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method of total variation diminishing (TVD) format were adopted to obtain the mean
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information of responses. A case study was presented in which the ICE-3 train travels on a
three-span simply-supported high-speed railway bridge with excitation of random rail
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orders of magnitude. Additionally, the influences of rail irregularity and train speed on the
random vibration of the coupled train-bridge system were discussed.
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1. Introduction

The dynamic problems of the coupled train-bridge system in a high-speed railway are challenging. The random vibration
of the coupled train-bridge system is generally characterized by random dynamic excitations (e.g. earthquakes, wind load,
and rail irregularity, etc.), and random system parameters (e.g. train parameters, and structural parameters, etc.). Rail
irregularity is one of the primary sources causing the random vibration of train-bridge systems. However, the vibration
theory for a train-bridge system with random excitation and random structural parameters has not been systematically
built yet. To this end, the primary objective of this study is to investigate the random vibration caused by random rail
irregularity.
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For decades, extensive studies have been conducted in the field of the coupled train-bridge vibration for high-speed
railways. However, those studies have focused on the vibration excited by deterministic rail irregularity in the train-bridge
system [1-5]. It is well known that a limited number of rail irregularity samples acting on the train-bridge system, either
measured or artificially generated, is insufficient for characterizing the random train-bridge responses. Thus, it remains an
urgent need to further study the train-bridge systems using the random vibration theory.

The random dynamic analysis of coupled train-bridge systems has been long studied. In 1976, Fryba [6] first investigated
bridge random vibration caused by moving vehicles. Subsequently, researchers (e.g. Iwankiewicz [7], Sniady [8], Chu [9] and
Zibdeh [10]) in the field of random vibration of train-bridge systems commonly employed in their simulation work the
model of a load moving across the bridge, among which few considered the effect of rail irregularity. In fact, the random rail
irregularity should be considered in the calculation due to its importance in the coupled train-bridge system. To date,
several methods have been developed and applied for analyzing the random vibration of train-bridge systems (e.g. Monte
Carlo Method (MCM), Pseudo Excitation Method (PEM) [11], etc.). The MCM has been adopted to generate samples for
random track irregularities. Zeng [12] calculated the random response of a train-bridge system with hunting waves of the
bogie frame measured or generated with MCM. Zhai [13-15] and Xia [16-18] made significant contributions in the field of
coupled train-track-bridge system vibration, mainly with the method of MCM. Kardas-Cinal [19] obtained the spectral
distribution of the derailment coefficient using a nonlinear model of the railway vehicle-track system excited by random
rail irregularity. Lin [11,20] established the PEM for analyzing the random vibration of the coupled train-bridge system.
With virtual inputs, PEM could efficiently obtain the response power spectrum and the standard deviation on the basis of
the rail irregularity power spectrum. However, PEM cannot obtain the mean value of responses, and is therefore inadequate
for application in train-bridge systems. Thus, MCM is the only method generally applicable in probabilistic mechanics, but
the expensive computational costs required for sufficient accuracy also limits its use in engineering applications. Yet, it is
still commonly used to provide reference solutions for comparison with those obtained by more efficient methods tailored
to specific problems.

Li and Chen developed a generalized probability density evolution method (PDEM) [21-23], which contributed to the
solution of the linear and nonlinear random vibration analyses of a system with random inputs. Based on the fundamental
concepts of a random system, this method, as compared to MCM, could significantly improve the calculation efficiency, and
is able to solve the random vibration problems involving random excitations and stochastic structural parameters as well.
Inspired by this methodological framework, Yu and Mao [24] employed PDEM to analyze the vertical random vibration of
the coupled train-bridge system with random train parameters and rail irregularity, and drew some insightful conclusions.

The primary objective of this study was to establish a stochastic harmonic function of rail irregularity [25] from the rail
irregularity power spectrum density (PSD) by combining PDEM and number theoretical method (NTM). It was then used to
select representative points of spatial frequencies and phases [22,26] for calculating random vibration of the train-bridge
system, The calculation results including mean value curves, standard deviation curves and time-dependent probability
density information were obtained. Examples and applications were presented and discussed as well.

2. Train-bridge random dynamic equation and probability density evolution method
2.1. Random dynamic equation of the train-bridge system

2.11. 3D train-bridge model
For the vehicle model, the following assumptions were made:

(1) A train runs over the bridge at a constant speed.

(2) Each car consists of one body, two bogies, and four wheel sets, which are modeled as rigid bodies. The primary and
secondary suspension systems are modeled using linear springs and dampers.

(3) The degrees of freedom (dofs) of the car bodies and bogies are y,8,y,z, and ¢, and the dofs of the wheel sets are y, 6,
and z.

(4) There are no sliding, climbing or derailment phenomena when the train is running on the rail, i.e., the wheels keep in
contact with the rail surface.

A dynamic interaction model of the 3D train-bridge system [20] with random rail irregularity as the excitation is shown
in Fig. 1, where an absolute coordinate system is adopted for the train-bridge system.

2.1.2. Equation for vehicle model

To highlight the random nature of rail irregularity as the load, first let &, (q=1,2,---,np) be a random variable of rail
irregularity belonging to a random variable vector set ® that contains random spatlal frequenc1es £ and phases 45 discussed
in the next section. Specifically, &, can be expressed as &, = (Qq 1,.(2q2, 0, 820N, ¢q 1,¢q2, - ¢q‘N) € ©, where n,, is the total
number of representative samples, and N is the number of spatial frequencies and phases.

Without loss of generality, by referring to Refs. [20,27], the vehicle motion can be established using the Lagrange's
equations. With the assumptions discussed in Section 2.1 taken into account, the linearized dynamic equation of the vehicle
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system is expressed as
My Xy +CyXy +KyXy =Fy (&, 1) (1)

where the subscript V denotes the vehicle, and Fv(éq, t) denotes the random rail irregularity generated by rail irregularity

power spectrum density with stochastic harmonic function (SHF) [25].

In fact, the dynamic equation of Eq. (1) contains nonlinear items and second-order items, e.g. the spring stiffness of
suspension system. However, these items are linearized or neglected in this study.

The mass matrix in Eq. (1) is expressed as My = diag[My1, My3, ---, My;, ---, My, ]. The submatrices Cy; and Ky; have the
same form in the damping matrix Cy and the stiffness matrix Ky. The random external force impulse Fy (&, t) is expressed as
Fy = column([Fy1,Fy;, -, Fy;, ---,Fyy]. The response matrix Xy is expressed as Xy = column[Xy1, Xy>, -+, Xvi, ---, Xyn]. The
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Fig. 1. Dynamic interaction model of the 3D train-bridge system: (a) lateral view; (b) top view; and (c) front view.
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subscript n denotes the total number of the vehicular cars. The dynamic equation of ith car is expressed as:
My;Xy; +CyiXvi +KviXvi = Fyi(§,. ) (2)

where i=1,2,...,n.

The wheels of the vehicle are assumed to always remain in perfect contact with the rail surface, according to the wheel-
rail relationship expressed on Section 2.1.4, hence the degrees of freedom of the wheel sets are not directly mentioned in
Eq. (2). Thus, each car in Eq. (2) has 15 independent degrees of freedom (dof), and each car consists of one car-body and two
bogies that are denoted by the subscripts c, t; and t, respectively. The response vectors are expressed as follows:

T
XV,-=[Xu‘ Xt thi} (3a)
T
Xci:[yci eci V/ci Zci (Pci] (3b)
T
X[j,-:[yt,-i Oui Wi Zii (chi] =12 (3¢)

Random rail irregularity is considered to be the random factor in Eq. (1). Referring to Ref. [20] and the definition
expressed in Section 2.1.1, as well as to the wheel-rail geometrical relationship in Eq. (9), the stochastic mechanical impulse
Fyi(§,. t) is expressed as

FVi(gqat): [0 Ff]i(gq’t) thi(gq, t)}T (43)
where
Hgywzjm(‘:q, t)+ C}lliijijm(‘gq, t)
d%j(lé iOwiim(&g> )+ Owijm (&g, ) — h3i(k¥gYWUm(§q, O+ C’{,—,-Ywijm( &, 0)
FiiG.D= > (= D™ ik Y i Eqe 0+ V(g ©) i1z ()
" K Zwiim (- O+ Sy Zuwijm(Eg. £)
(—1m+! di(Ky§Z wijm (&g t)+c{ijZWjjm(§q, t)

where Yyijm(&g, 1), Owiim(Eg, 1), Zwijm(&,, ) are the displacements of the mth wheel set at the jth bogie in the ith car.

2.1.3. Dynamic equation for the bridge model

In the finite element model of the high-speed railway bridge, beams were used that exhibit no shear deformation (i.e.
Euler-Bernoulli theory) and satisfy the assumption of a rigid cross-section normal to the longitudinal axis. These
assumptions are adequate for this dynamic structural problem. The deformation on the bridge contains bending, shearing,
and torsion of the bridge deck, with the deformation of the track components (rail, ballast-less slab track, and concrete
seating slab) neglected.

By using the finite element method, the dynamic model of the coupled train-bridge system is shown in Fig. 2, and the
linearized system equation of the bridge structure is formulated as

M, X, +CpXp, + Kp Xy = Fy(&;. 1) (5)

where M, C, and K, are the mass matrix, the damping matrix, and the stiffness matrix of the bridge. The subscript b
denotes the bridge. The random parameter set §; in the external random force F,(&,, t), which is effect on the bridge, is the
factor reflecting the interaction between vehicles and bridge.

Consistent with Ref. [20], the external random force Fb(éq, t) consists of horizontal forces, vertical forces, and twisting
moments, which are transferred by the wheel sets. The forces transferred by the wheel sets consist of two parts, i.e., one is
the gravity load distributed by the vehicle and the other is the stochastic interaction triggered by the rail irregularity. In

Distance=0.0 m ,at the moment the train runs on the bridge.
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Fig. 2. Finite element model of train-bridge coupled system.



Z-w. Yu et al. / Journal of Sound and Vibration 366 (2016) 173-189 177

detail, the external stochastic force is expressed as

2

n 2
Fb(§q> t)= Z Z Z(Fyijm(éq’ t)(I%m +qum(§q’ t)q)um +F0um(§q> t)(pum) (6)

i=1j=1i=1

where d),yjm,tl)um and d),z]m correspond to the decomposition-index vectors, by which the internal lateral force, rolling

moment and vertical force of the mth wheel-pair in the jth bogie for the ith vehicle acting on the current beam element are
decomposed into nodal forces on the element. The external lateral force F;jn,, rolling moment Fyy,, and vertical force Fy;j, of
the mth wheel-set in the jth bogie for the ith vehicle acting on the current bridge beam element are decomposed into nodal
forces of the element. The forces are expressed as

Fyiim(Eq+ ) = — My Vwii(Eq- )+ ¢80 im & B +K 6 in(Eq- O
Faijm(&g» ) = 8(Mci/4+Meij /2 + Myijm) — MupiimZowijm (&g t)+c§,-j8£ im(&gs t)+l<ii,5{_im(§q, t) (7)
Fojm(Eq- ) = haiFuiim + €F zim — JuijmOwiim (&g )+ 205,65 ¢ t},m@q, 0+ 2054 8] (&g )
where 6 is the relative displacement of the springs between the wheel-sets and the bogies. It is expressed as
5)[,,1m(§q, t)=Yyi—hsify+(— ™! diyrei = Ywijm(Egs £)
5fji,,,(§q,t) =thi+2(—1)m+‘di(ptj,.—zw,-jm(§q, t) (8)
5€im(§q, ) = i — (&g, )

2.14. Wheel-rail relationship
Based on the above descriptions, a wheel-rail geometrical model is needed for the wheel/rail interaction relationship,
which contains the randomness of rail irregularity excitation. It is expressed as follows:

Y .t
gwj_mfgq t; Ybijm(t) + hgbijm(t) +Ygnim (éq’ t)

wimisq» = Qbijm(t) + gq,N,ijm(gqa t) (9)
Zyjm(&g, 1) Zyiim () + () + Zgn (€.

where h and e are the distances from the wheel to the center of a bridge gravity in the z-axis and y-axis respectively, and
Yyiim(0), Opijm (£), and Zy,;;,, () are the bridge displacements that correspond to the location of the wheel at the mth wheel-set
of the jth bogie in the ith car.

2.1.5. Vibration of the coupled train-bridge system
By considering the random rail irregularity excitation and referring to the train-bridge model in Refs. [20,27], equations
of motion for the coupled train-bridge system, composed of Egs. (1) and (5), can be expressed in matrix form as follows:

My 07(X, G 0] (Xy Ky, 07(Xy Fy(&;.0) 10
0 M|\ % [T]0 1% [T]0 K[\X [T {E& D (10)

The wheel-set degrees of freedom ywijm(gq, t), Hw,jm(gq,t) and zwijm(gq, t) in Eq. (10) are not independent, which means
these variables are substituted by the wheel-rail relationship in Eq. (9).
Rewrite Eq. (10) in a unified way, one can get the dynamic motion

My O Xy C G| Xy Ky Ky | [ Xy
/ : y ” / =F;+Fp(§, . t 11
{ 0 Mb] { X5 Tloew 6 X, Ty Ky |1 X, e tFolGg D (an
where M,, C, and K}, are the hybrid matrices associated with bridge structure matrices and shape function matrices with

the contribution of wheel-sets forces. Ky, and Cy,, are the hybrid matrices associated with bridge deflection and wheel-sets
forces. These matrices are written as

n 2 2
=M+ Z Z Z (mwym 3,m gln]; +mWUm(Dl]Zm(D;]ZrE +.]wym(l)gmd)ym) (123)
i=1lj=1m=
n 2 2 T 74 zT 2 o
Kj, =K, + Z Z Z um r;’m -+ Py Pl + kﬁuq)umq)um) (12b)

i=1j

Ky =Ky = [Kyp1. Kypa, -+, Kypnl" (12¢)
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K.Y

1 = ijm

d2 1 DI —hyk DT

11 1§ ~ijm 1ij = ijim
Kyp = [O,Ki]b,l(iz ] K= (— 1y dk;; DYy =12 (12d)
kz (I)/zT

1ij = ijm

(—1YdiiG ;D

@, = D), +hy @, OF =D, +e® (12e)

ijm ij ijm> “Xijm ijm

The matrices Cy, Cy;, and Cp, have the same form as K}, Ky, and Kpy. By replacing K with C and k with ¢, we can obtain the
matrices C;, Cyp, and Cp,.

F, represents the deterministic excitation vector due to gravitational load on the cars. Fp(&,, t) is the three-dimensional,
random non-stationary excitation vector caused by the lateral, rotational, and vertical rail irregularities that are generated
with stochastic harmonic function mentioned in Section 2. The excitation forces F; and F¢(§q, t) can be expressed as

T

0 Zzzg(M01/4+Mty/2+mwym)q) (]3)

i=1j=1i=

Fo (&, 1) = KrUw (&g, )+ CrUw (&g, )+ MpUW(E,, 1) (14)

where the random rail irregularity matrices Uw(.’;q, t) and ﬁw(éq, t) have the same form as Uy(&,, t) in Eq. (14) except for the
time derivative. The response matrix Uw(§,,t) is expressed as
Uu(&. 1) =[Un1, Un, -+, Uwn]", Uy = [Uy,;, Uy UG UZTT

wi> T wi Twie

l}lm = |:Yq,N,ijm(§q’ t) eq,N,ijm(éqy t) Zq,Nijm(gqa t):| (] 53)

wi

Similarly, matrices Kr and My in Eq. (14) are rewritten in Egs. (15b)-(15d). The damping matrix Cr has the same form as
the stiff matrix Kr. The subscripts are i=1,2,---,nj=1,2,and m=1,2.

Ky = [Krv KFb}T, Kry = diag[Krv1, Keya, -+, Krvn)

T
0 0 0 0 2](’1/1-]- 21<31'uh31 (—l)m+12k‘¥ud 0 0
Krvi= |Kivi Kip 0 0 | gim_| 0 2K,d] 0 0 0 (15b)
21 22
0 0 Ky Kgy; 0 0 0 2K (=DM 120G d;
Krp = [Krp1, Krba, -+, Kepnl, KFbl—[KFbv Kb Ky, K]
Ky = [~ Ky @Y+ ha®fi)  —dil @, — Ky (P, +-e®f,) | (15¢)
T
M;=[0 Mg, ] ", Mg, =[Mpy. My, -+, Mppn]. Mpyi = Mgy, Mg, My, Mz ]
M7, = [ = M (P, + D @) T @l — i R +-e D) | (15d)

2.2. Stochastic harmonic functions of rail irregularity

2.2.1. Sample simulation and representative point selection

After building the dynamic train-bridge model, the key point of next step is the generation of random rail irregularity
samples. As the time-history curves, rail irregularity samples are generated for numerical simulation of the train-bridge
system. It is common to use the rail irregularity samples generated by numerical method for simulation rather than those
measured according to the actual condition. In this study, a stochastic harmonic function (SHF) [25] was employed to
generate random rail irregularity from the rail irregularity power spectrum density that contains random spatial fre-
quencies, phases, and amplitudes that are determined by spatial frequencies. With this method, power spectrum density of
the generated rail irregularity samples is precisely equivalent to the original one [22].

Track alignment irregularity, track vertical profile irregularity and track cross-level irregularity are expressed as yy(0, X),
On(0, x) and zn (0, x) respectively, which are shown in Fig. 3. As mentioned in Ref. [22], Q'@,i and (/)’@,i (i=1,2,--,N,I=y,u,z)
are considered as the spatial frequency and phase angle of rail irregularity respectively, and they are evenly distributed at
the interval value of Q?’_)l,Qﬁpfj and in period of (0,27] independently. Here, ® is considered to be a random variable
vector set, and Q2 is the dividing frequency that meets the interval domain®; < QP < Q¥ <... < QP | <Q,, Q, is the
upper cut-off spatial frequency and £2; is the lower cut-off spatial frequency. The power spectrum density values of rail
irregularity change exponentially within the domain of the cut-off frequencies, a feature that is different from the
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earthquake spectrum density and the wind load spectrum density. Therefore, it is important to ensure that .Qg") is credible
for the simulation. The rail irregularity samples that generated by SHF are expressed as

N
INO,X) =D AyE2)) cos (€2 X+ )

i=1

N
ONO.X) = Au(€2p,) c0s (2 X+ P (16)

i=1

N
(B, x) = ZAZ('QZ@,i) €os (2 X+ Pg,)

i=1

where amplitude A,(.Q'Q’,-) is a function of !2'@’1- ,I=y,u,z, and N is the number of components.

The greater the number N is, the higher accuracy of the power spectral density function (PSDs) of stochastic harmonic
function process has, as compared to the target power spectral density [28]. The minimum value of N used for the frequency
truncation, which ensures enough precision for calculation, could be N=10 with stochastic harmonic function, according to
Ref. [28]. In this study, the number N=50 was chosen, which would be accurate enough in generating rail irregularity
samples.

S,(Q’@J-) is set as PSDs of rail irregularity (see Ref. [24]) and the amplitude A;(£2) = ,/25,([2'@’,-)4919,,-7:—1, I=y,u,z Thus,

Eq. (16) becomes
N
IN(O,X) =" /2S, (€2} YALY w1 cos (€2} X+ Py,

i=1

N
ON(O.0)= >\ /25,(Q26 )AQG 71 cos (2 X+ ) (17)

i=1

N
ZN(O, X) = Z, /25,2 DA, ;71 cos (25 x+Pg))

i=1

where QIQJ-,I =y,0,z is the spatial frequency of rail irregularity. The relationship between this frequency and circular fre-
quency o is ! i =Q'@’iv= Zm///l'@‘,-, where v is the train speed and 4 is the rail irregularity wavelength. The PSDs of sto-
chastic process yy(0, x), On(0O, x) and zy (O, x) are precisely equal to the original PSD [22] when all these conditions are met.

Furthermore, to obtain the representative samples of random function which contain probability information, the
number theoretical method (NTM) [29,30] with 2N dimensional spatial vectors is employed to select random spatial fre-
quency points that were used to generate the random track irregularity samples.

A 2N dimensional hypercube point set (gp set, one mentioned in NTM) is generated by using the square root method of
sequence:

Xqi=1{0V@i} (18)

where g=1,2, -, np,i=1,2,--,2Ny,; € (0,1) is the evenly scattered point set of a 2N dimensional hypercube, w; are dif-
ferent prime numbers, { -} shows the decimal part of q./@;, and ny is the total number of representative rail irregularity
samples.

Researchers [22] have suggested that the variable w; in Eq. (18) be a prime number equal to the ith (i=1,2,...,2N) prime
number in turn, and the prime numbers are presented in a prime number sequence at first. The discrete representative

(a)

—

| | | . )
500 1000 1500 2000 2500
Distance (m)

. . . . )
500 1000 1500 2000 2500

Distance (m)
. . . . )
500 1000 1500 2000 2500

Distance (m)

Fig. 3. Random geometric track irregularities simulated with stochastic harmonic functions: (a) abridged general view of railway rail irregularity; (b) track
vertical profile irregularity; (c) track cross-level irregularity; and (d) track alignment irregularity.
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points are shown as

(@) "= () "+ ()™~ (@) )
$qi=271gin

where q=1,2,--,ny,i=1,2,--,Nand j=1,2,---,N.

In particular, Qﬁp) in Eq. (19) is the dividing frequency which is met in the intervals{2; < Q({’) <_Q‘2p) < e <_(.2(,\‘,’)71 <,
Qq‘i is the ith adjusted random spatial frequency of gth random vector sets, and (7)1“» is the i+ Nth adjusted random phase
angle of qth random vector set. o ~

The random vector set &, is expressed as &, = (€2¢1,£2¢2. . Q2qn. P ¢.1. P2~ Pn) € O, and its joint probability density
function is considered to be pg(&,), whose initial probability assignment is Py = 1/n.

Substituting Eq. (19) into Eq. (17) yields

N ~
Tan@Epx= > /25, 2" 0A2) w1 cos (@ gix -+,

i=1

~ N ~u ~u ~ U ~u
OunEpx) =3 1/25, 2" DAQY 71 cos (" ix+d" ) (20)

i=1

N ~
Zq,N(ﬁq,x) = Z \/ZSy(QZq,,»)AQZYin*1 cos (.qu,ix+(/)zq‘i)

i=1

where g=1,2, -, .

2.2.2. Rail irregularity time domain transformation and non-stationary modulation

Rail irregularity cannot generally be assumed to be stationary for a train crossing a bridge, and the amplitude of rail
irregularity on the bridge is normally smaller than the amplitude in the subgrade layer. On such a basis, it was assumed that
the PSD values of rail irregularity on the bridge were c = 0.7 times lower than those in the subgrade layer.

Let &;(x)(I=y,0,2) be a slowly varying sinusoidal modulation function for track alignment irregularity, track vertical
profile irregularity, and track cross-level irregularity, respectively. As mentioned in Ref. [20], the transformation function is
given as

0.5(1++/0)+0.5(1—Osin(zly '(x+1.5Lp)) —Loy<x<0
c O<x<lL
Di(x) = f_ . (21)
(I=y02) 0.5(14++/¢)+0.5(1 - /C)sin(zLy '(x—L—0.5Lg)) L<x<L+Lg
1 other

where Ly is the length of the transition section before the train enters the bridge, and L is the total length of bridge.
Based on the conversation relationship of x=wt, rail irregularity samples generated by SHF can be expressed as time-
domain curves that are shown as follows:

Yq,N(§q> t) = ¢y(Vt)}7q,N(‘:qa Vt)
Oan(Eqe t) = Pu(vDOgn(E,. 1) (22)
Zq,N(éqa t) = (DZ(Vt)Zq,N(‘(;qa Vt)

2.3. Solution of the dynamic equation using probability density evolution method

Without loss of generality, the dynamic train-bridge equation in Eq. (11) can be rewritten as
MX(@, )+ CX(®, 1)+ KX(0, t) = F(©, t) (23)

To express the random factors more clearly, the random variable ® was replaced with the variable set §q in Eq. (23),
where §q €®,q9=1,2,,np. Random rail irregularity is considered to be the only random excitation source in Eq. (23);
Further, the dynamic train-bridge system is also assumed to be a conservative system. Therefore, the randomness of the
dynamic equation comes from the random parameter set ® [23].

In that case, for conciseness and greater clarity, Eq. (23) can be rewritten as

MX(E;. )+ CX(&,. )+ KX (. 1) =F(&,. 1) (24)

The steps in the calculation of the dynamic train-bridge system with PDEM are listed as follows:

Step 1 Select the representative points in the random parameter space ®. The sample set of representative random
spatial frequencies that are used to generate random track irregularity samples is filtered with NTM (Eqgs. (18) and (19)).
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The initial probability of each parameter set is denoted as Py, and the total probability of train-bridge system satisfies:
Nyt Nyt
> Pi= 3 [ ped= [, petdi= [ podt=1 (25)
q=1 q=1 20
The initial conditions are partially discretized correspondingly as
Puo, &y, Dt = ¢, = 0 —uo)pe(&y, Dt = ¢, = S —Ug)Pq (26)
where &( ) is a Dirac delta function.
Step 2 Perform the deterministic structural analysis of the train-bridge system in Eq. (23) within the prescribed
0= § (@=1,2,...,ny) using the Newmark—pf step-by-step integration method and output the random responses

matrices X(§, 1), X(§q, t) and X(éq, t). The samples of rail irregularity are generated within the prescribed ® =§,.
Step 3 Replace the random responses X(§,,t), X(éq, t) and X(ﬁq, t) with the variable U. The variable U is rewritten as

UE,. 0= [X(éq, o' XE&, t)T} (27)
The train-bridge dynamic equation in Eq. (23) can be rewritten as

U, t) =AU, H+Q(&,. 1) (28)

where

A= © ! t) = 0
_{—M’]K —M*C]’Q@Q’)_ M~ 0)

The component form of U is

U,(éq,t)—ZAUU(éq,tHQz(éq,t) (1=1,2,-) (29)

j=1

Based on the Reynold transformation theorem and its related derivation, the generalized probability density evolution
equation (GPDEE) [23] is obtained as follows:

e, &b
ot

Ipue . &y, 1)
ou

+Uigg ) =0 (30)

where U,(éq, t) is the time rate of the dynamic train-bridge response Uj(t) with {G) = §q}.

Step 4 The GPDEE of the train-bridge random system Eq. (30) is solved together with Eq. (24). The bilateral difference
method with the functionality of total variation diminishing (TVD) format [22] is used to solve the partial differential
equation Eq. (30) and obtain the solution pU@(u,J;q, o).

The PDF of the dynamic train-bridge system response is given by

Pt t) = /U Puoli&. D8 (31)

More details are referred to reference [22].

3. Numerical examples and validation
3.1. General information

A three-dimensional (3D) dynamic coupled train-bridge system was established to evaluate the interaction models in
high-speed railways, as shown in Fig. 1. The bridge was composed of three simply supported beams. Each beam is a
pre-stressed concrete box girder spanning 32 m and the box section is shown in Fig. 2. Each beam is modeled as 20 spatial
finite beam elements. Referring to the coordinate system built in Fig. 1, one of the bridge deck ends is fixed in the x,y, z, and
0y directions, and at the other end y,z, and 6y are constrained. The piers of the bridge are assumed to be rigid and are
neglected in the finite element model. The mechanical parameters of the bridge are listed in Table 1.

The German ICE-3 train is composed of eight passenger cars of which the 1st and 8th are locomotives. The mechanical
parameters of the cars are shown in Table 2.

The MATLAB® package, a commercial data-analysis and visualization tool, was used to compile the train-bridge random
vibration program. This program was based on PDEM with random rail irregularity as the excitation source. Comparisons
between the current method and MCM are also presented and discussed.
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3.2. Verification of computational efficiency and accuracy

In this study, rail irregularity is considered the only excitation source for the train-bridge vibration system in the ana-
lysis. For better understanding of the dynamic system, various combinations of rail irregularity excitation were used in the
simulation. Four different combinations were considered, including vertical profile track irregularity, cross-level track
irregularity, track alignment irregularity and the combined track irregularities.

Previous research work has mainly focused on the deterministic analysis of the coupled train-bridge vibration [2,15,16],
which is not adequate for revealing the physical mechanisms of the random vibration of the train-bridge system. It has been
proved that responses of the system have considerable differences when only one or a few samples of measured or
simulated rail irregularity excitation are used. Previous studies did not systematically investigate random vibration of the
train-bridge system, although the classic MCM is appropriate but comes with huge computational cost. In this study, the
MCM was used to verify the reliability of other competing methods.

The PDEM has higher efficiency than MCM for the same accuracy level and was used to calculate the random vibration of
the train-bridge system. The computed responses of the system in the vertical direction are presented in Figs. 4-6. As for
Figs. 4-6, the 3D probability density surfaces shown in the (a) figures are the time-history curves for the bridge acceleration,
vehicle displacement, and vehicle acceleration. The sectional area of each time step is always equal to 1 because there is no

Table 1
Calibrated mechanical properties of the bridge section.

Item Unit Value

m (mass per unit length) kg/m 22,197.2

EI, (lateral bending stiffness) GPa m* 2963.8

El, (vertical bending stiffness) GPa m* 3774

Io = I, +I, (the polar inertia) m* 96.8

Gl (the torsional stiffness) GPa m* 289.8
Table 2

Major parameters of the vehicle used in the present study.

Parameters for the ith vehicle Unit Tractor Trailer

M,; (mass of body) kg 48,000 44,000
Jeoi (roll mass moment of body) kg m? 115,000 100,000
Jeyi (yaw mass moment of body) kg m? 2,700,000 2,700,000
Je,i (pitch mass moment of body) kg m? 2,700,000 2,700,000
M; (mass of bogie) kg 3200 2400
Jigij (roll mass moment of bogie) kg m? 3200 2400
Juyii (yaw mass moment of bogie) kg m? 6800 6800
Jiyij (Pitch mass moment of bogie) kg m? 7200 7200
Myijm (mass of wheel-pair) kg 2400 2400
Jwijk (roll mass moment of wheel-pair) kg m? 1200 1200
I (vertical stiffness of 1st suspension system, per side) kN/m 1,040,000 700,000
k};; (lateral stiffness of 1st suspension system, per side) kN/m 3,000,000 5,000,000
I;; (vertical stiffness of 2nd suspension system, per side) kN/m 400,000 300,000
K, (lateral stiffness of 2nd suspension system, per side) kN/m 480,000 560,000
G (vertical damping of 1st suspension system, per side) kN s/m 50 50
¢} (lateral damping of 1st suspension system, per side) kN s/m 30 30
Céij (vertical damping of 2nd suspension system, per side) kN s/m 60 60
cy; (lateral damping of 2nd suspension system, per side) kN s/m 30 25

L; (full length of vehicle) m 24.775 24.775
s; (half-distance of two bogies) m 17.375/2 17.375/2
d; (half-distance of two wheel-pairs) m 1.25 1.25
dy; (half-span of the 1st suspension system) m 1.00 1.00
dy; (half-span of the 2nd suspension system) m 0.95 0.95
byj (half-span of the wheel-pair) m 1.496/2 1.496/2
e (lateral distance from wheel-set to bridge center) m 2.50 2.50
h (vertical distance from rail to bridge center) m 1.80 1.80
hy; (height of body above 2nd suspension system) m 0.80 0.80
hy; (height of 2nd suspension system above bogie) m 0.30 0.20
hs; (height of bogie above wheel-pair) m —0.05 0.10
hy; (height of wheel-pair above bridge centroid) m 2.30 2.30
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probability loss enduring the whole process. The probability density contours of these responses are displayed in the
(b) figures. The curves for mean and standard deviation values are displayed in the (c) and (d) figures, respectively.

3.2.1. Bridge acceleration

In Fig. 4(a) and (b), the probability density of bridge acceleration at the mid-span is concentrated at the initial distance of
0.0 m where the train starts to enter the bridge, and then spreads gradually until reaching a maximum at each wave crest.
After the train leaves the bridge, the probability density returns to the initial position. This phenomenon is consistent with
the actual condition in the coupled train-bridge vibration.

The mean value curve in Fig. 4(c) and standard deviation curve in Fig. 4(d) show that the vertical bridge acceleration at
mid-span is greatly influenced by the random vertical profile track irregularity, and that the largest coefficient of variation
for the acceleration in Fig. 4 reaches 16.92 percent. The coefficient of variation for bridge acceleration is calculated as the
standard deviation in Fig. 4(d) divided by the average value at each peak in Fig. 4(c).

The MCM is considered as a method of validation for the high efficiency of PDEM at the same accuracy level. The
statistical result of 5000 samples generated by MCM is close to the result calculated by PDEM with 300 representative
samples. The maximum deviation is within 2.11 percent at the distance of 220 m that corresponds to the exact time point
when train leaves the bridge. However, the computation time of the MCM is almost 18 times more than that of PDEM. This
demonstrates that the computational efficiency of PDEM is much higher than that of MCM, for the same accuracy level.

3.2.2. Vehicle displacement and acceleration

Due to the random vertical profile track irregularity, the responses of vehicle showed greater randomness than those of
bridge structure. The response curves in Figs. 5 and 6 show the response of vehicle at a train speed of 240 km/h. The peak
areas in Figs. 5(a) and 6(a) are mainly distributed within the distance from 0 to100 m, which implies that the train runs
more stably on the bridge than on the embankment.

The mean value curve of vertical vehicle displacement at the center of gravity is shown in Fig. 5(c). The curve decreases at
the beginning and rises between 0 m and 100 m because of the coupled train-bridge vibration. The standard deviation
curves in Fig. 5(d) show similar trend as the mean value curves in Fig. 5(c), however, their mechanisms are different from
each other. The mean value curves in Fig. 5(c) descends due to the action of vehicle gravity when running across the bridges,
while the standard deviation curves in Fig. 5(d) descends due to the modulation of the rail irregularity that has been
introduced to take into account the fact that rail irregularity on the bridge is generally smaller than that on the embank-
ment. Therefore, when train runs on the bridges, the standard deviation of vertical car-body displacement is smaller than
that on the subgrade. The ratio of minimum and maximum values of the curves in Fig. 5(d) is 0.62, close to the modulation
rate 0.7.
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Fig. 4. Random vertical acceleration histories at the bridge midspan under random vertical profile track irregularity (v=240 km/h): (a) 3D probability
density evolution surface; (b) probability density contour curve; (¢) mean value curve; and (d) standard deviation curve.
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The vertical vehicle acceleration curves at the center of gravity shown in Fig. 6 are consistent with those in Fig. 5. The
MCM was used to test the efficiency and precision of PDEM. The curves obtained using PDEM and MCM matched well, with
the former using 300 representative samples and the latter using 5000 samples. The maximum deviation is within 1.92
percent. This again proves that the PDEM has higher efficiency than the MCM for the same accuracy level.

3.3. Analysis of vibration response and influence of speed

Bridge resonance is a common concern in the vibration of a train-bridge system. It is detrimental when the bridge
resonance occurs at the time a train is running across the bridge at a particular speed. To study the random vibration of the
train-bridge system at different train speeds, four different types of track irregularity were used in the calculation, i.e.,
vertical profile track irregularity (vertical only), cross-level track irregularity (rotational only), track alignment irregularity
(alignment only), and the three track irregularities combined (all combined). The train speed values were divided into 13
levels ranging between 60 km/h and 420 km/h with an increment of 30 km/h for each level.
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Fig. 7. Trend analysis of vertical acceleration at the gravity center of the first car-body at speeds 60-420 km/h: (a) mean value curve and (b) standard
deviation curve.
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3.3.1. Analysis of responses for the train

The computed maximum accelerations of vehicles in the vertical direction are shown in Figs. 6 and 7. Vertical and lateral
accelerations show a similar trend: with the increase of train speed, the mean and standard deviation values of the max-
imum vehicle acceleration increase within certain range of speed.

The trend curves in Fig. 7 show that the acceleration with all track irregularity samples combined is clearly greater than
that in other track conditions at each speed level. Nevertheless, the vertical dynamic response of the train system caused by
the vertical profile track irregularity is nearly 300 percent higher than that in the other two conditions (see Fig. 7).

The probability density function of vertical acceleration of the first vehicle-body gravity center, when the train is running
across the mid-span of the bridge's first-span at the speed from 60 km/h to 420 km/h, is shown in Fig. 8. The peak of
probability density function of vertical vehicle acceleration is close to zero and the curvilinear shape of each curve is
approximately symmetric. Furthermore, the probability distribution scope expands gradually and the peak value of each
probability density decreases gradually with the increase of train speed. The results indicate that the vehicle response
becomes larger when the train speed increases. This is consistent with the observations discussed in Fig. 7.

3.3.2. Dynamic analysis of bridge responses

The problem of vehicle-bridge interaction has been studied extensively, especially the dynamic characteristics of the
bridge changing with the increase of train speed. However, different studies were focused on varying structures, e.g. the
long-span bridge [18,31-34], prestressed concrete continuous beam bridge [35-37], prestressed concrete simple supported
beam-bridge [1,16,38-42] and so on. Particularly, this paper proposed the dynamic analysis of simply supported beam
bridge under different train speeds, and the computed results of bridge responses at the mid-span in vertical directions are
shown in Figs. 9 and 10.

Different types of rail irregularity were adopted to study their influences on the train-bridge system vibration in this
study. As shown in Figs. 9 and 10, except for the gravitational load of the vehicles, vertical profile rail irregularity is the main
source of excitation that makes greater influence on the deflection and acceleration of the bridge in the vertical direction, as
compared with the other types of track irregularities. Nevertheless, the mean values of the maximum bridge acceleration
are almost consistent in the close-up details in Figs. 9(b) and 10(b) at the speed v=300 km/h.
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The maximum average of vertical bridge acceleration curves and the vertical bridge deflection curves, which are shown
in Figs. 9 and 10, increase with increasing train speed, reach the first peak at a speed of 180 km/h and the highest peak near
a speed of 300 km/h, after which the values decrease and level off at higher speed. The reason for this phenomenon may be
that the forced vibration frequency of vehicle is close to the natural vibration frequency of bridge at a particular speed. That
is, the forced vibration frequency of vehicle is about 4.82 Hz, which is close to the natural vibration frequency of bridge,
5.12 Hz, at a speed of 300 km/h, and the dynamic response of bridge is amplified because of resonance. To be more specific,
for more detail, the mean value curve of vertical bridge deflection corresponding to the speed value ranging from 270 km/h
to 330 kmy/h is plotted in Fig. 9(b) with a speed increment of 5 km/h. As shown in Fig. 9(b), the resonance may occur at the
speed of 310 km/h. At this speed, the forced vibration frequency is close to the bridge's natural frequency. On the whole, the
faster the train speed is, the greater the vertical bridge response will be, within certain range of speed.

The time-history curves in Figs. 9(a) and 10(a) at speeds from 60 km/h to 420 km/h show that the vertical bridge
acceleration and deflection have many high-frequency components at lower speeds. This finding seems to be related to the
forced vibration frequency of the train.

The vibration of the train-bridge system exhibits a random dynamic pattern when the vehicles travel across the bridge.
This means that the maximum bridge response is considered to be random due to the random rail irregularity. Therefore,
results obtained from deterministic calculations cannot accurately reveal the random vibration characteristics of the train-
bridge system.

As compared to the results documented in the literature [31,38,40], the trends of dynamic characteristic curves of bridge
at the mid-span section corresponding to different train speeds, either shown as curves in Figs. 9 and 10 or reported
previously in the literatures, are considered to be essentially consistent. It can be seen that the mean value curves for
dynamic bridge responses in Figs. 9(b) and 10(b) increase with increasing train speed within a certain speed range.
Nevertheless, there also exist some small differences among individual results because the bridge parameters and vehicle
parameters used in this study are different from those found in previous studies. In addition to the mean value curves, the
trend of standard deviation curves for dynamic responses is also important as it reflects the random distribution of max-
imum responses. As shown in Fig. 9(c), the standard deviation curves of vertical bridge deflection increase with increasing
train speed, and reach the first peak at a speed of 180 km/h and the greatest peak near a speed of 300 km/h. This means the
maximum bridge response at the peaks is distributed over a wider range due to the resonance.

Furthermore, as compared the mean value curves and standard deviation curves in Figs. 9 and 10, the results show that
the mean curves almost overlap with each other, whereas the standard deviation curves distinct significantly from each
other as influenced by four different types of track irregularity. Without considering working condition of the three track
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irregularities combined (all combined), the influence of vertical profile track irregularity (vertical only) on the vertical bridge
response at the mid-span section is the greatest while the influence of the other two, i.e., cross-level track irregularity
(alignment only) and track alignment irregularity (rotational only), significantly diminished. Therefore, in comparison with
deterministic analysis approaches, the random vibration theory as PDEM may contribute to revealing the mechanisms of
random vibration of the coupled train-bridge system.

4. Conclusions

A 3D coupled train-bridge random vibration system is established using PDEM and executed in the MATLAB® platform.
The outputs include the time-history distribution of probability density evolution information, average value curves and
standard deviation curves of the responses, and some discussions are made. Some conclusions are listed as follows:

(1) Stochastic harmonic function (SHF) and number theory method (NTM) are applicable and reliable methods for gen-
erating the random rail irregularity samples. Apart from the vehicle loading, vertical profile track irregularity is the main
influencing factor causing the vertical random vibration of the train-bridge system.

(2) As compared to the MCM, the PDEM seems to be more efficient for the same accuracy level in the vibration calculation
of train-bridge interaction, with an improvement of 1-2 orders of magnitude.

(3) The responses of the train-bridge system increases with increasing train speed within a certain speed range, and the
speed of 330 km/h seems to be a detrimental one for this particular system.
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