled equations of motion are encoded into a computer program. The
proposed program is verified with exact analytical results, the good agreements are obtained. As a result, the

proposed program is applied to analysis the responses of a real vehicle model of Korea eXpress Train (KTX)

2. Equations of Motion
2.1 Bridge Equations of Motion
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In this study, the bridge is model as 2D Euler-Bernoulli beam elements (Fig. 1). Each element includes
four degrees of freedom, two for vertical deflections and the another two for nodal rotations. The equations of

motion of the system can be express as in Eq. (2.1)

[, ) g+ (6 )+ (5] {up}= {21} (1)
¥
Fi:ui i B Py i B
ix‘{,d A . Idﬂ, b )
x=0 X=le

Fig. 1: Euler-Bernoulli beam element

where [, ], [C, |,and [K, |are the mass, damping, stiffness matrices of the bridge, respectively;

{ui},{ui},and{u,’,’}are the nodal accelerations, velocities and deflections, respectively; {7} is the nodal

external forces. Damping [C; | of the bridge is assumed to followed Rayleigh type and calculated as
(G ]= a1 [, [+ o [ ] @

where «; anda, are damping coefficients, depend on damping ratio £ (usually equal to 5% for steel and 3%

for concrete), and the first two natural frequency of the beam w;andw, , and given as

28w, wy . 2¢

= 5 = 3
1 wy T wy @2 wy T w,y )

2.2. Vehicle Equations of Motion
The vehicle is modeled as four-axle system, which consist a carbody supported by two bogies, and each

bogie is suspended on two wheel axle as show in Fig. 2. The motion of the vehicle is represent as ten DOF,

which includes bouncing and pitching of carbody (y,and#,); bouncing and pitching of two bogies
(ysﬂjﬁm and Qsi‘j,m); and four bouncing at wheel axle y,, (i =1,2,3,4). Among ten DOF, instead of four

bouncing at wheel axles are constrained to the deflections of bridge, the other six DOF are unconstrained
Unconstrained DOF {u,}= (y, 0, yo1 041 vss 0,507 )

COHStrained DOF {ul}: <yw1 yw2 yurS yur4>T (5)

Fig. 2: Vehicle model
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Fig. 3: Free Diagram of Vehicle model

With this model, the free diagram can be expressed as in Fig. 3. The equations of motion of vehicle gives

as follow:

muu 0
0 my

L.L'u + [Cuu Cul} U:u + [kuu kul] {uu}_ {Pu} (6)
1;1 Cru Cu dl Ky Ky | 1w P

where {d,,}7 {du},and{uu}are the accelerations, velocities and deflections of the unconstrained degrees of

freedom, and {ﬁl},{ﬁl},and{ul}are the accelerations, velocities and deflections of the constrained degrees of

freedom. The corresponding sub-matrices of Eq.(6) are defined as Eq.(7)~Eq.(16)
{muu}: dzag[M/ ‘[1/‘ msl ].;1 msQ 152] (7)

{mll}: dzag [ My, My, My, mw] (8)
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o e+ 2¢ 0 0 0
o o220 0
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[0 0 0 0 ]
0 0 0 0
10
b g ) = - - 0 0 (10)
W -l /2 ¢l /2 0 0
0 0 - -
0 0 -l /2 ¢l /2
- t i {0”}2 diag [ c € C ¢
an
[ 2k, 0 —k, 0 —k, 0 ]
kL2 =kl /2 0 kel /12 0
o= ky + 2k 0 0 0 .
- KE2/2 0 0 (12)
Sy k, + 2k, 0
L kJi fz_
[0 0 0 0 ]
0 0 0 0
-k -k 0 0
e e o
Tk, = e 1= (13)
0 0 -k -k
|0 0 =kl /2 k2
{ky}=diag |k +k ky +ky kyy +ky kg + k] (14)
{P,}=<000000>" (15)
{Pu,}: <Q Q Q Q>T+ <f(:1 f{:? f{:3 f<t4 >T (16)

here k;; and f,(i=1,2,3,4) are the contact stiffness and contact forces at axle i; Q is the distributed weight of

entire vehicle components at each axle.

v mS
Q=+ +m, (17)

2.3. Hertzian Contact

There are many modification theories based on the original Hertzian theory. In this study, the most

computational convenient adopted in [4] is used. Follow it, the Hertzian contact will be calculated as Eq.(18)
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5 if 6>0

0 else

Fy= (18)

where C} is Hertzian contact coefficient, § is the gap between wheel and rail.

2.4. Rail Irregularities

The wheel and rail will characteristic by power spectral density (PSD) functions. The irregularities may in
periodic or no periodic. For the present purpose, in this study, the irregularities function has been adopted
by [5] is used

3
. [ 27z
r(x)—ro[l—exp(i) ><sm( Wl) (19)
Lo Yo
where x-along track distance (m); x0 = 1 m ; 0 = 0.5 mm - amplitude of irregularities; 70 = 1 m
wavelength of corrugation.
3. Derivation of the Coupled Equations of Motion
1]
P _ 7]
i} urT oo 1 r :J1T fe o us
£{h ——— 1 - i ! D :
I "
I - e |
=i - | -
T —
L
Fig. 4: Free Diagram of Vehicle model
Consider one wheel acting on element e™ as show in Fig. 4. The load apply to the bridge will be
pP= A/{vg + kl (yw Y~ T) (20)

where yy ; yr is the deflection of mass M, and bridge at contact point, r is the surface irregularity at contact
point. Applying Hermitian interpolation function, the deflection of bridge at contact point y, can be computed
from nodal displacements of acting beam element e™. Substituting to Eq.(20) and applies Hermitian functions

for the forces we can obtains the nodal equivalent external forces when M, moving between i and j is
f/i,\j‘l\Q ={H}P (21)

or {fy=k{H}y, -k [H ] }+{H Y (M, g~ Fr) (22)

where {H} is Hermitian interpolation functions and defined as

E=(-37 v Y (1-27+2) 3222 V(22N 23)

and [H,| is the contact interpolation functions expressed as

1482



H H HH,H H;HH,
H,H, H,H, H,H,
H,H; H,H,

sym. H.H,

[HC} = 24)

Assembling by term Eq.(22) into bridge equations of motion, and adding vehicle degrees of freedom the
equations of motion for the entire sysetem is

s R -

Similarly, extending to 10 DOF vehicle model, the equations of motion of vehicle-bridge system can be

[M,] 0
0 M,

expressed as

] 0 o () [lea] [l o
0 [My] 0 [+ |[Cu] [Gh] [Callqsm ¢+
I I [Mﬁl] iy a [C’H] [Cﬂ] T 26
[Zu] [£d] 0 |[ma] [A

+ [K:-] [Kn] [Eu] |Sug p=| &
0 (& ] [‘E:aa] My Fs

4. Numerical Examples

4.1 Simple Beam subjected to moving SprungMass

Consider a system as show in Fig. 4, where simple beam length L = 25 m, elastic modules E = 2.87 GPa,
moment of inertial I = 2.90 m', unit mass m = 2303 kg/m, mass Mv = 5750 kg k; = 1595 kN/m, ¢; = 0
travel with velocity of v = 27.78 m/s (100km/h).

Using proposed program with the beam is modelled as 10 elements, integration time step is At=0.001s.
The results are compared with the analytical results. The deflection and acceleration of midpoint of the beam
are shown in Fig.5a and Fig.5b. The deflection and vertical acceleration of the mass are shown in Fig.6a and

Fig.6b. As can be seen, very good agreements are obtained
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Fig. 6: Deflection and Acceleration of the Mass
4.2 Continuous Beam subjected to moving Train (KTX)

Consider a KTX train as show in Fig. 2, where simple beam length L=60m with three equal spans,
E=2.825x10'kPa; 1=495m4; A=373m2; mass per unit length 41.74t/m, neglect damping and rail irregularities.
Vehicle properties as Mv=54.960t; Iv=1131.9t.m2; ms=2.420t; [s=2.593t.m2; mw =2.048t; k1 = 2504kN/m; cl
= 32kN.s/m; k2 = 2536kN/m; c¢2 = 57kN.s/m. Moving with speed of v = 83.33m/s (300km/h).
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Fig. 7: Deflection and Acceleration of the Mass
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Fig. 9: Pitching Response of Carbody

Using proposed program with the beam is modelled as 30 elements, integration time step is A¢=0.0001s.
The midpoint deflection of left span and centre span are plotted in Fig.7a and Fig.7b. The deflection and
acceleration of bouncing responses of carbody is plotted in Fig.8a and Fig.8b. The deflection and acceleration

of pitching responses of carbody is plotted in Fig.9a and Fig.9b
5. Conclusion

In this study, the coupled equations of motion for the entire vehicle-bridge system is derived including
Hertzian contact and rail irregularities. The convenient formulas are encoded into a computer program. The
accuracy and efficiency of the proposed program is verified with the exact analytical results, and a good
agreement are obtained. As a result, the proposed program is applied to analysis the response of real KTX

train, all responses of bridge and vehicle are investigated.
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