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Abstract: A 3D dynamic model of a high-speed train coupled with a flexible ballast track is developed and is presented in this
study. In this model, each vehicle is modeled as a 42 degrees of freedom multi-body system, which takes into consideration the
nonlinear dynamic characteristics of the suspensions. A detailed inter-vehicle connection model including nonlinear couplers and
inter-vehicle dampers, and the linear tight-lock vestibule diaphragm is established to simulate the effect of the end connections of
neighboring vehicles on dynamic behavior. The track is modeled as a traditional three-layer discrete elastic support model. The
rails are assumed to be Timoshenko beams supported by discrete sleepers. Each sleeper is treated as an Euler beam and the ballast
bed is replaced by equivalent rigid ballast bodies. The reliability of the present model is then validated through a detailed nu-
merical simulation comparison with the commercial software SIMPACK, with the effect of the track flexibility on the train/track
interaction being analyzed simultaneously. The proposed model is finally applied to investigate the difference between dynamic
performances obtained using the entire-train/track model (TTM) and the single-vehicle/track model (VTM). Several key dynamic
performances, including vibration frequency response, ride comfort, and curving performance, calculated by the two types of
dynamic models are compared and discussed. The numerical results show that there is a significant difference between the dy-
namic behaviors obtained by VIM and TTM, and that inter-vehicle connections have an important influence on the dynamic
behavior of high-speed vehicles.
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1 Introduction lines by 2020, with operating speeds exceeding

200 km/h (Zhang, 2009). Nowadays more and more

High-speed railways are developing rapidly in
many countries around the world. The mileage of
commercial high-speed railway in China now exceeds
6000 km. The operating speed of high-speed trains
ranges from 200 km/h to 350 km/h. China plans to
construct 16000-18000 km of passenger dedicated
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people consider high-speed trains as a comfortable,
safe, low emission, and clean energy consumption
transportation tool with a high on-schedule rate. But
increasing the speed posts very high requirements in
service performance, running safety, and vibration
control in environments which are all closely related
to the dynamic performance of the train/track cou-
pling system. Therefore, the following studies on
train/track system dynamics are very important for
designing well matched high-speed trains/tracks and
ensuring the safe operation of high-speed trains.
Railway system dynamics studies have been
performed for almost a century, resulting in thousands
of papers and theoretical models being published
(Knothe and Grassie, 1993; Popp et al., 1999; Evans
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and Berg, 2009; Zhai ef al., 2009; Arnold et al., 2011;
Xiao et al., 2014). Throughout previous studies, there
are mainly two types of simulation models: single-
vehicle/track coupling models and models for multi-
vehicles (or trains) coupled with a rigid or nearly rigid
track.

In traditional railway vehicle dynamics simula-
tions and track modeling using commercial software,
such as SIMPACK, NUCARS, GENSYS, and
VAMPIRE, the railway track is often assumed to be a
rigid or nearly rigid structure. However, many studies
have pointed out that track flexibility has a significant
influence on wheel-rail contact behavior and vehicle/
track dynamics. Neglecting track dynamic behavior
may lead to a significant overestimation of railway
vehicle dynamic performance, including hunting
stability, wheel-rail contact forces, and other vehicle
system dynamical behaviors that are involved (Jin et
al., 2002; Zhai et al., 2009; Di Gialleonardo et al.,
2012). In addition, the classical vehicle dynamics
study using a simplified rigid track model cannot
solve the dynamic problems caused by the failure of a
track component and other severe conditions, such as
the running safety of railway vehicles passing over
unsupported tracks, broken rails, and buckled tracks.
These models, of course, cannot characterize the dy-
namical behavior of track components or the ground
vibration induced by high-speed trains in operation.
Another important factor to consider is that a train
running on a track is a large-scale coupling system,
and that the dynamic behaviors of the train and the
track, and the neighboring vehicles significantly af-
fect each other. Thus, it is necessary to develop a 3D
dynamic model of a high-speed train coupled with a
flexible track to allow a deeper investigation into the
dynamical behavior of high-speed trains under vari-
ous conditions. That is the purpose of the present
study.

The widely used coupled single-vehicle/track
models (VTMs) can simulate the basic phenomena of
a vehicle coupled with a track. An overview of single-
vehicle/track modeling and its interaction analysis
can be seen in (Knothe and Grassie, 1993; Popp et al.,
1999; Zhai et al., 2009). Most of the existing models
were used to deal with single-vehicle/track vertical
interaction problems (Nielsen and Igeland, 1995;
Frohling, 1998; Oscarsson and Dahlberg, 1998; Sun
and Dhanasekar, 2002; Lei and Mao, 2004; Cai et al.,

2008), and a few were used to analyze lateral and
vertical dynamical behavior (Zhai et al., 1996; Sun et
al., 2003; Jin et al., 2006; Baeza and Ouyang, 2011;
Xiao et al., 2011; Zhou and Shen, 2013). In addition,
a few models for train/railway structure interactions
were developed to investigate railway system dy-
namics (Yang and Wu, 2002; Xia et al., 2003; Tanabe
et al.,2008; Ju and Li, 2011).

Although coupled VTMs can solve many scien-
tific problems effectively, there are some issues which
these models cannot deal with. The most prominent
one is that they cannot consider the effect of inter-
vehicle connections in the dynamic behavior of the
train/track system. Most modern high-speed trains are
equipped with tight-lock inter-vehicle connections,
such as tight-lock couplers and inter-vehicle dampers.
When high-speed trains run in complex operating
environments, such as a derailment occurring due to
strong cross-winds, earthquakes, or serious track
buckling, the mutual influence between the adjacent
vehicles on the system’s dynamic behavior should not
be neglected in a dynamical behavior analysis (Evans
and Berg, 2009; Zhang, 2009; Jin et al., 2013). In
these environments, any VTM cannot characterize the
behavior of the vehicle and track accurately and
reliably. To the authors’ knowledge, no previous
research results have been published regarding the
difference between the dynamical behaviors calcu-
lated by using a VTM and an entire-train/track model
(TTM) even when a train operates under normal
conditions. In the present investigation, the differ-
ences in several key dynamic behaviors between
these two types of dynamic models are clarified.

To meet the challenges of the various complex
dynamics problems of high-speed trains coupled with
tracks, the existing models need to be further im-
proved in two ways: the space scale of trains coupled
with tracks and the modeling of their key compo-
nents. In this study, a 3D dynamic model of a high-
speed train coupled with a ballast track is developed,
which extends the single-vehicle/track vertical-lateral
coupling model to a multi-vehicle/track vertical-
lateral-longitudinal coupling model. In the 3D cou-
pled train/track model, each vehicle is modeled as a
42 degrees of freedom (DOFs) multi-body system,
which considers the nonlinear dynamic characteristics
of the suspension systems and the longitudinal motion
of the vehicle components. To simulate the interaction
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between adjacent vehicles, a detailed inter-vehicle
connection model is developed, which considers
nonlinear couplers, nonlinear inter-vehicle dampers,
and a linear tight-lock vestibule diaphragm. The track
is a flexible 3-layer model consisting of rails, sleep-
ers, and ballast. The dynamic behavior and elastic
structure of the track components are considered. An
improved wheel/rail contact geometry model is in-
troduced to take the effect of the profiles and the
instant deformation of the wheel and the rail into
account (Chen and Zhai, 2004; Xiao et al., 2011). The
modified model is also able to deal with separation
occurring between the wheels and the rails. A moving
sleeper support track model is adopted to simulate
train/track excitation caused by the discrete sleepers
(Xiao et al., 2011). The reliability of the 3D coupled
train/track model is then validated through a detailed
numerical comparison with the commercial software,
SIMPACK, and the contrast caused by different track
modeling methods is analyzed. Also, the differences
are investigated between the dynamical behaviors
obtained by VTM and TTM, with the results calcu-
lated using the proposed TTM being more reasonable.
The investigated dynamical behaviors include vibra-
tion frequency components, ride comfort, and curving
performance, which are important in estimating the
operational qualities and dynamic characteristics of
trains and tracks.

2 3D modeling of high-speed train/track
system

A 3D dynamic model of a high-speed train cou-
pled with a ballast track is developed in this study
(Fig. 1). The coupled train/track dynamic model

consists of four subsystems: the vehicle, the inter-
vehicle connection, the track, and the wheel/rail
contact. The interaction of the vehicles and the track
is characterized through the wheels/rails in rolling
contact, and the interaction between adjacent vehicles
is transferred via the inter-vehicle connection. They
are described in Sections 2.1, 2.2, 2.3, and 2.4 in
detail.

2.1 Modeling vehicle subsystem

A new generic Chinese high-speed train, named
CRH380A, is selected to be modeled in this study.
The train consists of six power vehicles and two
trailing vehicles, and its highest operating speed
reaches 380 km/h. The calculation model of a high-
speed vehicle coupled with a ballast track is shown in
Fig. 2. In the coupled dynamic model, each power
vehicle or each trailing vehicle is modeled as a 42
DOFs nonlinear multi-body system, which includes
seven rigid components: a car body, two bogies, and
four wheelsets.

In Fig. 2, the coordinate system x-y-z is a Carte-
sian system and the initial one. Axis x is in the moving
direction of the high-speed train, axis z is in the ver-
tical direction, and axis y is in the lateral direction of
the track. For convenience, the front bogie and the
rear bogie are numbered 1 and 2, respectively; the
leading wheelset and the trailing wheelset of the front
bogie are numbered as 1 and 2, respectively; and the
corresponding wheelsets of the rear bogie are indi-
cated by 3 and 4, respectively. The subscript j (j=L or
R) refers to the left or right side when looking in the
direction of movement of the train. Each component
of the vehicle has six DOFs: the longitudinal dis-
placement X, the lateral displacement Y, the vertical
displacement Z, the roll angle ¢, the pitch angle f,

< ¢

£ ¢

Fig. 1 High-speed train/track coupling model
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Fig. 2 3D views of the vehicle and track model: (a) eleva-
tion; (b) side elevation; (c) planform

and the yaw angle . In Fig. 2, the notations C and K
with subscripts stand for the coefficients of the
equivalent dampers and the stiffness coefficients of
the equivalent springs, respectively. The equivalent
dampers and springs are used to replace the connec-

tions between the components of the high-speed ve-
hicle and the ballast track.

The equations of motion of the car body in the
longitudinal, lateral, vertical, rolling, pitching, and
yawing directions are

MCXC :_F;csl _Frsz _Evcf _Fvcb’

McYc = Fvysl +F1\752 _F‘ycf _F;/cb +Mcg¢sec +F‘ycc’
Mch:_F‘zsl_ESZ_ch_ECb+Mcg+Ecc’ (1)
ch c =_stl _MxSZ +chf +chb +chc’

Icy e = _Mysl _MySZ +Mycf +Mycb’

Iczl/;c =_Mzsl _MZSZ +Mch +Mzcb +Mzcc’

where M, is the mass of the car body; I, 1, I.. are the
rolling, pitching, and yawing moments of inertia,

respectively; X_,Y,Z ,4,, /., and v, are the ac-
celerations of the car body center in the longitudinal,
lateral, vertical, rolling, pitching, and yawing direc-
tions, respectively; ¢

.. 1s the angular deflection of
the car body rolling caused by the cant of the high rail;
Fysiy Fysiy Fosiy Msi, My, and M (i=1, 2) denote the
mutual forces and moments between car body and
bogie frames in the x, y, and z directions; subscripts 1
and 2 indicate the front and rear bogies; Fij, Fici, Frcis
M., My, and M.; (i=f or b) denote the inter-vehicle
forces and moments caused by inter-vehicle connec-
tions between the adjacent car bodies in the x, y, and z
directions; and subscripts f and b indicate the front
and end of each car body. Detailed expressions of the
inter-vehicle forces between the adjacent vehicles
will be given in Section 2.2. Fc, Free, My, and M.
denote the external forces on the car bodies resulting
from the centripetal acceleration when a train is ne-
gotiating a curved track. Lastly, g is the gravitational
acceleration.

The equations of motion of the bogie i (i=1, 2),
in the longitudinal, lateral, vertical, rolling, pitching,
and yawing directions are

M X, =Fg - F;cf(Zi—l) - Frf(Zi) >

MY, = Fyf(zi-l) + Evf(2i) - Fysi + M, g9, + Fivcbi >
MZ,=F, - F;f(2i4) - sz(zi) +M g+ F, @)
1bx¢bi = _fo(Zi-l) - fo(2i) M+ M,

Ibyﬁbi = _Myf(2i—1) - Myf(Zi) + Mys[’

Ibzl/./.bi = _sz(Zi-l) - sz(Zi) M+ M,
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where M, is the mass of the bogie; /i, I, and I, are
the moments of inertia of the bogie in rolling, pitching,
and yawing motions; X,, Y., Z,, 4, f,, and v, are
the accelerations of the bogie center in the longitu-
dinal, lateral, vertical, rolling, pitching, and yawing
directions, respectively; ¢, is the angular deflection

of the bogie rolling caused by the cant of the high rail;
Fxfi, F'yf,', Fzﬁ', foi, M;fl‘, and szi (izl, 2, 3, 4) denote
the mutual forces and moments between bogie frames
and wheelsets in the x, y, and z directions; subscripts 1,
2, 3, 4 indicate the four wheelsets of the vehicle, re-
SPGCtively; and chbia cmbi, chbi’ and Mzcbi (izl’ 2)
denote the external forces on bogies resulting from
the centripetal acceleration when the vehicle is nego-
tiating curved track.

The equations of motion of the wheelset i (i=1, 2,
3, 4) in the longitudinal, lateral, vertical, rolling,
pitching, and yawing directions are

Mwai =Fg+ Fo

MY, =-F,+F, +M.gd., +F..

Mw?wi =F;—F,+M g+ F,, 3)
L@ =My —M,  +M,,,

LB, =M, +Mpy,

Ly ,=M4,+M, +M_,,

where M, is the mass of the wheelset; /., Iy, and .
are the moments of inertia of the wheelset in rolling,

pitching, and yawing motions, respectively; X_, Y

and Z, are the accelerations of the wheelset in the
longitudinal, lateral, and vertical directions, respec-
tively; éfw, /?w, and v/ are the angular accelerations
in rolling, spin, and yawing directions, respectively;
@..., 1s the angular deflection of the wheelset rolling

caused by the cant of the high rail; Fmi, Furis Fwizis
Mrvi, Miryi, and My,-; (i=1, 2, 3, 4) denote the contact
forces and moments between the wheels and the rails
in the x, y, and z directions, respectively; Fycwi, Frewis
M,ewi, and M. (i=1, 2, 3, 4) denote the external
forces on the wheelsets resulting from the centripetal
acceleration when the train is negotiating curved track;
and Mrg; is the traction or braking moment acting on
the wheelsets when the train is accelerating or decel-
erating. In this study, a constant traveling speed of the
train is assumed. Thus, Mrg; equals zero here.

In the present train/track model, each bogie is
equipped with double suspension systems. The
wheelsets and the bogies are connected by the pri-
mary suspensions, while the car body is supported on
the bogies through the secondary suspensions. The
primary and secondary suspension systems were
represented using 3D spring-damper elements, and
the nonlinear dynamic characteristics of the suspen-
sion systems were considered. The nonlinear suspen-
sion elements include the yaw and lateral dampers
and the bump-stops installed on the secondary sus-
pension, and the vertical dampers installed on the
primary suspension, as illustrated in Fig. 3. In the
model developed in this study, the nonlinear behavior
of the suspension system components was modeled
using bilinear spring and damping elements, as shown
in Fig. 4.

According to the bilinear postulation, the forces
between the bogies and the car body or the wheelsets
are

Cyp Ay |Atyp| < Vv,
Ec\{D = Sign(A).CYD)[CYDlVOYD + CYD2 (|MYD| - VE)YD )], (4)
|MYD| 2 V;)YD’
0, Ay | <0,
Fsr ={ s )
K, (|AyST| -0), |AyST| > 5,
CLDlAyLDﬂ |AyLD| < K)LD’
F;LD = sign(Aj/ LD )[CLDII/OLD + CLDz (| Aj} LD| - VOLD )]> (6)
|AyLD| Z V;)LD >
CVDlAz-VD’ |AZVD| < VOVD’
Flyp =18ign(A2,0)[Cyp Yoy + Cypn (A2yp| = Voup)]s (7)
|A2VD| 2 VOVD’

where Cyp, Crp, and Cyp stand for the equivalent
coefficients of the yaw dampers, the lateral dampers,
and the vertical dampers, respectively; Ksr is the
contact stiffness when the car body is contact with the
bump-stops; Yoyp, VoLp, Vovp are the load-off veloci-
ties of the yaw dampers, the lateral dampers, and the
vertical dampers, respectively; o is the lateral clear-
ance between the car body and the bump-stops on the
bogie frames; Ax,, is the longitudinal relative



Ling et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(12):964-983 969

Secondary suspension

Vertical damper

Wheelset

Primary suspension

Lateral damper

Yaw damper

Fig. 3 Bogie of a Chinese high-speed train
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Fig. 4 Nonlinear characteristics of the vehicle suspensions
(a) Yaw damper; (b) Bump-stop; (c) Lateral damper; (d) Vertical damper

velocity between the car body and the side frame;
Ay, is the lateral relative displacement between the
bottom of the car body and the bogies; Ay, is the
lateral relative velocity between the bottom of the car
body and the bogies; Az, is the vertical relative
velocity between the axle and the side frame; Fiyp,
Fyst, Fyip are the forces of the yaw dampers, the
bump-stops, and the lateral dampers between bogies

and car body, respectively; and F.yp is the force of the
vertical dampers between bogies and wheelsets.

2.2 Modeling the
subsystem

inter-vehicle connection

The design of the inter-vehicle connection is
very important for a high-speed train because it has
to include mechanical and electrical connections

between adjacent vehicles. In addition, it should
provide passengers with a comfortable and safe
passage. Among the inter-vehicle suspensions of a
high-speed train, three devices have a significant
influence on the dynamics of the train/track system:
couplers, inter-vehicle dampers, and tight-lock ves-
tibule diaphragms. In the present model, the nonlinear
couplers and inter-vehicle dampers are replaced with
nonlinear spring-damper elements and are retractable
only along the axial direction. The tight-lock vesti-
bule diaphragm is simplified as a linear 3D spring
element, which can restrain the adjacent vehicles in
the longitudinal, lateral, vertical, rolling, pitching,
and yawing directions. Therefore, the inter-vehicle
forces can be calculated based on the deformation of
the connectors and the relative angles between con-
nectors and car bodies.
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To improve running stability and ride comfort
during acceleration or deceleration, tight-lock cou-
plers are installed comprehensively on modern high-
speed trains. A type of tight-lock coupler system used
on the Chinese high-speed trains is modeled in this
study, as shown in Fig. 5a. In this type of tight-lock
coupler, the couplers installed on adjacent vehicles
are fixed by the coupler connection, and the slackless
is very small. The couplers can rotate by a certain
angle around the coupler yoke in the horizontal and
vertical directions. The coupler body is approxi-
mately rigid, and the inter-vehicle contact stiffness is
offered by the draft gear. In this model, the nonlinear
stiffness characteristic of the draft gear is considered,
and the draft gear is modeled by a bilinear spring
element, as shown in Fig. 5b. According to the bi-
linear assumption, the coupler forces are

09 | Ax | < AX’.O ’
_ KCBl(Ax_Axo )a Axo S|A’C|S XOCB? (8)
© | Ko (Xoep — A% ) + Kigy (Ax — X o),

| Ax > Xocp»

where Ax is the relative displacement between the two
ends of the couplers connecting the adjacent

Rotation device

Coupler body

(@)

Fig. 5 Nonliear coupler model (a) and nonlinear characteristic of coupler system (b)
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vehicles in the axial direction, Axy is the slackless of
the coupler, Xycp is the initial length of the coupler,
and Kcp is its equivalent stiffness coefficient.

According to the dynamic responses of the ve-
hicles and the geometric relationship between cou-
plers and car body ends, the lateral and vertical angles
between the coupler and the adjacent vehicles can be
calculated (Garg and Dukkipati, 1984). The longitu-
dinal, lateral, and vertical components of the coupler
forces applied to the adjacent vehicles near to the
coupler are then obtained.

Inter-vehicle dampers are widely used on high-
speed trains, such as the German ICE, the French
TGV, the Japanese Shinkansen train sets, and the
Chinese CRH. In the present model, a type of longi-
tudinal inter-vehicle damper used on Chinese high-
speed trains is introduced, as shown in Fig. 6a. Field
tests and numerical studies (Zhang, 2009) highlight
that this kind of damper can reduce the longitudinal
impacts between the vehicles and improve the lateral
stability and ride comfort of high-speed trains. The
inter-vehicle dampers are also replaced with bilinear
spring-damper elements, and their damping and
stiffness are considered, as shown in Figs. 6b and 6c.
Based on Fig. 6, the forces on the inter-vehicle
dampers are

AF

(b)

— Inter-vehicle damper

e

(c)

Fig. 6 Inter-vehicle damper model
(a) Inter-vehicle damper; (b) Nonlinear damping; (c) Nonlinear stiffness
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CooDV pir> |AVCDLR|<VOCD’ | CDLR| < Xoeo
Slgn(AVCDLR)I: DI 0CD+CCD2(|AVCDLR| OCD):'a

CDLR — |AVCDLR|>VOCD’ | CDL,R| < Xoo>

Sig(AX .y ¢ )K, D(| CDLR|_ Xocp):

|AVCDLR|> 0CD’| CDLR|> 0CD>

)

where Fcp; (i=L, R) are the interaction forces of the
longitudinal inter-vehicle dampers; Ccp and Kcp
stand for the coefficients of the equivalent damper
and the equivalent spring, respectively; Vocp is the
load-off velocity of the inter-vehicle dampers; Xocp is
the initial length of the inter-vehicle damper; AVcp;
and AXcp; (=L, R) are the relative velocity and dis-
placement between two ends of the inter-vehicle
dampers connecting adjacent vehicles in the axial
direction, respectively; and the subscript i (i=L, R)
refers to the left or right longitudinal inter-vehicle
damper. Using the same process as in the coupler
angle calculation, the relative angles between the
dampers and the car body ends are then calculated.
Thus, the forces caused by the inter-vehicle dampers
in x, y, and z directions can be obtained.

The tight-lock vestibule diaphragm also has an
impact on the dynamics of a high-speed train. For
simplicity, it is replaced with 3D linear spring ele-
ments in the present model, which can supply the car
body with restraining stiffness in the longitudinal,
lateral, wvertical, rolling, pitching, and yawing
directions.

2.3 Modeling the track subsystem

The model of the track is a flexible one consist-
ing of rails, sleepers, and ballasts, as shown in Fig. 2.
In the track model, rails are assumed to be Timo-
shenko beams supported by discrete sleepers, and the
effects of vertical and lateral motions, and rail roll on
wheel/rail creepage are taken into account. Each
sleeper is treated as an Euler beam supported by a
uniformly distributed stiffness and damping in its
vertical direction, and a lumped mass is used to re-
place the sleeper in its lateral direction. The ballast
bed is replaced by equivalent rigid ballast bodies in
the calculation model, taking into account only the
vertical motion of each ballast body. The motion of
the roadbed is neglected. The equivalent springs and
dampers are used as the connections between rails and

sleepers, between sleepers and ballast blocks, and
between ballast blocks and the roadbed.

The bending deformations of the rails are de-
scribed by the Timoshenko beam theory. Using the
modal synthesis method and normalized shape func-
tions of a Timoshenko beam, the fourth-order partial
differential equations of the rails are converted
into second-order ordinary differential equations as
follows:

For the lateral bending motion:

o &G4 (Y
Gy () + oA [l J 4, () —x,G. A4 /

:_ZRV[(t) (xs¢)+ZF (O, (%),

x,G, ’
mm%ﬁfif%@qpma

o
mp.l

L U v

—— W, (1)

T | v

3, (=0, k=12, NMY;

%64
(10)

For the vertical bending motion:

) GA (k) e [ 1
qﬁk(f)+%£l—j qrzk(t)_KrzGrArl_ mwuk(f)

- _szi (OZ,(x,) + ZF (D2, (x,):

. GA, , ’
szk(t)+[ ol PJ@(A]} W (2)

T

—KEG/‘L@ ! q.,()=0, k=12,---,NMZ;
lr mrprlry
(11)
For the torsional motion:
GK (k) .
quk (t) + #(_j quk (t) = _ZMsi (t)@rk (xsi)
ol L i=1 (12)

N,
+> My (0D, (x,), k=1,2,---,NMT.
Jj=1

In EqS (10)_(12): erk(f)a qrzk(t)s and quk(t) arc
the generalized coordinates of the lateral, vertical, and
rotational deflection of the rail, respectively, while
wri(f) and wi(f) are the generalized coordinates of
the deflection curve of the rail with respect to the
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z-axis and the y-axis. The material properties of the
rail are indicated by the density g, the shear modulus
G;, and Young’s modulus E.. m, is the mass per unit
longitudinal length. The geometry of the cross section
of the rail is represented by the area A,, the second
moments of area [, and /. around the y-axis and the
z-axis, respectively, and the polar moment of inertia
I,o. The shear coefficients x;,=0.4057 and x,.,=0.5329
for the lateral and the vertical bending and the shear
coefficient K=2.473 346x 10°° are obtained through a
finite element analysis of the rail profile of Chinese
CN 60 using the software package ANSYS. The
calculation length of the beam is denoted by [, the
value of which was set at 420 m when considering an
eight-vehicle train running on the calculated track. In
this case, 1000 vibration modes of the rail were con-
sidered, and the frequency of the highest mode was
approximately 1.2 kHz. R,; and R.; are the lateral and
vertical forces between the rail and sleeper i, respec-
tively. The wheel/rail forces at the wheel j in the lat-
eral and vertical directions are represented by Fyy,
and F\.;, respectively. My; and Mg; denote the equiv-
alent moments acting on the rail. x,; and x,,; denote the
longitudinal positions of the sleeper i and the wheel /,
respectively, and N, and N; are the number of
wheelsets and sleepers within the analyzed rail, re-
spectively. The subscript i indicates sleeper i, and j for
wheel j. NMY, NMZ, and NMT are the total numbers
of the shape functions, and Y (x), Zu(x), and @Du(x)
are the kth shape functions, which are given by

Y, (x)= 2 sin Ex , (13)
prArlr Zr

Z,(x)= 2 sin E)c , (14)
prArlr Zl’

D, (x)= sin Ex . (15)
prlr()lr lr

The sleeper in the present model is treated as an
Euler-Bernoulli beam with free-free ends in the ver-
tical direction while a lumped mass is used to replace
it for its lateral motion. The longitudinal rigid motion
and rotating motion of each sleeper are neglected, as
shown in Fig. 2. Using the modal synthesis method
and the normalized shape functions of the Euler beam,
the fourth-order partial differential equations of its
vertical vibration can be simplified as a second-order
ordinary differential equation as follows:

. EIL (kn) No
qszk (t) + (_j qszk (t) = _Z FI)zi (t)Zsk (ybi)
my ls i=1
N (16)
+ > Ry (0)Zu(yy), k=12, NMS,
j=1

where g¢gx(f) are the generalized coordinates of the
sleeper vertical deflection, £ is Young’s modulus, /g
is the second moment of area of the sleeper cross-
section about the y axis, m; is the mass per unit lon-
gitudinal length, /; is the length of the sleeper, N, and
N; are the number of ballast and rails within the ana-
lyzed sleeper, respectively, Fy; is the force between
the sleeper and the ballast body in the action spot i, R;
is the force between the sleeper and the rail in the
action location j, NMS is the total number of the
shape functions, and Zy(y) is the kth modal function,
which is given by

N1/ mg, k=1,
N3 /me(1=-2y /1), k=2,

1/ mg[(cosh(ay y) + cos(a y))
— Ci (sinh(a ) + sin(e y))],
k=3,4,---,NMS,

Zy(y)= 7

where ¢; and C;, are the frequency coefficient and the
function coefficient of a beam with free-free bound-
ary conditions, respectively.

The equation of the lateral rigid motion of the
sleeper is

MsYqi =Fu + Fri — Fopis (18)
where F,1; and F)g; are the lateral forces between
sleeper i and the left and right rails, and Fy,; is the
equivalent lateral support force by the ballast body.
The longitudinal rigid motion and rotating motion of
each sleeper are neglected.

The ballast bed is replaced by equivalent rigid
ballast blocks in this calculation model, while only
the vertical motion of each ballast body is taken into
account. The vertical equations of motion of the bal-
last body i are

M szbL[ =Fo, +F + Fag — Fzgu —Fa, (19)
M szbR[ =Fop + Fopi = Fari — FzgRi —Fgi  (20)
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where F.q i, Fovi, Fomi, Fari, and Fopg; are the vertical
shear forces between neighboring ballast bodies, /g1 ;
and Fqg; are the vertical forces between ballast bodies
and the roadbed, and M, is the mass of each ballast
body. Such a ballast model can represent the in-phase
and out-of-phase motions of two vertical rigid modes
in the vertical-lateral plane of the track. For brevity,
the detailed derivation of track system equations,
which can be seen in (Zhai et al., 2009; Xiao et al.,
2011), are omitted here. Note that it is easy to develop
the present track model in the case of a slab track or
other ballastless tracks. The results for a slab track are
not given here. A detailed description of the slab track
model can be seen in (Xiao et al., 2012).

2.4 Modeling the wheel/rail contact subsystem

The wheel/rail contact is an essential element
that couples the vehicle subsystem with the track
subsystem. The wheel/rail contact model includes
two basic issues: the geometric relationship and the
contact forces between the wheel and the rail. The
wheel/rail contact geometry calculation is necessary
to acquire the location of the contact point on the
wheel and rail surfaces, and the wheel/rail interaction
forces. In this study, an improved geometric calcula-
tion model of the wheel/rail contact based on the
method discussed in (Jin et al., 2005) is introduced.
The modified spatial wheel/rail geometric contact
model is able to take the instant motion and defor-
mation of the rails into account and to deal with the
separation of wheel and rail (Chen and Zhai, 2004;
Xiao et al., 2011).

In this study, calculating the wheel/rail normal
force uses the Hertzian nonlinear contact spring
model, and the creep force calculation uses Shen et al.
(1983)’s model based on Kalker (1967)’s linear creep
theory. These two models are based on the assump-
tions of Hertzian contact theory. The contact points
were previously calculated in the wheel/rail force
calculation. The detail contact point calculation is
described as follows.

The wheel/rail contact points vary with the lat-
eral displacement y,,, yawing angle ., and rolling
angle @, of the wheelset; the lateral displacements
Y,Lr, vertical displacements Z, g, and torsion an-
gles ¢ r of the rail obtained through the dynamics
calculation; and the given profiles of the wheel and
rail. The profiles of the rails and wheels are expressed

with the discrete datum, which is described in coor-
dinate systems OXYZ and o'x'y'z', respectively, as
shown in Fig. 7. The origin of 0’x'y’z" is fixed at the
center of the wheelset, and its axis y’ coincides with
the axle of the wheelset. By solving the vehicle and
track system equations, the instant motions of the
wheelset and the two rails, and the positions of the
rails at any given moment in a fixed reference con-
figuration OXYZ are calculated, as shown in Fig. 7. In
the contact geometry calculation, the height Z,, of the
wheelset in OXYZ is then set high enough to ensure no
penetration occurred between the wheels and the rails.
Using the wheel/rail contact point trace method
(Wang, 1984), the minimum vertical distances be-
tween the wheels and the rails are calculated on both
of the left and right sides. Hence, the two points on the
wheel and rail treads with the smallest distance for
each side wheel/rail are obtained, respectively. These
two points constitute a pair of contact points Cpr
between the wheelset and the two rails before their
deformation.

Using the known locations of the contact points,
one obtains the curvature radii of the wheels/rails at
their contact points according to the prescribed wheel/
rail profiles. Using the radii and the static wheel
normal load, one calculates the semi-axle lengths of
the wheel/rail contact patches and the initial wheel/
rail normal approach by means of Hertzian contact
theory; then the Kalker (1967)’s creep coefficients
can be found from his creep coefficient table. So far
the calculation of the wheel/rail forces (normal and
tangent) can be carried out by using the Hertzian
contact nonlinear contact spring model and Shen ef al.
(1983)’s model.

Wheelset 4

Fastener Sleeper

/
Track central line

Fig. 7 Wheel/rail contact geometry calculation model
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The calculation model of the wheel/rail normal
force, which characterizes the relationship law of the
normal load and deformation between the wheel and
rail, is described by a Hertzian nonlinear contact
spring with a unilateral restraint, and reads

1 3/2
Fi(f) = {EZW’“(’)} s Zume(0)>0,

0, Zymc (1) 0,

ey

where G is the wheel/rail contact constant (m/N*? ),
which can be obtained using the Hertzian contact
theory. Zymc(?) is the normal compressing amount (or
the normal approach) at the wheel/rail contact point.
Zwme(?) 1s strictly defined as an approach between the
two far points, one belonging to the wheel, and the
other belonging to the rail. It can be determined by
solving the system of equations and calculating the
contact geometry of the wheelset and the rails dis-
cussed above. In Eq. (21), Zym(¥)>0 indicates the
wheel/rail in contact, and Z,.(¢)<0 stands for their
separation. The creep force calculation employs Shen
et al. (1983)’s model, which is based on Kalker
(1967)’s linear creep theory. Kalker (1967)’s linear
creep theory is only available for small creepages.
When large creepages are generated as, for example,
in the case of wheel/rail flange contact, the creep
force saturates, and then the creep forces vary non-
linearly with the creepages.

2.5 Train/track excitation model

In the train/track dynamics calculation, there are
four existing models (Popp et al., 1999): (1) the sta-
tionary load model; (2) the moving load model; (3)
the moving irregularity model; and (4) the moving
mass model. The most realistic one is the so-called

moving mass model. However, it is very difficult to
carry out numerical implementation using such a
model because of the continuously updated track
under the running train. For simplicity, a moving
track support model (Xiao et al., 2007) developed by
the authors is used to simulate the effect of the dis-
crete periodic track support between the interaction of
a high-speed vehicle and a track when high-speed
trains run at constant speeds. The model of a half
vehicle (one bogie) coupled with a track was extended
to consider a whole vehicle (two bogies) in (Xiao et
al., 2011). In this study, the model of Xiao et al.
(2011) is further extended to consider the multi-
vehicles of a train or the whole train coupled with a
track, as shown in Fig. 8.

The model is seen as if one watches the behavior
of a vehicle of the train running along the track
through a window of /;,, width. The window moves
forward at the speed of the moving train. It is assumed
that the vehicle always vibrates in the window. The
track passes through the window in the inverse di-
rection at the speed of the train, as shown in Fig. 8.
The advantage of this model is that it allows rapid
calculation of the train/track interaction of a train
running on an infinitely long flexible track.

2.6 Initial and boundary conditions of the coupled
train/track system

Before solving the equations of the dynamic
system, the initial and boundary conditions should be
prescribed. Both ends of the Timoshenko beam
modeling the rails are hinged, and the deflections and
the bending moments at the hinged beam ends are
assumed to be zero. The vertical motion of the ballast
bodies at both ends of the calculation track is assumed
to be always zero, and the static state of the systems is

‘Tracking window’

| Calculated track length

Fig. 8 Train/track excitation model: ‘Tracking window’
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regarded as the original point of reference. The initial
displacements and velocities of all components of the
track are set to zero. The initial displacements and the
initial vertical and lateral velocities of all components
of the high-speed train are also set to zero, and the
initial longitudinal velocity is the running speed of the
train, which is a constant.

It is obvious that the equations of coupled train/
track model form a large-scaled nonlinear system.
The stability, calculation speed, and accuracy of the
numerical method for the equations are very im-
portant. A numerical method developed by Zhai
(1996), termed as “new fast numerical integration for
dynamics analysis of large systems”, is used to ana-
lyze the equations in a time step of 1.4x10" s in this
study.

3 Verification of the train/track model

Based on the mathematical model described in
Section 2, a computer simulation program, named
high-speed train/track system dynamics (HSTTSD),
was developed to analyze the dynamics of the coupled
train/track system. To verify the 3D coupled train/
track model, the dynamic results calculated by the
present model are compared with those obtained by
the commercial software SIMPACK. In this section,
the vehicle/track dynamic interactions in the vertical
and lateral directions are analyzed, by comparing the
system responses obtained through HSTTSD and
SIMPACK, under the excitation of vertical and lateral
track irregularity on the tangent track. In the calcula-
tion, the vehicle parameters and the fastening param-
eters used are the same, and the vehicle speed is
300 km/h. The track irregularities are artificially
generated sine-wave defects with a length of 20 m
and an amplitude of 10 mm.

Figs. 9a and 9b are the wheelset vertical dis-
placements and wheel/rail vertical forces, respec-
tively, calculated by SIMPACK and HSTTSD. From
Fig. 9, it is clear that the vertical displacements of the
wheelsets are very close. Strictly speaking, the ver-
tical displacement calculated by HSTTSD is a little
larger than that obtained by SIMPACK, which is not
clearly shown in Fig. 9a. The vertical force calculated
by HSTTSD is also a little larger than that calculated
by SIMPACK.

— T T T — T T T T T T T
[ —— HSTTSD ----- SIMPACK (@) 1

- " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 120 140 160 180 200
Distance along track (m)

Vertical displacement (mm)
S A vV o v s o

T — T 7 — T T T
64— HSTTSD ----- SIMPACK

Vertical force (kN)

160 180 200

50- " 1 " 1 " 1 " 1 " 1 1 1

0 20 40 60 80 100 120 140
Distance along track (m)

Fig. 9 Comparison of vertical dynamic responses
(a) Wheelset vertical displacement; (b) Wheel/rail vertical
force

The lateral interaction of the wheel/rail system
has a great influence on running safety against de-
railment of a train, and wear of the wheels and rails.
Figs. 10a and 10b indicate the wheelset lateral dis-
placements and wheel/rail lateral forces, respectively,
achieved by SIMPACK and HSTTSD. It is obvious
that the lateral displacements and forces calculated by
HSTTSD are larger than those obtained by SIMPACK,
which is similar to the phenomena that occurred in the
results relating to the vertical interaction of the vehi-
cle and the track, as described in Fig. 9.

The reason for the above phenomenon is that the
track model in HSTTSD is different from that in
SIMPACK. The track model in HSTTSD considers a
flexible three-layer infrastructure consisting of rails,
sleepers, and ballast bed. The connections between
rails and sleepers, between sleepers and ballast blocks,
and between ballast blocks and roadbed are replaced
with the equivalent dampers and springs. The struc-
ture deformations of rails and sleepers are taken into
account. Thus, the vertical (lateral) stiffness of the
track characterized by HSTTSD is lower than that
characterized by SIMPACK, which leads to the ver-
tical (lateral) displacement calculated by HSTTSD
being slightly larger than that obtained by SIMPACK,
as shown in Figs. 9a and 10a.
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Fig. 10 Comparison of lateral dynamic responses
(a) Wheelset lateral displacement; (b) Wheel/rail lateral force

Figs. 9b and 10b show that the difference be-
tween wheel/rail forces calculated by HSTTSD and
by SIMPACK is significant, i.e., the relative errors are
approximately 10%. Compared to the simplified track
model in SIMPACK, the flexible track model in
HSTTSD also considers the longitudinal propagating
vibration waves induced in the rails and the periodical
excitation caused by discrete sleepers. The structure
deformation of rails, wave reflection from the adja-
cent wheels, and the moving track excitation may
result in larger wheel/rail contact forces, and their
corresponding contribution onto these differences
needs to be examined in future work. However, the
differences between the calculated results by the two
models can be accepted in practice. Through the re-
sults discussed above, the proposed vehicle/track
model is verified to be reliable, and it can be extended
to a 3D coupled train/track model, as discussed in
Section 2.

Through the comparisons, it can be concluded
that the track model in HSTTSD is more reasonable
than that of SIMPACK, because HSTTSD considers
the flexibility and the dynamic behavior of the track
components. But when we simulated a high-speed
vehicle running over a 1000 m-length straight track at
a speed of 350 km/h by using the Windows operating
system on a 2.79 GHz CPU DELL Studio XPS

(which has one node with eight processors), the
computational time required for HSTTSD and
SIMPACK was 470 s and 121 s, respectively. This
means the computation speed for SIMPACK is ap-
proximately three times faster than that for HSTTSD.
In other words, we should try to optimize the nu-
merical algorithm to improve the calculation effi-
ciency of the current model in the future.

4 Comparison of dynamic performances
obtained by TTM and VTM

Traditional dynamics studies of railway vehicle/
track systems were mainly based on the coupled VIM,
while the cross-influence between the adjacent vehi-
cles and the effect of the vehicle location in a train
were neglected. However, the interaction of the
neighboring vehicles has a great influence on the
dynamic performance of the train/track system due to
the tight-lock inter-vehicle connections installed on
modern high-speed trains. In this situation, the dif-
ference in dynamic performance obtained by TTM
and VTM should be taken into account. To obtain
more accurate and reliable results from the dynamics
simulation, the differences between the two types of
dynamic models should first be pointed out.

In this section, several key dynamic perfor-
mances, including vibration frequency response, ride
comfort, and curving performance, obtained by TTM
and VTM are compared, which will be discussed in
Sections 4.1, 4.2, and 4.3. In the calculation, the TTM
used a Chinese high-speed train comprised of eight
vehicles coupled with the ballast track. For simplicity,
the parameters of the vehicle and the track used in the
two dynamic models are the same. The measured
track irregularities of a Chinese high-speed line from
Beijing to Tianjin were used in this calculation.

4.1 Comparison of vibration frequency components

To make clear the differences in the dynamic
performances obtained by TTM and VTM, the ran-
dom responses of the car bodies, and the wheel/rail
forces were firstly compared. In this simulation, the
3D high-speed train/track model described in Sec-
tion 2 was used, a tangent track was considered, and
the operating speed was 350 km/h. The power
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spectral densities (PSDs) of the vertical and lateral car
body accelerations calculated by VIM and TTM are
shown in Fig. 11, and the PSDs of the vertical and
lateral wheel/rail forces are shown in Fig. 12. In these
figures, the leading and trailing vehicles mean the 1st
and 8th vehicles of the train, respectively, and the 4th
vehicle is taken as the middle vehicle.

Fig. 11 shows significant difference occurs on
vertical accelerations of the car body center upper the
bogie for frequencies below 3 Hz, while 4 Hz for
lateral accelerations, calculated by the two types of
dynamic models, whereas the difference is small at
higher frequencies due to the dominant low frequency
vibration of the rigid car body model. From Fig. 11, it
can be found that the car body PSD responses ob-
tained by VTM are much higher than those obtained
by TTM, especially in the frequency range of 1 Hz to
3 Hz. The reason for this phenomenon is that the
tight-lock inter-vehicle connections between the ad-
jacent vehicles of the train effectively restrain the
relative motion of the neighboring vehicle ends, in-
cluding the vertical, lateral, pitching, and yawing
motions of the vehicles. The role of the tight-lock
inter-vehicle connections can be characterized in
TTM. But in VTM, the two ends of the car body are
considered to be free. In this situation, the motions at
the ends of the vehicle calculated by VIM are larger
than those calculated by TTM, especially at low fre-
quencies. From Fig. 11, it can also be seen that the
PSD of the middle car is lower than those of the
leading car and trailing car, especially at 1-3 Hz, as
shown in Fig. 11b. For vertical car body acceleration,
the peak response quite often occurs in the trailing
car, while the greatest lateral acceleration of the car
body is found in the leading car.

Fig. 12 indicates the PSDs of the vertical and
lateral wheel/rail forces of the first left wheel
achieved by VIM and TTM. From Fig. 12, it can be
seen that there is a little difference between the
wheel/rail vertical and lateral forces calculated by the
two models in the frequency range below 100 Hz, but
there is a significant difference at higher frequencies.
The wheel/rail force PSD obtained from VIM is
larger than that obtained from TTM in the high fre-
quency range. These differences are caused by the
wave reflections between the wheels. Wu and
Thompson (2002) pointed out that there is a big
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difference between the wheel/rail contact forces in the
frequency region of 550-1200 Hz obtained by a
multiple-wheel/rail interaction model and a single-
wheel/rail interaction model due to the effect of wave
reflections between the wheels.

This explanation is also appropriate for the re-
sults of Fig. 12. The first wheelset of VTM receives
wave reflections from three other wheelsets, while the
leading wheelset of TTM receives reflections from
31 other wheelsets. These wave reflections between
wheels would make the responses of wheel/rail in-
teraction calculated by VTM and TTM different. The
wheel/rail force PSD of the leading car is larger than
those of the middle car and trailing car in the fre-
quency range of more than 100 Hz. The vertical
wheel/rail PSD of the middle car is the smallest,
compared to those of the leading and trailing cars.

The comparison shown in Figs. 11 and 12 clearly
indicates that there is a significant difference in the
dynamic behavior characteristics of the vehicles
characterized by VTM and TTM. The vehicle loca-
tion also has an important influence on the dynamic
behavior. It is important to consider the vehicle loca-
tion and the cross-influence of adjacent vehicles in the
analysis of vertical and lateral car body accelerations
in the frequency range below 20 Hz and the wheel/rail
force variations at high frequencies.

4.2 Comparison of ride comfort

The ride comfort, one of the key dynamic per-
formance targets of high-speed trains, is closely re-
lated to the vibration characteristics of the car body in
the low frequency range. The analysis in Section 4.1
indicates that the vibration frequency components of
the car body in the frequency range below 20 Hz
obtained by VIM and TTM are very different, which
means the ride comforts calculated by the two types
of dynamic models are different. To clarify this dif-
ference, a comparison of ride comfort performance is
carried out in this section. In this calculation, the
tangent ballast track was used, and the operating
speed ranged from 200 to 400 km/h. Other parameters
were the same as those used in Section 4.1. The
comparison results of the lateral and vertical Sperling
comfort indexes are shown in Fig. 13.

From Fig. 13a, it can be clearly seen that the
lateral Sperling comfort index calculated by VIM is

larger than that calculated by TTM in all speed ranges.
The maximum difference in the results between the
single vehicle model and the middle vehicle and the
leading vehicle reach 0.25 and 0.11, respectively. The
difference between the two types of dynamic models
increases with increasing train speed. When the run-
ning speed reaches 400 km/h, the maximum lateral
Sperling comfort indexes of the leading vehicle,
middle vehicle, and the trailing vehicle, calculated by
TTM, are 2.42, 2.28, and 2.32, respectively. However,
the maximum lateral Sperling comfort index of VIM
reaches 2.53, which is greater than the comfort index
limit value of the ‘Excellent grade’ used in Chinese
Railways (SAC, 1985). It means that the lateral
comfort of high-speed trains would be overestimated
by VTM in practical engineering application. Thus,
when the lateral comfort of high-speed trains is in-
vestigated though numerical simulation, using TTM
is more reasonable. The vehicle location also has a
great influence on the ride comfort. Among the three
vehicles compared, the lateral comfort index of the
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Fig. 13 Comparison of ride comfort: (a) lateral Sperling
comfort index; (b) vertical Sperling comfort index
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middle car is the smallest in the speed range, and the
ride comfort of the leading car is the worst.

Compared to the obvious difference of the lateral
comfort indexes calculated by the two models, the
difference of the vertical comfort indexes is not so
significant, as shown in Fig. 13b. From the compar-
ison results of the vertical comfort index, it can be
concluded that VTM is appropriate for analyzing the
vertical comfort index of the vehicles when a long
high-speed train operates on a tangent track without
serious irregularities, such as corrugated rails, rail
welding dips, and track subsidence. However, it can
be expected that if the track irregularity is severe, the
difference of the vertical ride comfort when using
these two models would be large. Furthermore, the
operating speed has a great influence on the ride
comfort. With increasing speed, the differences in the
lateral and vertical Sperling comfort indexes calcu-
lated by the two models increase rapidly.

4.3 Comparison of curving performance

When a high-speed train negotiates a curved
track, large lateral forces are generated between the
wheels and rails. These large lateral forces, in com-
bination with the small vertical forces, may cause
wheel climbing and rail rollover as the train negoti-
ates the curve. Therefore, curving performance is
very important for evaluating the running safety of
high-speed trains. In this section, the curving per-
formances obtained by TTM and VTM are compared.
The curved track had a circle curve radius of 9000 m,
a transition curve length of 490 m, a circle curve
length of 400 m, and a super elevation of 125 mm.
The running speed of the train ranged from 200 to
400 km/h. The track irregularities and other con-
cerned parameters are the same as in Section 4.1.

To evaluate curving performance, two safety
criteria used in Chinese Railway were selected. One is
the derailment coefficient (or Nadal coefficient)
(SAC, 1985) defined as the ratio of the lateral force to
the total vertical force on the same wheel. The other is
the wheel load reduction, which is defined as the ratio
of the reduction in the vertical dynamical forces on
both wheels of a wheelset to the total vertical wheel-
set loading. The total vertical force is the sum of the
static wheel load and the dynamic vertical force on
the same wheel. The safety limit values of both de-

railment coefficient and wheel load reduction are 0.8
in the evaluation of the operating safety of high-speed
trains in China. TTM and VTM are used to calculate
the two safety criteria when the train passes over
curved track at different speeds. The calculated re-
sults are compared and discussed as follows.

Fig. 14 shows the maximum values of the dy-
namic derailment coefficient and wheel loading re-
duction of all the wheelsets calculated by VTM and
TTM. As expected, the derailment coefficient and
wheel loading reduction increase as the train speed
increases. When the train speed is greater than
350 km/h, the maximum wheel loading reduction is
greater than its safety limit value, 0.8. This means that
the running speed of the high-speed train should be
limited when it is negotiating a curved track.

From Fig. 14, it can also be seen that the inter-
action of neighboring vehicles and the vehicle loca-
tion have a large effect on the derailment coefficient,
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Fig. 14 Comparison of dynamic performances on a large

radius curved track: (a) derailment coefficient; (b) wheel
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but their effects on wheel unloading are not signifi-
cant due to the large radius of the curved track.
Fig. 14a illustrates the great difference of derailment
coefficients calculated by the two models. The de-
railment coefficient calculated by VTM is much
larger than those calculated by TTM in all the ana-
lyzed speed ranges. Specifically, the derailment co-
efficient calculated using VTM is larger than reality
when the train passes over the curved track. The
maximum difference occurs between the single vehi-
cle model and the middle vehicle, which are calcu-
lated by VIM and TTM, respectively. Compared to
the results of the leading and trailing vehicles of the
same train, the derailment coefficient of the middle
vehicle is the smallest. Note that the difference of the
results obtained with the two models increases with
increasing operating speed. On the other hand,
Fig. 14b shows a good agreement between the wheel
load reductions calculated by the two models in all the
analyzed speed ranges under the present curved track
conditions. However, it can be predicted that if the
radius of the curved track is small, the difference of
wheel load reductions calculated by the two models
would be large.

The above results discussed show that the ver-
tical comfort indexes on the tangent track and the
wheel load reduction on large radius curved tracks
calculated by VITM and TTM are close. However, if
the operating ambient is bad or the radius of the
curved track is small, how much would be the dif-
ference between the two types of dynamic models?
To measure that difference, a comparison of the dy-
namic responses on a small radius curved track ob-
tained by TTM and VTM is carried out. The curved
track has a circle curve radius of 600 m, a transition
curve length of 100 m, a circle curve length of 280 m,
and a cant of 100 mm. The operating speed of the
train ranges from 80 to 120 km/h and other concerned
parameters used in this numerical simulation are the
same as in Section 4.1. Fig. 15 shows the results of
vertical comfort indexes and wheel load reductions
calculated by VIM and TTM, respectively.

The difference in the dynamical behavior cal-
culated by the two models is evident for a train oper-
ating on a curved track with a relatively small radius.
The dynamical behavior of the different vehicles of
the same train calculated by TTM is also different

under the same operating conditions. From Fig. 15a,
the differences of vertical comfort indexes of these
vehicles increase with increasing operating speed.
Fig. 15b shows that the wheelset load reductions of
the vehicles approach to 1 with increasing operating
speed. This is because the speed increase causes the
normal load between the wheels and the low rail re-
duce to zero, that is to say, the wheels lose contact
with the low rail.

Through the detailed comparisons of the results
obtained by VTM and TTM, it is noticeable that the
dynamical behavior of the vehicle/track system cal-
culated by VTM will be overstated, and it is more
reasonable that TTM is used to calculate the dynamic
behavior of the train and the track, especially in the
situation of trains with strong lateral and vertical
vibrations. Since the neighboring vehicles of a train
influence each other and each vehicle has different
boundary conditions, the dynamic behavior of each
vehicle is different from the others in the same train.
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Therefore, it is necessary that a 3D dynamic model of
a train coupled with a flexible track is carried forward
to estimate the dynamical behavior of the train and the
track in high-speed operations.

5 Conclusions

A 3D dynamic model of a nonlinear high-speed
train coupled with a flexible ballast track is put for-
ward. The advantages of this model are: (1) the mu-
tual influence of the adjacent vehicles on the dynamic
behavior of high-speed vehicles and the track is
considered; (2) it is possible to carry out fast dynam-
ics calculations on a long train running on an
infinitely long flexible track. The reliability of the 3D
coupled train/track model was verified through a
detailed numerical comparison with the commercial
software SIMPACK, and the difference caused by the
track modeling was then analyzed. Several key dy-
namic performances, including vibration frequency
components, ride comfort, and curving behavior,
obtained by TTM and VTM, are compared and dis-
cussed. Subsequently, the following conclusions were
reached:

1. There is a distinct difference in the vibration
frequency components calculated between VTM and
TTM. The inter-vehicle connections of a train have an
important influence on the dynamic behavior of a car
body in the frequency range below 20 Hz and the
wheel/rail forces at high frequencies.

2. The lateral comfort index calculated by VIM
is greater than that calculated by TTM, which can be
predicted. Therefore, in practical engineering appli-
cations, using TTM is more reasonable. The vertical
comfort indexes obtained by the two models are close
when the train operates on a curved track of large
radius, but the difference is very large when the train
operates on a small radius curved track.

3. The difference of derailment coefficients ob-
tained by the two models is very large when the train
negotiates curved tracks with large radii. It is obvious
that the derailment coefficient is overestimated using
VTM, and using TTM is more reasonable in practical
engineering applications. The wheel load reductions
obtained by the two models have a good agreement

when the train operates on a curved track with a large
radius. If the radius of the curved track is small, the
difference is obvious.

4. The difference in lateral dynamic behavior is
relatively large when looking at different vehicle
locations in a high-speed train, but the difference in
vertical dynamic performance is relatively small
when a high-speed train operates on a usually tangent
track. Among the vehicles of a long train, the results
calculated by TTM show that the ride comfort and
curving performance of the intermediate vehicles are
better than those of the leading and trailing vehicles
because the two ends of the intermediate vehicles are
restrained by their neighbors.
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