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Abstract

Evaluation of Train Runnability on Bridges
Considering Train/Track/\WWind Interaction

Hwang, Sung Ho

Dept. of Civil & Environmental Engineering
The Graduate School

Seoul National University

A unified framework for the train/track/bridge/wind interaction was proposed
under consideration of lateral action of wind. To reflect the contact
phenomenon between wheel and rail, calculated were the contact positions,
creepages and contact forces on the basis of the contact theory. By combining
the Direct Stiffness Method (DSM) and Mode Superposition Method (MSM),
track dynamics with 3-dimensional bridge interaction was applied with
efficiency and accuracy for calculating both vertical and lateral wheelloads.
Finally System Matrix Approximation (SMA) method was embedded into the
MSM to reflect the aeroelastic effect in bridge/wind interaction.

The validity of the proposed framework was confirmed by comparing its
result to that of VI-Rail or previous study for each interaction step. With this
framework, some case studies investigated the factors that can affect the
running characteristics of train. The evaluation for safety and running behavior
was performed as a target of KTX running through Yeongjong Bridge, and
finally the critical wind velocity was suggested after analyzing the result for

various wind and train velocities on the basis of the assumed conditions and



criteria.

As a result, the train runnability on the bridge under cross wind, was more
susceptible to the variation of wind velocity than the train velocity, because the
response of running train is closely related to the acceleration and displacement
of bridge. Therefore the aeroelastic effect that determines the behavior of bridge
under strong wind loads, needs to be included in the runnability evaluation
inevitably.

Keywords: Train/track/bridge/wind interaction, Runnability evaluation,
Track dynamics, Bridge aeroelasticity
Student Number: 2005-30271
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Chapter 1 Introduction

1.1 Background

To make trains faster and bridges longer has been a trend of engineering
development for the past decades. The railway or civil engineers have to design
and construct the longer bridge on which the train can run faster. As a result of
overcoming such challenging problems, however, a few bridges with a very
long span length were designed or built to carry both roadway and railway
around the world, such as Tsing Ma Bridge (1,377m, Hong Kong, 1997),
Minami Bisan-Seto Bridge (1,100m, Japan, 1988), Kita Bisan-Seto Bridge
(990m, Japan, 1988), and Shimotsui Seto Bridge (940m, Japan, 1988).[1, 2] As
a representative in domestic area, Yeongjong Bridge (300m, Korea, 2000) is
opened to traffic in 2000 and still under operation to connect Incheon
International Airport to Seoul.

Basically the railway vehicle running on the track can be usually subject to
the lateral forces (e.g. the lateral impact by hunting motion, the centrifugal force
during running on curve, the wind load by gust wind and the earthquake load,
etc.) which may influence the running safety of train and could lead the carbody
to the derailment or turn-over ultimately.[3] In addition, the long-span bridges
are relatively flexible in the lateral direction. For example, the natural

frequencies for Tsing Ma Bridge (suspension bridge) are as follows.[4]



- Lateral mode: 15t0.069Hz, 2" 0.164Hz
- Vertical mode: 15t0.113Hz, 2" 0.139Hz
- Torsional mode:  1%0.267Hz, 2" 0.320Hz

Therefore, it is most important to guarantee the safety of the vehicles running
on long-span bridges under these lateral forces.

Deviated from the typical research for estimating the impact loads exerted
on bridge[5-7], the research for the evaluating the running safety and behavior
of train is increasing continuously.[8-12] For this kind of evaluation, a unified
approach is necessary to integrate the train, track, bridge and even wind
interaction, and it has to contain the analysis for both the vertical and lateral
interaction. Especially the derailment coefficient and wheel load reduction rate,
which are the main indices for running safety of railway vehicles, can be
obtained after identifying the contact phenomenon between wheel and rail
exactly. However the hardship to reflect the contact problem or to model the
long bridge with track, has restricted the development of the evaluation method
for runnability. An ‘efficiency’ problem would occur in the assessment of
running safety when applying the unified framework including all the
interactions.[13] Consequently there is almost no analysis carried out using
such a unified method for a long-span bridge, and there are only limited analysis

results by simplifying some of these interactions.

In summary,
- Bridges have been designed to take longer and longer span lengths.

- Long-span bridges are relatively flexible to the lateral-directional



movement.

- Thetrains running on the track can be derailed by climb-up, rollover, etc.
in the lateral direction.

- There are increasing interests on the runnability of vehicles and trains on
bridges.

- The evaluation for the long-span bridge has not been carried out due to

the inefficiency of the unified analysis.

The train safety running on the long-span bridge is estimated to be very
susceptible to wind load which can induce the vertical and lateral vibration of
the long bridge.[11, 14] Therefore the unified approach which can assess the
safety and running behavior considering train/track/bridge/wind interactions,
has an important meaning not only for the bridges that were constructed already
in-situ, but also for the long-span bridges that will be designed and constructed

in the future.



1.2 Literature review

This section summarizes mainly the status of development in the individual
interaction programs which compose the parts of the unified analysis program.
Therefore, it deals with
(D The rolling contact theory which is the most complex and can give the
great affects to the train/track response
@ The examples for the commercial or in-house programs that can analyze
the train/track interaction
@ The review of mode superposition method that is useful to analyze long
bridges, and

@ The vehicle/bridge/wind interaction to consider the effect of wind load.

1.2.1 Wheel/rail rolling contact theory

If an external load is applied on two bodies in contact, the two bodies will
deform at the contact point to form an area of contact. The contact area in the
case of the nonconformal contact is small as compared to the dimensions of the
two bodies. In 1882, Hertz[15] presented a contact theory that accounts for the
shape of the surfaces in the neighborhood of the contact area. Hertz assumed
that the area of contact is elliptical. In wheel/rail dynamics, the assumption of
nonconformal contact is often used, since the shapes of the wheel and rail
surfaces are significantly different. In this case, the use of Hertz theory to
examine the contact geometry and the maximum stresses can be justified. Hertz

theory is the most commonly used theory to determine the shape of the contact



area and the normal contact force.

Due to the elasticity of the bodies and the externally applied normal load,
some points on the surfaces in the contact region may slip while others may
stick when the two bodies move relative to each other. The difference between
the tangential strains of the bodies in the adhesion area loads to a small apparent
slip. This slip is creepage defined by using the kinematics of the two bodies.

Creepages generate creep forces, such as tangential creep forces and creep
spin moment. Many researchers made efforts to define the relationship between
creepage and creep force for a long time. Carter[16] first was concerned with
the action of locomotive wheels and thus found the braking or traction coupling.
However, the Carter’s formulation was based on the two-dimensional analysis
for a cylinder rolling on a plane, which means it is not applicable to the complex
geometries of wheel and rail.

Vermeulen and Johnson[17] proposed a creep force law, which included the
longitudinal and the lateral creepages, and excluded only the spin creepage.
They used Hertzian contact theory to calculate the shape and the size of
wheel/rail contact. The treatment of the Hertz theory in detail can be seen in
Johnson.[18]

The most successful method to calculate the creep force is presented by
Kalker[19-21] who then wrote the computer program CONTACT, a universal
program for all contact problems between two bodies that can be described by
half-space. Because the CONTACT program is based on Kalker’s exact theory
and takes a long calculation time, it is not suitable for real time applications in
vehicle dynamics. Concerned with this, in 1973 Kalker introduced the

simplified theory of rolling contact and then used the theory to build a fast



algorithm and computer program FASTSIM.[22]

Although it is based on Kalker’s work with simplification of the distribution

of normal and tangential stresses in the wheel/rail contact patch, Polach[23]

made another program for calculating creep forces, which is claimed to perform

better under high creepage. According to this theory the creep forces can be

computed efficiently with significant saving in computational effort.

More detailed discussion on the subject of rolling contact theory can be found

in the literature Garg[24] and Shabana.[25]
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1.2.2 Train/track interaction

Many commercial packages for train/track interaction are now under
development for a long time, such as ADAMS, GENSYS, NUCARS, SIM-
PACK, VAMPIRE, etc. These packages basically focus mainly on designing
the train components (mass, suspension, damper and its dimensions) and
analyzing the train responses only. Of course they embed the easy-handling pre-
and post-analysis system with graphical support, and they can perform lots of
analysis with regard to the vehicles, such as the stability analysis, mode analysis,
etc. But they have some deficiencies with the modeling of track and
substructure. In addition that the track is usually assumed to be simplified as
rigid rails with little or no movement in these packages, the substructure such
as bridge or tunnel cannot be modeled.

Shabana[25-32] reported a survey of train/track simulations which include
flexible multibody dynamics. He suggested the parameterizing functions for
expressing the profiles of wheel and rail in three-dimensional space, and the
constraint equations for finding the contact points between them. In their paper
they have pointed out that, with the recent development in computational
mechanics, it is possible to develop a tool to comprehensively analyze the
complex dynamics of railway vehicles and tracks.

In Queensland University in Australia, Handoko[33, 34] used the Shabana’s
method for finding the wheel/rail contact position and Polach’s method for
calculating the creep force. He developed 3-dimensional train/track interaction
program which simulates the traction/braking forces between wheel and rail. It

has a good accuracy in calculating the wheel/rail contact forces by finding the



wheel/rail contact position at every step, but some limitations like modeling
just one bogie and no substructure.

Instead of the typical FE modeling for railway bridges, Yang[5, 6, 35-44]
applied dynamic condensation technique and modal superposition for analyzing
train/bridge interaction during earthquake. He deeply studied the development
and cancellation of bridge resonance according to the train loads. However he
focused on the bridge behaviors (neither the track nor train), so modeled very
simplified track and did not include the wheel/rail contact mechanism directly.

The Railway Technical Research Institute (RTRI) in Japan has developed
DIASTARS[45-47], that is the analysis program of train/track interaction.
Differently from other commercial packages, DIASTARS focuses on track or
bridge responses, not the train response, so it contains various nonlinear spring
elements in track components. Especially it analyzed the train behavior
interacting with and running on cable-stayed bridge during earthquake. Even
though it uses the simplified wheel profiles as a contact input, it is evaluated as

an excellent program in the train/track/bridge interaction fields.
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Figure 1.3 Bridge and contact model of DIASTARS[45]

Zhai, Cai and Xia[10, 48-58] in China continue to develop the 3-D train/track
interaction program for many years. They use the common method to analyze
the interaction between train and track, that is first to find the contact point
between wheel and rail about one vehicle, second to calculate the normal forces
using Hertzian nonlinear contact theory, and finally to calculate the tangential
forces after computing the creepages using the geometrical condition and
velocity differences at contact points. It is one of the most developed programs
that includes very detailed track components such as rail movement and ballast
behavior, thus it can simulate the roadbed condition. Recently they made the
bridge model under the ballast or ballastless track by using Ritz’s method to

solve the governing equations.

’;r“‘-'! ) C':l -L ]

| &1



AP Y .Y Y PR PP O Y P Y PP Y Y Y PO Y P L R

::ﬁl:;f:}[:lz?lzlr?xm%zxrﬁ-

Figure 1.4 3D train/track interaction model of Zhai[50]

1.2.3 Mode superposition method

Most structures in civil engineering are so large and complex that the numerical
simulation of them is not an easy work and even the analysis of dynamic
response requires large computational efforts. But because the response of civil
structures also tends to be definitely dependent upon the lower-order vibration
mode, the Mode Superposition Method (MSM) is one of most widely used and
efficient techniques in civil engineering. Basic equations for MSM is well
defined in many literatures for structural dynamics, e.g. Chopra.[59]
Fryba[60] summarized the method to analyze the dynamic response of bridge

including moving loads. He obtained the theoretical solution of simple beam

10



under loads or masses with constant velocity.

In National Taiwan University, the research team with Yang[5, 6, 35-44]
published many papers and brought out a book based on these papers. It
developed a new train/ bridge interaction program that uses this efficient MSM,
not the FE model. It dealt with the basic phenomena about the resonance of
bridge response and its cancelation by the train loads.

In domestic research, Lee[61] tried to analyze the vehicle/bridge interaction
by deriving the governing equations of vehicle and bridge. But due to the
complexity, he simplified the vehicle to only 1-DOF, applied MSM for
modeling the bridge, and finally evaluated the influence factors to bridge/
vehicle interaction.

The Sungkyunkwan University applied this MSM to the railway field.
Lim[62] showed the train movement on simple beams or 2-span continuous
beams by deducing the theoretical result of modal analysis. Lee[63] developed
this method to more complicated magnetic levitation system including the
levitational force between train and structure.

Moreover, many programs for train/track or wind/train/track interaction have
been developed using MSM. Most of them made the mode shapes of bridge
including track, thus had a very good efficiency in analyzing interaction
problems, but have a limitation that it is hard to calculate the accurate contact

force between wheel and rail. The detailed explanation will be reviewed in 2.3.2.
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1.2.4 Wind/vehicle/bridge analysis

Many long-span bridges have been built around the world in recent years, but
they are often subject to multiple types of dynamic loads, especially those
located in wind-prone regions and carrying both trains and road vehicles. To
ensure the safety and functionality of these bridges, dynamic responses of long-
span bridges are often required for bridge assessment.

The history of long-span bridge aerodynamics was reviewed by Miyata[64]
and the basic theory of bridge aerodynamics is introduced well in Stremmen.[65]

Baker[66-68] developed a theoretical model that describes the dynamics of
vehicles in crosswinds in the time domain. He further investigated both the
steady and unsteady aerodynamic forces acting on a variety of vehicles and
carried out extensive studies of the interaction between aerodynamic forces and
moving vehicles.

A lot of analyses and experiments[68-73] for acquiring the aerodynamic
coefficients of the train had performed for many years. They defined three
forces (drag, side and lift forces) and three moments (rolling, pitching and
yawing moments) induced by the interaction between train and wind.
Especially Diedrichs[69] and Orellano[70] derived the aerodynamic coefficient
for ICE I, and Kwon[73] for KT X by the Computational Fluid Dynamics (CFD)
analysis and the wind tunnel test for scaled models.

The research team of Xu[4, 9, 11, 14, 52, 74-82] researched on the
train/bridge/wind interactions without track dynamics for a long time. Xu et al.
simulated the aerodynamic wind forces acting on running road vehicles using

the quasi-steady approach, and they derived and simulated the steady and

12



unsteady aerodynamic forces acting on a moving railway vehicle in cross winds
in the time domain. Li[82] simulated the two trains meeting each other on the
long-span bridge under wind loads, and evaluated the acceleration of carbody
for each vehicle.

Finally Chen[13] summarized recent research on the dynamic response of
long-span bridges subject to wind load with a viewpoint of numerical

simulation and simulation technology for bridge assessment.

13



1.3 Objectives and scope

Chen[13] said that “After multiple types of dynamic interactions being

considered in the complex system, computational efficiency is a bottleneck

problem for numerical simulation of dynamic response of a long-span bridge.”

There are following three problems that cause the inefficiency of unified

analysis of train/track/bridge/wind interaction.

Nonlinear contact problem in train/track interaction : The wheel/rail
contact is defined as a nonlinear problem, and it needs the complex and
time-consuming process for calculating contact positions and forces at
all wheels in every time step. Moreover the nonlinearity needs the
iteration process according to the train and track models.

Large DOFs in track/bridge interaction : In contrast that track has to be
modeled by Direct Stiffness Method (DSM) for the accurate evaluation,
the long-span bridge needs too many degrees of freedom (DOFs) by
DSM. Or the modeling of track and bridge by Mode Superposition
Method (MSM) has a defect that the local track deflection is hard to be
calculated as a combination of some lower modes. But the local
deflection is a very sensitive factor that makes a great impact on the
contact force between wheel and rail.

Aeroelasticity in bridge/wind interaction : In order to predict the
structural behavior under wind loads exactly, the aeroelasticity is needed
to be reflected into the interaction of bridge and wind. For realizing such
effects, some effective techniques are necessary to consider the

frequency-dependent flutter derivatives in time domain.

14



Therefore, the main purpose of this study is to suggest a framework to
integrate train/track/bridge/wind interaction under consideration of lateral
behavior by wind, and to evaluate the runnability of train on a bridge subject
wind loads for an example.

To develop such a unified framework, first of all, the contact modeling
between wheel and rail is necessary for exact calculation of vertical/ lateral
wheelload and train acceleration. After finding the accurate contact points of
the assumed wheel and rail profile, the creepages, normal forces, creep forces
and contact forces will be calculated by the contact theory. For the track/bridge
interaction, the combination of track model with DSM and bridge with MSM
is recommended as an accurate and efficient way. Therefore the hybrid method
that combining the DSM and MSM will be proposed for calculating exact
contact forces and simultaneously reducing the computing time. Finally in
order to reflect the aeroelastic effect in bridge/wind interaction, System Matrix
Approximation (SMA) method will be applied as it is useful to be applied into
the MSM and has a good accuracy even it approximates the aerodynamic
transfer function.

It needs to be checked whether the proposed method is valid or not. However,
there is no comparable target program that integrates all the interactions
discussed above. Therefore the verification of the suggested framework will be
made by comparing its result to that of VI-Rail or previous study for each
interaction step — train/track interaction, track/bridge interaction and bridge/
wind interaction, respectively.

After completing verification, main simulation for KTX train running on

Yeongjong Bridge will be performed for two scenarios. First will be the analysis
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to figure out the influence factors that can affect the behavior of running train,
such as the effect of bridge, track irregularity or wind load. The other will focus
on identifying the relationship between bridge and train acceleration.

Finally the runnability of KTX train on Yeongjong Bridge will be assessed.
In order to evaluate the runnability, the simulation will be performed for the
combination of six different wind velocities and five different train velocities
with five random wind seeds. Consequently the critical wind velocity to limit

the train passage under the strong wind for the target bridge will be suggested.
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1.4 Outline of this thesis

This thesis contains 6 chapters that cover the formulation, verification and
application of the suggested unified approach.

Chapter 1 outlines the background, objective, scope and literature review.

Chapter 2 describes overall framework for train/track/bridge/wind interact-
tion and its algorithm. It introduces the main subsystems and processes which
compose the train/track/bridge/wind interaction program. The train model is
composed, and the interface of track and bridge is modeled by combination of
DSM and MSM with the wind interaction by SMA.

Chapter 3 verifies the proposed approach by comparing other research results.
The verification of the algorithm is divided into three major parts : O 3-D
analysis of wheel/rail interface which includes finding the contact points and
calculating the creepages and contact forces, (2 track/bridge interaction part
that checks the appropriate result by combining the DSM and MSM, and @
wind/bridge interaction including the aeroelastic deformation of bridge.

Chapter 4 performs some case studies for KTX train running on Yeongjong
Bridge. Numerical comparative study is done for figuring out the effect of
bridge, wind and irregularity, and the relationship between bridge and train
acceleration.

Chapter 5 evaluates the runnability of KTX on Yeongjong Bridge for various
wind and train velocity, analyzes the main indices which cause the main affects
to the runnability of KTX, and finally suggests the critical wind velocity.

Chapter 6 finally provides the summary of this study and lists the conclus-

ions that have deduced from this research.

17



18

2 A g ot

SECRIL WATCeAL LIMNVERSTY



Chapter 2 Framework for train/track/

bridge/wind interaction

2.1 Overview of the suggested framework

The main algorithm for the suggested framework in this study looks similar to
the other dynamic programs in a way that it has the iterative procedure to
determine the displacements and forces in every sequence. This study divides
the whole system into two subsystems (D trainand @ track including bridge
by means of mode superposition) and two processes. (D contact-solving

process and (2 iteration process)

Subsystem 1 : Train Subsystem 2 : Track and bridge
with aeroelasticity

= Bridge
Wheel displacement Rail displacement .
g Q Mode superposition

Contact position

a - Contact-solving process

Contact force
Creep force

Figure 2.1 Main algorithm of the suggested framework
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The two subsystems are aimed to model the train and its substructure
respectively. The train subsystem has just tens of DOFs (degrees-of-freedom)
per one train, depending on the train type and the interesting DOFs. The carbody;,
bogie, and wheelset are modeled as lumped masses with the connection to other
components as spring and damper systems. And the basic equations of motions
are derived from the Lagrange’s equation, which uses the energy terms defined
by the relative deformation and velocity of spring and damper in section 2.2.

The track subsystem has huge amount of DOFs because it contains many
nodes along a pair of rails and even includes the modal DOFs for bridge. The
track is modeled by direct stiffness method (DSM) and the bridge is modeled
by mode superposition method (MSM). Both methods are combined after
deriving some equations through sharing the interface nodes between track and
bridge in section 2.3.2.

The effect of the wind load has to be included into modeling the bridge by
mode superposition, because the aeroelasticity is reflected through changing
the system matrix of bridge. The aeroelasticity of bridge is reflected in this
modal superposition as a method of system matrix approximation (SMA). The

detailed explanation of embedding SMA into MSM is in section 2.3.3.

The process for solving the contact problems has three main sub-processes.
The target of first sub-process is to determine the contact points between wheel
and rail at each wheelset position. The sub-process for the contact point needs
the information of wheel profile, rail profile and the track irregularity in order
to find the maximum penetration depth between wheel and rail according to

their relative position. The sub-process for creepage uses the previous result
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including geometry information and the basic contact coefficients, which is
used widely in many references, and finally calculates the creep forces at each
contact points between wheel and rail. Then both the wheel contact force and
rail contact force are calculated from the previous creep forces by transforming
and summing up. The more information is explored in section 2.4.

As the wind also acts as an external force to bridge and train, respectively, it
needs to be calculated at every time step. Because the wind load on bridge is
not deterministic but has some random characteristics in nature, its simulation
on the basis of the determined spectrum and characteristics has to be performed
ahead. The wind load on train can be calculated from the aerodynamic
coefficients defined in the train aerodynamics, like section 2.5.

The iterative procedure is necessary to reflect the nonlinear property of
Hertzian contact force and creep force between wheel and rail. The calculated
contact forces are applied to the two subsystems by the law of action and
reaction, and determine the displacements of train or track, which are used for
checking the convergence of iteration. The detailed explanation is written in

section 2.6.
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2.2 Train modeling

The train system is one of the simplest and most independent system in this

whole framework. It models the train as carbody, bogie and wheelset by

combining their mass, dashpot and spring elements. The calculation of train

response is made independently and its result is applied to evaluate the contact

force between wheel and rail. This study chose KTX (Korea Train eXpress) for

a target model which runs 300km/h on Korean high speed line.

The basic mass, damping and stiffness matrix for KTX was suggested by

Park[83] and revised by Song.[84] Both papers derived the equations of motion

for an individual car by substituting the equations that define the Kinetic energy

(Ex), potential energy (Ep) and damping energy (Eq) into Lagrange’s equation

like Eq. (2-1).

;j (GEKJ_GEK OB, OE,
t

dt\ag, ) g, ag, o,
where  Ex: kinetic energy

E, : potential energy

Eq : damping energy

gv: vector of D.O.Fs of train

Each energy term is expressed as the combination of inertia terms for Kinetic

energy, relative deformations of suspension for potential energy, and relative

velocities of suspension for damping energy like Eq. (2-2)
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- Kinetic energy (Ex)
B = 92 22 (1 41,62 4 1,52
+- Z[mbl(xbl + ybl + Zbl) ( xbiébzi + Iybiébzi + Izbi(bbzi )]
i=1
+ EZ[mwi (szw + Z\/zvi)+ (l X ¢v2vu +1, Do )]
i=1
- Potential energy (Ep)
11 & 4 4
- _|:Z sti Rlisxi + Z Ksyi R}isyi + z KsziRliSzi

+Zl:KpX,R2 +lepr,R2 +ZKpZ,R2 (2-2)

4
Z b5y| Kbsyl

i=1

- Damping energy (Eq)
1 2 " 4 - 4 "
Ed = E|:§ Dsyi RDSyi + ; DsziRDSzi + ; DyawiRDyaWI
8 - 8 - 8 oy
+ Z DpXiRDpxi + Z DpyiRDpyi + z DpZiRDpzi:|
i=1 i=1 i=1
and according to the geometric relationship, the relative deformations are

defined as the Eq. (2-3) that are referred from Park[83] and Song[84] with

minor modification.
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Re,, =(=1) (%, =% —h6, —h,g, )+ (-1)"e(o. —y,)
Re,, = (=1 (Y. = Yo + s + oty )+ (-1 Ly,
Re. =2, + 2y + (-1 " LO+(-1)"e(s, - 4)
Reyr = L TYe = Yo + (0, =hy g ]+ (<2) Lo,

K

_1)I [Xc =Xy — (hl + h2 + hyaw)‘gc - hyawgbl]

+ (_ 1)m ea(("c - %l)

(_1)k+1[yc ~ Yok +(hl +h,—h )¢ + hd¢bk]+ Lo,
2.+ 2, + (1) "L OH-1) e (4~ 4h)

(2-3)

RDSyk
Rp,

RK = RDpr = (_1)U+1(an ~Xau — h ebn)+ (_1)V+1b (¢bn _wau)

pX

RK . RD ; :(_1)j+1(xbn yau +h3¢bn) ( )V+1a(0bn

py) pyj

Ri,, = Ro,, == Zun 2o +(=1) 26, + (- 1), (4, ~ 2,
where s : the secondary suspension (i=1 to 4)

p : the primary suspension (j=1 to 8)

yaw : the yawing damper (k=1 to 2)

bs : bump stop

I=integer[(i+1)/2], m=integer[(i+2)/2]

n=integer[(j+3)/4], u=integer[(j+1)/2], v=integer[(j+2)/2]

X, Y, Z: translational displacement along longitudinal, lateral and

vertical axis, respectively
@, 0, @ : rotational displacement about longitudinal, lateral and

vertical axis, respectively

¢, b, a: carbody, bogie and axle(wheelset), repectively
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Figure 2.2 Geometry of suspension in power car of KTX[83]
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This study uses the same method for KTX modeling used in Park[83] and
Song[84], but simplifies a few nonlinear elements such as traction link and yaw
damper to linear ones. Just one power car is considered in this model and the
other cars are modeled as moving masses at their wheelset position. The power
car is composed of one car body, two bogies (front and rear) and 4 wheelsets (8
wheels). Each component can have 6 DOFs but the rotational DOFs of 4
wheelsets about y-axis are ignored because all the wheelsets are assumed to
have the same angular velocity. So total count of train DOFsis 6x7 —4=238.

Modeling not all the train but only one power car is known to evaluate the
train responses more conservatively because the link between two adjacent
carbodies gives a kind of constraint which decreases the response of each
bodies. And the reason to add moving masses after the power car is to reflect
the additional deflection from the wheelloads of subsequent carbodies and their

reciprocal influence to the response of the first power car.

) Travel direction
00 : Moving mass

Figure 2.3 Modeling of moving mass for the subsequent vehicles
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Table 2.1 General properties of power car of KTX[84]

(a) Dynamic properties of the mass constituent elements in power car of KTX

Mass of body \A(/teolg)h t %ga%rct)i?jf Inertia moment (ton- )
(m) I ly I,
Carbody 54,916 1.72 59.4 1131.9 1112.0
Bogie 2.446 0.56 1.645 2.593 3.068
Wheelset 2.048 0.46 1.03 0.11 1.03

(b) Dynamic properties of the primary suspension in power car of KTX

Spring coefficient (MN/m)

Damping coefficient (MN-s/m)

pr

pr

sz

Dpx

DPY

Dpz

40.581

9.581

1.252

0.010

0.022

0.010

(c) Dynamic properties of the secondary suspension in power car of KT X

Spring coefficient (MN/m)

Damping coefficient (MN-s/m)

(Coil and elastic bearing)
st Ksy Ksz Dyaw Dsy Dsz
0.302 0.302 1.268 4.23 0.10 0.02
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2.3 Composition of track and bridge system

]

Track information
- Track length, Sleeper distance

- Rail, Fastener, Sleeper, Ballast

|

Make M, C, K matrix Make M, C, K matrix
of track excluding bridge of bridge with aeroelasticity
Direct Stiffness Method (DSM) Mode Superposition Method (MSM)
System Matrix Approximation (SMA) |:|

Combine both matrix

Make M, C, K matrix
of track including bridge

©)

Figure 2.4 Flowchart of track/bridge interaction
2.3.1 Track modeling by direct stiffness method

The contact forces between the wheel and rail, which are significantly affected
by the behavior of the track, are the important parameters in evaluating the train
safety. The track behavior is affected by many factors including the nonlinear
contact spring between wheel and rail, the bending stiffness of the rail, the shear
deformation of the rail, the discrete support condition of the sleepers, and the
mechanical behavior of track components, such as rails and fasteners. Most of
the track components can be feasibly modeled with finite elements. Therefore,
in this study, the track is modeled by applying the direct stiffness method.

The track model is also represented as a 3D one-layer track, which consists

of track components such as rails and fasteners. The top rail is modeled as a
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continuous Timoshenko beam. The fasteners are represented by linear springs
and dashpots, and the sleeper is represented by a mass.

There are two nodes between one sleeper length per a rail for reproducing
the sleeper motion, and each node has three DOFs for translational modes and
the other three DOFs for rotational modes because the rails are modeled as three
dimensional beam elements. Then track has many nodes along the whole length
under consideration. When we consider the long bridge with 550m length and
place one element between two sleepers, total node would be over 1,800 then
the number of DOFs over 11,000. This is only the node for rails excluding any
bridge nodes, which means that the modeling of detailed track and bridge with
long span needs very long CPU time and memory capacity in computer to
handle such big matrix. This is why this study introduced Mode Superposition
Method (MSM) in modeling the bridge part. If the track and bridge is combined
with MSM, the increasing number of DOFs for bridge is limited to the amount
of interesting modes. The next paragraph 2.3.2 will deal with the detailed
derivation and explanation for modal superposition.

When just considering the modeling of the track only, the long distance of
rail still becomes a burden to be modeled. In fact, the deformation of track
occurs in a narrow area (3~5m) around the loading point of wheel, and the
displacement of track outside the train length is almost zero on the roadbed or
as same as the displacement of substructure. Therefore the track can be modeled
just 60~100m long for one power car for calculating wheel/rail contact, and it
can move with the train along its designed direction. Basic concept of moving

track model is depicted in Figure 2.5.
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(a) Initial state

5 555355353535

Bridge

(b) Train running until the end of track
_ﬂ

= E e

(c) Track moving until the rear end of train

—_—
= ===

(d) Going back to step (b)

Figure 2.5 Basic concept of moving track

2.3.2 Bridge modeling by mode superposition method

The bridges can be modeled from any kind of programs, such as commercial
FE packages or in-house programs that can make model of and analyze the
bridge by modal superposition for structural analysis.

A track-bridge coupled model is created by combining the track model
obtained with typical Direct Stiffness Method (DSM) and the bridge model

obtained through MSM, which is introduced below.
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The equilibrium equation of the individual track and bridge system, shown

in Figure 2.6, can be expressed as follows.

where

{le M}(”C cﬂ(utj
MtZl Mt22 l:jtb C:t21 Ct22 l-“ltb

K K (u

K21 K22 utb ptb

= M, +C'u; +K'u; =p;
|:M]k.)1 Mfz}[uth_y{Cfl sz}(utbj
Mz Mg, [(G,) |Gy Co)\Uy

+ |:K£1 K£2:|(utb] — {p?b] (2_5)
K21 K22 ub pb

B+ B, B
= M7U; +C 0z + K ug =p;

M, C, K : mass, damping, and stiffness matrix, respectively

u : nodal displacement vector

p : nodal load vector

superscripts t (T) and b (B) : the track and the bridge system, respectively

(italic style, not roman)

subscripts t : DOFs of the track

subscripts tb : DOFs of the bridge which is in contact with the track
(interface DOFs)

subscripts b : DOFs of the bridge except interface DOFs
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Eqg. (2-5) for the bridge part can be compacted by using the modeshape for

bridge as @, = {<I)tb o, }T in MSM[59] as follows.

(I)EMB(I)BQ + (I)ECB(I)BQ + (I);KB(I)Bq = (I)-EripB

= Myg+Crgq+Kig=®p,

where

M: =® M°D,
Ci =®.C°®,
K: =K D,

N : total number of DOFs

(2-6)

My, Cr, K3 : modal matrix for mass, damping, and stiffness

T : transpose of the matrix (roman style, not italic)

Since both Eq. (2-4) and (2-5) use the same displacement vector, uw, as the

interface nodes, they can be collected to Eq. (2-7) for compatibility condition.

M, M,
M, My,
0 0
C, Cj,
+|Cy Gy,

0 0
K K,
+| K5,

0 0

0 u, 0
0y, [+]0 M,
ofu,) |0 M5,
olfu [0 ©
ofu,|+/0 C
oflu,) [0 C
Olfu) [0 0

where  p,, = ptb + p?b = p?b ( p:b = 0)
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The displacement of bridge can be expressed as the multiplication of shape
function and generalized coordinate as Eq (2-8). For satisfying the compati-
bility condition, the overall displacement vector of the coupling system can be
expressed as the nodal displacements of the track, and the generalized coordi-

nates (q) of the modal analysis of the bridge.

u, I 0 y
u=lu, |=|0 ®, ( t]:qm (2-8)
u, 0 @, a
where 1 : identity matrix

@y, : the modal matrix for interface DOFs
@y, : the modal matrix for bridge except interface DOFs

g : vector of generalized coordinate

U, =®,q,u, =d,q as compatibility condition

I 0
®=|0 @®, | :compatibility matrix
0 @,

=

u
:( tJ  displacement vector
q

The modal matrix is defined as a matrix that contains the values of the modal
shape functions at the target DOFs. When P number of modes are considered
with Q number of interface DOFs and total DOFs of bridge is R humber, then

@, becomes an Q X P matrix and @, becomes an (R—Q)x P matrix.
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If the displacement vector, u in Eq. (2-7) is replaced with T, and both sides
of the equation are multiplied by ®T for equilibrium condition, Eq. (2-7) can be

written as follows.

0 0
M! ML® u T u
T Mt T 12t © :| ..tJ-i' 0 (Dtb M?l Mlljz (I)tb [tj
(I)thn (I)thzzq)tb q q)b Mtzll N[tzz2 (I)b q
B t t N/, 0 O ] X
+ Cll Clzq)tb Ulj+ D, ! Cfl Cl1)2 D, [UtJ 2
_(I)thCtZl (I)chtzz(l)tb_ q Lq)bJ Cgl ng ((I)bj q ( -9)

0 0
0

T u
RIS
o, ) [k Ki|@, )]

Jorh K, }(uj
[ PKy PpKy®y [
:[ P, J

®p, + PP,
Since the (2,2) element of the each second matrix in the above equation

expresses the generalized stiffness obtained from the modal analysis, Eq. (2-9)

can be expressed as follows.

M, M, @, U,

O M, D M@, +My [ §

e Cl.®d lru

n T11t : t12 th . -tj (2-10)
_(I)tbC21 ®,C,, @, +Cy N

LK K@y, (utj:( P j
_q)thKtzl O K0, +K | g (I)thptb+(I)gpb

where  MF =diag(M,,---,M,)
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CEI = diag(2§1a)1M11""2§NwNM N)
KP = diag(Mla)f,---, M Na),i)

diag(---) : diagonal matrix composed of ---

A new stiffness matrix (the same as that for the mass and damping matrix)
for a track/bridge system would be obtained by the manipulation of Eq. (2-9),
which is carried out by multiplying the sub-matrices (K11, K12 and Kz) of the
track stiffness matrix with the modal value matrix (®uw) at interface DOFs and
by adding the generalized stiffness of the bridge.

This study sets the Yeongjong Bridge as a bridge model, because the bridge
is the only long span cable-supported bridge which carries railway in Korea. In
order to connect the Incheon international airport to Seoul station by high-speed
railway, the operation line for KTX is extended to the airport recently. Conse-
quently it is a good chance to evaluate the runnability of KTX on Yeongjong

Bridge.

There is one alternative to solve the problem of track-bridge interaction; to
extract the modes of track and bridge as a whole. The alternative is usually used
in the commercial multibody dynamics (MBD) packages, but is not recom-
mended in a sense that modal superposition method is not efficient to calculate
the local deflection of rail between two sleepers with enough precision. Because
the rail deflection occurs in a narrow length about 3~5m but gives a big effect
to the magnitude of contact force, the accurate calculation for rail deflection at
the contact point needs large amount of modes, thus the advantage to use modal

superposition method has vanished.
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2.3.3 Bridge/wind interaction by system matrix approximation

Most needed in the application of wind velocity is a special method that can be
embedded into MSM and easily handle the aeroelasticity in time domain.
System Matrix Approximation (SMA), proposed by Jung[85], is the very
feasible method in a sense that it can use the truncated modal decomposition in
the structural eigenvector space, and eliminate the dependency of the structural
aerodynamic transfer function on frequency. SMA method can be summarized
as follows, and the detailed derivation and application is addressed in Jung.[85]

The governing equation for bridge under the action of wind is expressed as

Eqg. (2-11) in dynamic virtual work expression of a discretized structure.

SUTMPBU, + QUL CPu, + QUL K Bu, = AT, + AULp, (2-11)

where M8, CB KB : mass, damping and stiffness matrix of bridge
ps : equivalent nodal force vector
us : nodal displacement vector
0 : virtual quantity

oIl g : external virtual work done by self-excited forces

The Fourier transform of Eq. (2-11) yields the dynamic virtual work expression

of an aeroelastic system in the frequency domain

(o) = sup[f- 0*M® +i0C® + K® — ¥, ()3(us)

(2-12)
- S(p B )] =0
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where W, () structural aerodynamic transfer function

~

J() : Fourier transform operator

Because Eq. (2-12) should hold for all admissible dug, the equation of motion
for a structure that is subject to the action of wind is derived in the frequency

domain like following equation.
[-*M® +iaC® + KB - W, (0)] S(ug)=3(p,) (2-13)

The inverse Fourier transform of Eq. (2-13) yields the equation of motion in the
time domain, which contains the well-known convolution expression for the

aerodynamic force.

Mt +C201, +K°Uy =Py + [ @, (t— 7y ()dz (2-14)

where @, : aerodynamic impulse response function matrix

SMA approximates structural aerodynamic transfer function by a second-

order polynomial with respect to frequency as follows.
¥ (0) VP, () =—*M® +iaC® + K® (2-15)

where ‘f’ad (w) : approximate structural aerodynamic transfer function

M8, CB K& : unknown coefficient matrices
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And the aeroelastic transfer function in Eq. (2-13) is approximated using Eqg.

(2-15)

0~0=[-?M® +ioC® +K? - ¥ (o))" 018
~[ oM +iecE +KE ]
where 0, @ : aeroelastic transfer function and its approximation

ME =M® —M?, CB =C®-CP, K& =K®-K"®

After substituting Eq. (2-15) into Eq. (2-13), Fourier transform of it yields the
approximate equation of motion defined as a usual second-order differential

equation in the time domain like Eqg. (2-17)

(MB _MBﬁB +(CB _EB)JB +(KB _IZB)JB =Ps
= M2, +Clu, +KEu, =p,

ae ae—' B

(2-17)

Like the analysis of bridge by mode superposition, the aeroelastic system
matrices can be reduced to by the truncated modal decomposition for the
computational efficiency. Jung[85] deduced the relationship between the
displacement of the aeroelastic system and the vector of generalized coordinate

like Eq. (2-18).

Ug :(I)Bq:Z(ijj(t) (2-18)

where  ug : nodal displacement vector of bridge
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®s : the eigenvector matrix

g : vector of generalized coordinate

Because the dynamic behavior of a structural system can be accurately
estimated with several dominant modes in many dynamic problems, it may be
assumed without any loss of generality that several lower modes in Eq. (2-18)
dominate the aerodynamic behaviors of a structure. With this assumption, the
displacement of an aeroelastic system may be approximated by truncating Eq.

(2-18) at j=1 to M<N.

M
l"IB z(I)Br(:]r :Z(quj(t) (2-19)
j=1

where  ®g; : the truncated eigenvector matrix
gr : the truncated vector of generalized coordinate
r : the truncated or reduced system

M : reduced number of DOFs

The truncated equation of motion of the aeroelastic system for the generalized

coordinates is derived by the substitution of Eq. (2-19) into Eq. (2-13)

q)gr [_CUZMB +ia)CB + KB _Tad(a))] q)BrS(uB)
:(I);rS(pB)

(2-20)

The aeroelastic transfer function in the reduced solution space, (:)r 1s defined as
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0, =|- *M" +iaC" + KT — ¥, (o)) (2-21)
where (:)r - aeroelastic transfer function in the reduced solution space

M* =@, M°®

C¥" =, C°d

K¥ =@ K°d,

{I};d = (I)gr‘i}adq)sr

The approximate relationship of Eq. (2-15) in the reduced solution space is

given as

¥ (0) ~ T, (0) = -*M® +iaCP + K™ (2-22)
where ‘i’;d (w) : approximate structural aerodynamic transfer function

in the reduced solution space

M®  CP K™ : unknown coefficient matrices in the reduced solution space

The approximate aeroelastic transfer function is defined in the reduced solution

space using Eqgs. (2-21) and (2-22)

0, =[-0*M¥ +inC¥ +K¥ — 7, ()]
—[ oM tioCE +RE |

-1

(2-23)

where M®, CP IZS; : modal matrix for mass, damping, and stiffness

ae’ ae’

with consideration of aeroelasticity in the reduced solution space
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Substitution of Eq. (2-23) into Eq. (2-20) and the inverse Fourier transform of
the resulting equation lead to the approximate equation of motion in the reduced
solution space

MG +Cg" + K =@ p, (2-24)

e

The modal matrices (M2, C%, K® ) in Eq. (2-23) can be embedded into

ae’? ae’ ae

Eq. (2-10) in MSM like Eq. (2-25).

M, M, m
(I);[),thM (I);ll-),thZZ(I)tb,r-l_MaB; q

t t .
+ Cll ClZ(I)tb,r ut
®] C\, ®] C.®, +C¥ | ¢
|~ thr~21 th,r ~22* th,r + ae q
- (2-25)

+ Kil Kizq)tb,r _ (utj
_(I);[),rKIZI (I):l—a,thzzq)tb,r—’_KS; q

B P+
(I);Il—a,rptb + (I)grpB

where @, ::the truncated eigenvector matrix at the interface node
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Now remaining is how to determine the unknown coefficient matrices
(M8, C®,K®) in Eq. (2-15). The detailed derivation is written in Jung[85] and
summarized as follows.

The unknown coefficient matrices, M2 ,C% K® , can be determined
through minimizing the weighted error between the exact and approximate
transfer functions by using the weighting function of the exact aeroelastic
transfer function. The weighted error matrix of the approximation in Eq. (2-22)

is defined by the modulus of a complex number of each component

E :| Ekl |: n"Pkrl _lPkrI

Wy ]
05 } (2-26)

_ H[(\P;I Y A =

where  E, E,, : error matrix and its components

wy : predefined weighting function
()R (+)":real and imaginary part

|-| : modulus of a complex number

The unknown coefficient matrices are determined by minimizing the norm of

the weighted errors in Eq. (2-26)

mf  mf
E||2Fda): ZZL " Eidw

k=1 1=1

NMi’rller:LwW

M",C

mf mf O R - - 2
=ZZ{I [(‘Pk“.) —(—w2M£.+Kk'.)] wydo  (2-27)

[ [(\11;, ) —aCy ]zwf,da)}
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where ||| _ : Frobenius norm of a matrix
Wpex - Maximum frequency that defines the maximum frequency range

of the structural aerodynamic transfer function

and the minimization problem of Eq. (2-27) at each component is a quadratic
form with only three unknowns, the computational effort for determining the
coefficient matrices becomes trivial. The first-order optimality condition yields

the following linear algebraic equations:

Jretwido 0 [T otwido iy
0 J.Oww oW do 0 Czkr,
- J’meax o*W,dw 0 wa wWadw Ky (2.28)
- wa o’ (‘I’kr, )R wWodaw
= I:max ®* (‘Pkr, )I wWadw
J‘:W (‘{Jkr, )R wWadw

The weighting functions in the error matrix are introduced to consider the
responses of an aeroelastic system in approximating the structural aerodynamic
transfer functions. The weighting function should represent magnitudes of
responses of the real aeroelastic system, and thus the transfer function of an
aeroelastic system in the reduced solution space given in Eq. (2-21) is

recommended to be a good choice for the weighting function in Jung.[85]
w, =0 | =[F oM +iaC] + K, - ()] (2-29)
K K @ Wiy Wt Ry — Tl
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2.4 Implementation of wheel/rail interface

2.4.1 Determination of contact position

[1,2] Initial wheel & rail geometry

Wheel displacement [
- lateral & vertical

- rotational(rolling) \
Rail displacement

/,,

- lateral & vertical \\\ \@t D -
., -

¥ ey = =
Calculate the displaced @

wheel & rail geometry |
- Rotation & Translation \ /
! -
/ Find the maximum penetration /

between wheel & rail

Contact geometry

at contact point

- Radius(or curvature)
- Inclination

- Coordinate

Figure 2.7 Flowchart for finding contact point

If the rail is assumed to be rigid and fixed, i.e. no rail movement occurs, then

the calculation of wheel/rail contact point is simple and dependent only upon

the wheel displacement, but in reality the rail can move and it makes the contact

problems more complex. The wheel can move laterally and vertically, and

rotate about longitudinal axis, and even the rail can also do it. So in every single
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step, initial profiles of wheel and rail have to be translated and rotated according
to their displacements respectively. Then the maximum penetration depth
between the displaced wheel and rail profiles can be calculated by some simple
arithmetic to solve the geometry problem.

In order to consider the worn profiles of wheel and rail, the measured data of
profiles have to be analyzed by using some interpolation skills, like spline
analysis. Because the interpolation skill needs much calculation time for every
contact-point-searching algorithm, so it is assumed to use the new profiles of
wheel and rail without any wear.

Since new rail profile is usually symmetric and divided into five parts, and
has actually only three different curvatures, it is very easy to idealize and make
numerical formula for it. But the wheel profile is difficult to be defined as
simple combination of polynomials because it is very complex like Figure
2.8(a). It needs to be simplified, and this study uses two linear functions to

express tread and flange contact respectively. (Figure 2.8(b))

/

(a) Original profile (b) Bilinear profile

Figure 2.8 Simplification of wheel profile (original to bilinear)
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Therefore the contact-point-searching algorithm is now focused on finding
the maximum distance and its position between two 1% order linear equations
and three 2" order circular equations like Figure 2.9. The two 1% order linear
equations have to be translated and rotated according to the displacement of
wheelset, and the three center coordinates of 2" order circular equations have
to be moved according to the rail displacement. The rotational displacement of
rail is ignored and the rotation of center coordinate is omitted.

The penetration is easily obtained as a subtraction from the circle radius to
the distance from the center of circle to the linear equation. The penetration of

right or left contact can be expressed like

Orread = maX(RRs - dR3’ NaN) (2-30)

5F|ange = maX(RRl - de’ NaN)
Wheel profile (tread) —
Ors
Rail profile
T .RR?,ZBOR_“
'/d‘Rl
Wheel
profile
(flange)
1 (MggiNgs)

Figure 2.9 Scheme for wheel/rail contact
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where 6,

Rr;j : radius of rail profile at j-th circle (where j=1,2,3)

: penetration at the i range (i=Tread or Flange)

(Rri=13mm, Rrz=80mm, Rrs=300mm)
dgj : distance from the center of j-th circle to the linear equation
NaN : Not-a-Number, which means no penetration

(separation b/w wheel and rail)

In this equation, dg; can be obtained as follows. When the linearized wheel

profile before translation and rotation is expressed as eq. (2-31)

Yi=aQuX + bwli (2-31)

where  awai, bwai : inclination and intercept of wheel profile before translation

and rotation at the i area of wheel (i=Tread or Flange)

and the wheel profile after translation, (xw, yw), and rotation, &, can be

expressed as Eq. (2-32).[86]

Y2 = 8%, + by
_sinf+a,,;cosd
 cosf—a,,sind
B 1
 cosf—a,,sing
~vy,(l-cos@+a,sind)+b,,]

2i

(2-32)

[(Xu(@y; — @y cos 0 —sin 9)

w2i

where  awi, bwai : inclination and intercept of wheel profile after translation

and rotation at the i area of wheel (i=Tread or Flange)
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From the formula for the distance between one point and one straight line,

drj can be obtained like

\a
dy =

J

Mg —Ng +D

wW2i
2
\/aWZi + 1

w2i

(2-33)

where (Mg, Ng;) : the center of j-th circle of rail profile after translation

j=1 when i=Flange, j=3 when i=Tread

2.4.2 Creepage formulation

The relative motion between two bodies that are in contact can be the result of
rolling and sliding motion. In the general case of rolling and sliding, the two
bodies have different velocity at the contact point and different angular velocity.
The relative angular velocity along the normal to the surfaces at the contact
point is called spin. If the linear velocities at the contact point are not equal, the
rolling motion is accompanied by sliding. If the angular velocities are not equal,
the motion is accompanied by rolling and/or spin. When rolling occurs without
sliding or spin, the motion is considered to be pure rolling. In the case of the
contact of two elastic bodies subjected to external applied normal load, some
contact points on the contact surface may slip, while other points may stick.
The difference between the tangential strains of two bodies in the adhesion area
leads to a small slip that is called creepage. The creepage is, therefore, due to a
combination of elastic deformation and friction.[25] This pheonomenon was

recognized by Carter.[16]
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Wheel velocity
- lateral & vertical
- rotational(rolling)

Wheel displacement

- lateral & vertical
- rotational(rolling)

Contact geometry

at contact point

m Contact plane

- Directional cosine

Rail velocity
- lateral & vertical

Relative velocity

at contact plane
|

/ Calculate creepages /

Longitudinal creepage

Lateral creepage
Spin creepage

Figure 2.10 Flowchart for calculating creepages

In the case of the wheelset running over the rails, creepage is defined in both
the longitudinal and the lateral directions and also about the common normal
of the contact patch (spin) as shown in Figure 2.11. The formulation is provided

in Garg and Dukkipati[24] as in Eq. (2-34)

¢
¢ =\ -V )/V at contact point (2-34)

where &<, ¢, - longitudinal, lateral and spin creepage
V" V." : i-directional velocity of wheel and rail, respectively (i=x,y)

w;", ] : z-directional angular velocity of wheel and rail, respectively

V : nominal velocity of train
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wheel

RoIIing \ /

direction / J

rail

(a) Longitudinal creepage (b) Lateral creepage (c) Spin creepage

Figure 2.11 Definition of creepages[24]

Based on the Eg. (2-34), the right and left creepages which contain rail
velocities and fully nonlinear terms without any simplification, can be

expressed like Egs. (2-35) and (2-36)

En = |- 00tk — @ (4r COS G, + e SN, )+ X, COS @,
+5in 0, (= Vis + Vo )V
R = [ngW(— 8, SiN 5, + 1,2 COS S5
—sin(d, — 5 Nim — 2§~ c0s(¢, — 6) (2-35)
x{x,sing, + (yrR Y )Jo0s @, IV
Eor = [49 sin g, +sin(g, — rR){49rR COS @, — s SIN gow}
+ COS(¢W - 5rR){ - sV }]

£l [ o.r. +¢,(a, cosg, —r, sing,)+x,cosp,
+5ing, (= Yo + V)V
&y = [gz}W(aWLsin 5, +1, 0SS, )
—sin(d, — 5 N2, —2,}-cos(¢, - 6,) (2-36)
x {X, sing, + (yrL V., )cos o, IV
EpL = [49 sing,, +sin(g, — rL){¢9,L cos @, — @, sin (pw}
+ COS(¢W — O ){ — iV }]
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where X, Y, z: translational displacement along longitudinal, lateral and
vertical axis, respectively
@, 6, ¢ : rotational displacement about longitudinal, lateral and

vertical axis, respectively

ay, : distance to contact point along the longitudinal wheelset axis

from the mass center of wheelset

rw : rolling radius of wheelset at contact point

o : inclination of rail seat

V : nominal velocity of train

subscripts R and L : right and left, respectively

subscripts w and r : wheel and rail, respectively
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2.4.3 Calculation of creep force and contact force

Contact info.

Creep
coefficients

Longitudinal creepage

Lateral creepage
Spin creepage

)| enerotion

Contact geometry

at contact point
- Curvature

by Hertz theory

Contact area

- elliptic semiaxes

7/ Calculate creep force // Calculate normal force /

at contact plane at contact plane

Contact plane Calculate contact force
- Directional cosine at global coordinate

Figure 2.12 Flowchart for calculating creep force and contact force

For the wheel/rail contact problem, Hertz theory[15] is the most commonly

used theory to determine the shape of the contact area and the normal contact

force which is defined as Eq. (2-37).

F, = K,5%?

(2-37)

where F,: normal contact force

Ki : Hertzian contact spring coefficient

0 : penetration depth between wheel and rail
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Byy?
body 1

body 2
R

2
AxXs

Figure 2.13 Definition of Hertz contact problem

On the other hand, several creep force theories have been developed and
applied to solve the wheel/rail contact problem, such as Carter’s theory[16],
Vermeulen and Johnson’s theory[17], Heuristic nonlinear creep force
model[24], Polach’s nonlinear creep force model[23], Kalker’s linear theory,
simplified theory and exact theory[21], and so on. Kalker’s simplified theory is
widely used in the world for the accuracy and efficiency of calculation. Its
source code, FASTSIM, is open to public in his paper and applied to calculate
the creep force in this study.

The analytical solution based on the simplified theory can be obtained when
the effect of spin moment is ignored. In this program the contact surface is
discretized into several strips, and the creep forces are calculated by
incrementing the tangential tractions from on strip to another. The complete
algorithm of FASTSIM can be found in Kalker.[22]

Normal force calculated from Hertzian contact theory, and creep forces
calculated from FASTSIM, are defined in the plane of contact patch, and have
to be rotated and integrated into the global coordinate, finally expressed as

contact forces(longitudinal, lateral and vertical wheel load).
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2.5 Wind application

In order to simulate the wind load to bridge and train, first of all, the wind
history has to be generated in any way. The random characteristics of wind are
usually defined as the mean wind velocity, wind spectrum, turbulence length,
turbulence intensity, coherence function and so on. In this section, such
parameters are determined to meet the in-situ condition of the target bridge.
Since the aeroelasticity is an important factor to bridge response, an efficient
way to reflect it into the MSM is introduced. Then the wind load on train is

calculated by means of aerodynamic.
2.5.1 Simulation of wind load on bridges

Basic procedure to simulate the wind load on bridge is introduced by Lee.[87,
88] The Von Karman spectrum in Eq. (2-38) is used to simulate a fluctuating

wind velocity to reproduce the properties of real wind. (Stremmen[65])

ns, 4n,

of  (1+70.8n%f"
nS, 4n,(1+755.2n2)
of  (1+283.2n2)""
ns, _4n,(1+755.2n2)
on  (1+283.202 )"

(2-38)

where  nS, /cri2 : normalized spectrum (i=u, v, w for longitudinal, lateral and

vertical direction, respectively)
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n : frequency

af : variance of each component (i=u, v, w)

n; : normalized frequency of each component (ni=nL/U, i=u, v, w)
U : mean wind velocity along u-direction

Li : length scales of each component (i=u, v, w)

For the parametric study for various circumstances of fluctuating wind, the
mean wind velocity, U, is assumed be six cases, that is U=5, 10, 15, 20, 25 and
30m/s in addition to no-wind condition (U=0). By applying the equation of
Stremmen for turbulence length, L,=157.71(m), L,=39.43(m) and L,=13.14(m)
is determined in the middle of the Yeongjong Bridge. The turbulence intensity
is presented in Design Guidelines for Steel Cable-Supported Bridges
(KSCE[89]) that gives the values, 1,=11.88%, 1,=9.50% and 1.,=5.94% for this
study. In order to consider the spatial correlation of wind velocity, the coherence

function is used like Eq. (2-39).

U

Jcohin:ni:exp(— k”nnj (2-39)

where n: frequency
7 . distance between two points

U : mean wind velocity along u-direction

045 . ..
k, =14(17/2)** : horizontal coefficient

z : height of each point
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To take the uncertainty of the fluctuating wind velocity into account, five

wind seeds are generated in this study. (Figure 2.14)

\ ——Seed1——Seed2 — Seed 3 —— Seed 4 Seed 5 \
10
@
E
>
8
()
>
Time (sec)
(a) u-directional fluctuating wind velocity
[——Seed1——Seed2  Seed 3 —— Seed 4 Seed 5]
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Q)
S
~ ! M
>
8
()
>
_10 T T T T
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Time (sec)
(b) v-directional fluctuating wind velocity
[——Seed1——Seed2 — Seed 3—— Seed 4 Seed 5]
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2 0 i L ARt 4 N | f it |
8 o "'MM L M‘ Al M‘r’w'r i Al
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Time (sec)

(c) w-directional fluctuating wind velocity

Figure 2.14 Simulation result of fluctuating wind velocity
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2.5.2 Calculation of wind load on train by aerodynamic coefficients

Fluctuating wind velocity that vibrate the bridge, can give train a kind of loads,
such as forces and moments. The relation between resultant wind velocity and

force on the train is expressed as Eq. (2-40)[69] and Figure 2.15.

(2-40)

M. (8)=C, (B)atI;

where Fy, Fy, F;: drag, side, lift force on carbody (N)
My, My, M; : rolling, pitching, yawing moment on carbody (N-m)
Cbo, Cs, Cy: drag, side, lift force coefficient (-)
Cr, Cp, Cy: rolling, pitching, yawing moment on carbody (N-m)
S - incidence angle (rad)

q : dynamic head pressure (N/m3?), = ,0(\/2 /2)
hr, wr, It : height, width, and length of carbody (m)

o : density of air ( 0 =1.275kg/mq)
V : resultant wind speed (m/s), V =V, +V;?
Vw : wind velocity along lateral direction (m/s)

Vr : train velocity along longitudinal direction (m/s)
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Figure 2.15 Definition of wind load on train

Because the train speed is assumed to be constant, the effect of drag force
can be neglected, and the other five loads are applied on the train body. As
written already, a lot of analyses and experiments[68-73] had performed for
acquiring the aerodynamic coefficients. (Cp, Cs, C, Cr, Cp, Cy) The results of
aerodynamic coefficients according to the incidence angle ( /) are recalculated

by means of Eq. (2-40) and summarized in the Figure 2.16.
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Figure 2.16 Aerodynamic coefficients
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Figure 2.16 Aerodynamic coefficients (continued)
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Figure 2.16 Aerodynamic coefficients (continued)

Especially Diedrichs[69] and Orellano[70] derived the aerodynamic coeffici-
ents for ICE 1l, and Kwon[73] for KTX by the Computational Fluid Dynamics
(CFD) analysis and the wind tunnel test for scaled models. There are not enough
test results for KTX that include the six components of aerodynamic
coefficients and wide range of incidence angle. The other result that can reflect
the aerodynamic characteristics of high speed train has to replace it, therefore

the result of Orellano[70] is chosen as an appropriate candidate.

61



2.6 Iterative procedure and time-stepping method

The iterative procedure is necessary to reflect the nonlinear property of Hertzian
contact force and creep force between wheel and rail. The calculated contact
forces are applied to the two subsystems by the law of action and reaction, and
determine the displacements of train or track, which are used for checking the

convergence of iteration. The overall flowchart of this framework is shown in

Figure 2.17, and the Newton-Raphson method[59] is applied in this iteration.

at a certain longitudinal position Track irregularity

Rail displacement

Rail geometry

/ Calculate contact position

Contact geometry

|-. Penetration
Creepage / Creep force
T

Wheel contact force Rail contact force

TrainM, C, K
Calculate new Calculate new
wheel displacement rail displacement
| T
no"/’lm-r:Mno

yes

Figure 2.17 The detailed flowchart of overall scheme

TrackM, C, K

62
2 A28k

=



Because the displacement norm has to be small enough to converge the
contact forces, the sensitivity of wheel/rail contact has to be considered. When
the Hertzian contact is linearized as a spring constant, the stiffness is about
2.7x10°%(N/m). If the penetration depth between wheel and rail changes 1pm,
then the normal contact force changes up to 2.7kN. Therefore the 2™ displace-
ment norm has to be extremely small like 5x10°(m) or less to guarantee the

convergence of force.

Among the solutions for the time-stepping, Newmark method (Chopra[59])
is one of the most popular solutions in the structural dynamics. It assumes the
displacement and velocity at the time step of t+.At in Eq. (2-41) and applies

them to the equations of motion.

Ut+A’[ = Ut +[(1_j/)At]Ut +(?/At)UI+At

U = U000, +[05-patf o, [ptan o,

where Uy, U o @ displacement vector at t or t+.At
U=duU/dt, U=d?U/dt?
t:time
At : time step

B, 7 : the coefficients of Newmark method
However, the Newmark method can consider numerical damping (or

algorithmic damping) only by reducing the accuracy. The numerical damping

indicates the arbitrary decrease of the cumulative round-off error, truncation
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error, and so on in the numerical analysis. As a supplementation for this
drawback of Newmark method, Hilber, Hughes and Taylor[90] proposed an «
—method (HHT- @ method) which introduced « variable to maintain the 2™
order accuracy and simultaneously consider the numerical damping. This
method uses the same assumptions of Newmark family and applies the

equations of motion like Eq. (2-42) using the coefficient, «.

[M ]Ut+At (1+ a)[C]UHAt [C]Ut + (1+ a)[K]Ut+At

~(+a)K]U,y =+a)P,, —aP, (2-42)

The response at t+ At can be acquired by substituting Eq. (2-41) into Eq. (2-42)

A

[K] U, =P (2-43)

where K] =[M]+ @+ a)(a)Cl+ 1+ a)B(AtP[K]
ISt = (l+ a)Pt+At - aPt - (1+ a)(l_ 7)(At)[C]
+([1+a)i- YAtV K]0, - [C]+ @+ a)At)K]U, - [K]U,

In this equation, if —1/3<a<0, f=(1-a)/4 and y =(1-2a)/2
then HHT- @ method is known to be implicitly and unconditionally stable and

maintain the 2" order accuracy.

The time step has to be sufficiently small for solving convergence problem
with little error at each step, and simultaneously not too small for the total

analysis time to be reduced. The train/track interaction program for only
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vertical direction uses the time step of hundreds of micro second which is
determined to record the responses of train and track over 50 times between
two adjacent sleepers. (Yang[91]) The 3D interaction program, however, has to
deal with not only the vertical force but also the lateral force, thus it is more
sensitive than 2D program. Consequently the time step of 3D should be much
less than that of 2D.

Moreover, when we consider the linearized Hertzian contact spring
(2.7x10°%(N/m)) and wheelset mass (2.048ton), the natural frequency of
wheelset is about 1,148(Hz). Atime step is usually chosen based on the smallest
vibration period of the interesting body divided by 8~10.[92, 93] Therefore the
time step has to be smaller than 8.3x10°(sec) and is determined to be 2x105(sec)
in this study in order to satisfy the convergence criterion of displacement norm,
5x10°(m). The followings are the representative papers which used the time

step similar to that of this study.
- W. M. Zhai (2009)[94] : 10x10->(sec)

- X. Xiao (2011)[95] : 7.2x10(sec)
- H. Chollet (2013)[96] : 1.5x10-3(sec, nominal) ~ 0.11x10%(sec, minimal)

65



66

2 A g ot

SECRIL WATCeAL LIMNVERSTY



Chapter 3 Verification of the proposed framework

3.1 Overview of verification procedure

Because there is no comparable target program to integrate all the interactions
discussed above, the verification of the suggested framework is performed
individually in three major parts. The first part is the verification of 3D analysis
of wheel/rail interface which includes finding the contact points and calculating
the creepages and contact forces. The second is track/bridge interaction part
that checks the appropriate result by mode superposition method as suggested
before. The last one deals the wind/bridge interaction which includes the aero-

elastic deformation of bridge.

3.2 Verification of train/track interaction
3.2.1 Train model and track cases

As explained in section 2.1, the train/track interaction is set with the following
sequence.
- Find the contact position between wheel and rail.
- Calculate the creepages using the geometry information and relative
velocity of wheel and rail at contact point.
- Compute the normal force from the penetration depth based on the

Hertzian contact theory.

67



- Calculate the tangential creep forces according to FASTSIM algorithm.

- Determine the contact forces by rotating the normal force and creep
forces to be fitted to global coordinate.

- Apply the contact force to train system and track system individually and

reciprocally.

In 1999, Manchester benchmark project[97] was executed to compare and
verify the analysis results of various commercial packages. The main purpose
of this project was to present the simulation results of vehicle dynamics to the
people who design and research the suspension of train, and to determine the
compatibility of them. The major commercial packages at that decade were
participated in this project, such as VAMPIRE, GENSYS, SIMPACK,
ADAMS-Rail (VI-Rail) and NUCARS. It dealt with four different track types

as following table.

Table 3.1 Track cases of Manchester benchmark

Cases Model Purpose Figure 3.1
Casel Curve Quiasi-static curving -
Case 2 Lateral shift Stability prediction (@)
Case 3 | Lateral periodic irregularity Lateral interaction (b)
Case 4 | Vertical periodic irregularity Vertical interaction (c)

Currently because this study does not includes the analysis of the curved
section, it is desired to perform a comparison of the results relating to the

remaining three cases (Case 2, 3, 4). The target of Case 2 is to predict the
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Figure 3.1 Track irregularity of Manchester benchmark

69



stability and characteristics in behavior of vehicle suspension according to the
lateral force exerted from the instant lateral shift of track irregularity. The shape
of track irregularity is so simple that it is easy to compare the result of wheel/rail
contact, such as the contact geometry of wheel and rail at the contact point and
creepages. Case 3 and Case 4 is intended to compare the lateral/vertical
interaction, respectively, due to the periodic track irregularity in Figure 3.1(b)
and (c). Therefore, mainly presented are the results of lateral contact forces in

Case 3 and that of vertical forces in Case 4.

3.2.2 Assumptions for simplified train and track

The Manchester project presented two different vehicle models, one is the
passenger car with one carbody, two bogies and four wheelsets, and the other
is the freight car with one carbody and two wheelsets. Since it is evident that
the more accurate comparison is possible when using the simpler vehicle
structure, only freight car is used in this study, instead of the passenger car with
more complex structures and nonlinear suspensions and dampers. Moreover,
the frictional damper included in the freight vehicle of the Manchester
benchmarking, is excluded for the simplification.

The actual wheel profile (S1002) used in the Manchester project is replaced
by the flat profile like Figure 3.3 for the same purpose. Such assumptions of
simplification are thought to be helpful for comparing exactly the results of

Manchester and that of this study.
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Figure 3.3 Simplification of wheel profile (original to flat)

The commercial package that is available for verification is “VI-Rail”’[98]
which was called “ADAMS-Rail” at the time of project execution. The
embedded model for the freight car is modified to exclude the friction damper
and have the flat profile. This study makes the same model by using the same
dimension and properties, and the results are compares to that of Manchester.
The rail is assumed to be rigid and fixed for eliminating the effect of track

movement.
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3.2.3 Comparative result with Manchester benchmark

(1) Case 2 - Lateral shift (5mm movement)

Most of all, Case 2 can give comparison of various contact phenomena between
wheel and rail. The first change by the contact of wheel and rail is the relative
displacement of the two objects. As there is the lateral shift of 5mm along the
longitudinal 10cm’s track, the vehicle undergo the change of wheel contact
point in a moment while driving. Figure 3.4 (a) and (b) shows the result of the
contact position of the wheel relative to the center of the rail, it is seen that the
larger displacement occurs at the first axle than the second axle, and the results
of VI-Rail and this study give almost perfect match in the contact position.
Once the location of the contact point is determined, the creepages can be
calculated after extracting the exact geometric information of wheel and rail at
the contact point. The representative information is the rolling radius of wheel,
which is shown in Figure 3.4 (c) and (d). These results have the same tendency
as the lateral movement that the first wheelset changes more than the second

one, and also show a good agreement with each other.

In the next step, the creepages that are calculated from the relative velocities
and the geometry information, are shown in Figure 3.5 for longitudinal, lateral
and spin creepage respectively. Whereas longitudinal creepage and lateral
creepage give the matching results, the spin creepage shows the same pattern
but the slight difference in the value itself. Given that the inputs (the relative

velocities and geometry information) are same, the creepages must be equally
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computed. But the gap in spin creepage is predicted to be the difference of
creepage equations applied in the two programs.

Since the expressions for creepages are very complex, some packages used
to simplify such expression ignoring nonlinear terms in them. But this study
contains all terms in Egs. (2-38) and (2-39) to calculate the creepages more
precisely, which is thought to be better results than that of VI-Rail. And the gap
is about the order of 10*m™ which is so trivial as to give little effect on the
contact force afterward.

Therefore, all results about the contact position of wheel and rail, the
geometric information at contact point and the creepage calculated from them
according to the lateral shift of the track, confirm that this study substantially

yields a good agreement with VI-Rail for the wheel/rail contact problem.

(2) Case 3 - Lateral irregularity (harmonic)

Case 3 simulates and analyzes the lateral track irregularity of periodic
sinusoidal wave. While case 2 attempted to verify the contact phenomena of
wheel and rail, Case 3 tries to verify the following forces;
- the normal force calculated from the Hertzian contact theory
- the creep forces generated by applying the FASTSIM from the normal
force and creepages as input
- the lateral wheel loads by converting the local forces into global

coordinate
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Figure 3.6 deals with the comparison of hormal force which is perpendicular
to the contact plane and dependent on the penetration depth as a result of wheel/
rail contact, and Figure 3.7 shows the creep forces which is divided into
longitudinal and lateral direction separately. Although the value of the normal
force on the first axle is almost equal to that of VVI-Rail, the second axle seems
to vary slightly in the maximum peak value. This phenomenon appears to be
similar in the longitudinal creep force and the lateral creep force. The variation
is thought to be induced by the dissimilarity in modeling the geometry links of
suspension elements, and by the subtle differences of calculating method for
normal forces, compared to VI-Rail. Although the peak values show slight
differences, the overall variation trend and vibration period are consistent and
attenuation characteristics seems to be similar.

The three components — the normal force and two creep forces — which are
formed in the contact plane, will be translated rotationally to calculate the wheel
load in global coordinate, as Figure 3.8. Like the slight difference but the
consistent tendency in creep forces, the same patterns occur in global contact
forces because they are the output from the previous three force components,
but the result of this study has a good accuracy enough to analyze the overall
behavior of train, and the lateral displacement, vertical displacement and
yawing angle which are less sensitive than forces, show almost matching to VI-
Rail. (Figure 3.9)

Through the analysis of Case 3, the lateral response of running train under

the consideration of wheel/rail contact is verified.
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(3) Case 4 — Vertical irregularity (harmonic)

Case 4 simulates and analyzes the vertical track irregularity of periodic
sinusoidal wave. While case 3 focused on verifying lateral force according to
the lateral track irregularity of periodic sinusoidal wave, Case 4 attempts to
verify the vertical motion of train/track interaction.

If there is a periodic sinusoidal track irregularity in the vertical direction, the
vehicle is displaced in the vertical direction, and accordingly the wheel load
will continue to fluctuate.

Figure 3.10 deals with the comparison of normal force which is perpendi-
cular to the contact plane and dependent on the penetration depth as a result of
wheel/rail contact. Like the result of Case 3, there is a slight gap in the peak
values but a perfectly consistent curve shape and vibration period. Although the
variation of lateral creep forces in Figure 3.11 is not big but it show a good
agreement with VI-Rail. The lateral and vertical contact forces after rotation to
global coordinate, are almost as same as that of VVI-Rail in their peak values and
patterns. (Figure 3.12) Especially the vertical displacement of wheelset is
perfectly matching so that the difference of two peak values are under a few
um. (Figure 3.13)

Through the analysis of Case 4, the vertical response of running train under

the consideration of wheel/rail contact is verified.
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3.2.4 The effect of irregularity on train runnability

In order to verify the interaction between wheel and rail, one case study is
performed as a variable of the magnitude of track irregularity. After assuming
one track irregularity on a straight track alignment, five different magnitudes of
track irregularity which have the same shape but different amplitude of
irregularity, are applied to the train/track interaction.

When the track irregularity gets bigger and bigger, the wheelload and the
acceleration becomes larger as the Figure 3.14 which shows the almost linear
relationship. The time history of each response is in Figure 3.15. Because the
wave shape is same in all the cases, each response has the same shape but the
amplitudes gets different. Such phenomenon is thought to be reasonable in

wheel/rail interface.
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Figure 3.14 Train response for the track irregularity : comparison
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3.3 Verification of track/bridge interaction

3.3.1 Combination of DSM and MSM

This section aims to verify the results of modeling track and substructure
including bridge. Track is modeled by means of Direct Stiffness Method (DSM),
substructure is modeled by means of Mode Superposition Method (MSM) and
both track and substructure are combined to share the interface DOFs according
to the Eq. (2-10).

APATSI(All-Purpose Analysis of Train-Structure Interaction) whose appli-
cability is proven through Yang[91] in 2D vertical analysis, was used as a target
program for verification of track/bridge interaction. Since the wheel/rail contact
including lateral interaction is already verified in 3.2 and the combination of
DSM and MSM formulates the lateral and vertical interaction at the same time
like Eq. (2-10), verification of vertical-only interaction in substructure
modeling can also prove the validity of lateral interaction. Consequently, if the
result of this study is well-matched to APATSI in vertical analysis, the
combined analysis of DSM and MSM can be verified in 3D interaction between
track and substructure.

For comparison of both programs, a simple beam with 25m span length is
modeled as Figure 3.16. The analysis sets up a situation that KTX power car
runs on the simple beam with 10m/s and 100m/s respectively in order to show
the effect of train speed. The involved results are presented in Figure

3.17~Figure 3.18.
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Figure 3.16 Verification model of track/bridge interaction

The time history of vertical wheel load and carbody acceleration shows good
agreement in Figure 3.17 and Figure 3.18 for both slow and fast cases. The
patterns of increasing wheelload and acceleration in case of fast-running train
are almost same in Figure (a) and (b).

So far the combination method of DSM and MSM used in this study is
verified by comparing the result of vertical interaction using APATSI, which
means the combination method is still valid to vertical and lateral interaction

between track and substructure.
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3.3.2  The effect of train speed on train runnability

In order to verify the interaction between train and bridge, the effect of train
speed running on a bridge is investigated. The train is assumed to run on a
simple beam which is the same as Figure 3.16, and the train speed varies as a
step of 50km/h from 50km/h to 250km/h. (total five cases)

The result is easily estimated to show the increasing tendency as the rising
train speed. In fact, both the vertical wheelload and the vertical acceleration of
carbody gets larger as the train goes faster as Figure 3.19. When the train enters
the bridge, the bridge deforms downward as the vertical load of train mass and
wheel/rail interaction force are applied to bridge. Because the carbody has its
own inertia to go ahead, the wheelload becomes small at the bridge entrance.
Reciprocally, when the train passes the middle span of bridge and approaches
the exit, the bridge tends to restore its original shape upward and such action
makes the wheelload bigger like Figure 3.19(a). The result can be concluded to

be reasonable under the consideration of the train/bridge interaction.
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3.3.3 \Validity of moving track

In Section 2.3.1, the long track is modeled as the divided and moving track.
Especially Cho[99] analyzed the response characteristics according to whether
or not the track was modeled outside the PSC-1 girder bridge and concluded the
track model can affect to the natural frequency of bridge. Therefore it is
necessary to check that the moving track yields the same results as the whole
track on bridge area.

To do so, two different track types are modelled like Figure 3.20 for
Yeongjong Bridge. Whole track extends the rail on bridge to the outside
100m~200m long, and the moving track is divided into just track length. In
order to compare the severe condition, the wind velocity is assumed to be 20m/s,
and the train velocity 200km/h for accelerating the bridge and track enough.
The relevant results are in Figure 3.21~Figure 3.23.

First, the vertical displacements (Figure 3.21) and accelerations (Figure
3.22(a)) of bridge are almost same that the difference is only 1.4% and 2.0%,
respectively. The difference of vertical acceleration of train is calculated over
3%. (Figure 3.23) Differently from the result of Cho[99], the modal frequencies
are not apparently seemed to be shifted, (Figure 3.22(b)) because the mass and
stiffness of cross section in Yeongjong Bridge is much bigger than that of PSC-I
girder bridge, and the strengthening effect of long rail is relatively small.
Therefore the response of divided and moving track is assumed to be almost

same as the whole track model.
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However when considering the computing time, there is a huge gap. Since
the size of system matrix in whole track is 6 to 7 times as big as that of moving
track, the analysis time of whole track is 4 to 5 times as long as that of moving
track. As a result, little difference in response and great efficiency in computing

time allows to use the divided and moving track reasonably in this study.
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3.4 \Verification of wind/bridge interaction

System Matrix Approximation (SMA) itself is already proved by Jung.[85]
This section verifies the application of SMA to the Yeongjong Bridge by
checking the displacement result under wind condition.

The target program for comparison and verification is SNUSUS, which is
developed for the buffeting analysis in time domain by Structural Design
Laboratory in Seoul National University. SMA takes the modal analysis result
of SNUSUS as input system matrices and natural frequencies.

SNUSUS uses a Fourier Series Approach (FSA), which is a fitting method
for flutter derivatives, for considering self-excited forces and admittance
functions.[100] But SMA approximates structural aerodynamic transfer
function by a second-order polynomial to eliminate the dependency of the
structural aerodynamic transfer function on frequency. Even though each
method follows its own equations, the vertical and lateral displacements of
Yeongjong Bridge at the center of middle span under the wind of 20m/s, show
very good agreement in Figure 3.24. The legend “MSM” indicates mode
superposition results without reflecting the aeroelastic effect in it, and the
displacement result of MSM deviates from the other two results.

If the aeroelasticity is not included, the response of bridge would be
overestimated under the strong wind condition, and the accurate evaluation for
the safety could not be performed. As a way to consider the aeroelasticity,
system matrix approximation method which can be combined to the mode

superposition method, is concluded to be comparatively accurate and efficient.
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Figure 3.24 Comparison of results of wind interaction
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Chapter 4 Case study for KT X on Yeongjong Bridge

4.1 Basic assumptions of simulation

This section figures out some basic assumptions for applying the unified
approach to the simulation of the real bridge. First, the vehicle is chosen to
model KTX which is composed of one power car with detailed modeling and
the subsequent 9 cars simplified as moving masses. The moving mass model
can sufficiently reflect the inertia effect of carbody interacted with the bridge
movement. The power car, as well as the following 9 cars is assumed to be
applied by the wind force on the carbody at the wheelset position.

Wheel profile is assumed be bilinear, (Figure 2.8(b)) and the yawing of
wheelset is ignored only in determining the contact position between wheel and
rail.

The target bridge is Yeongjong Bridge, as mentioned in section 2.3.2. Among
the total 4,420m length, only 550m length for suspension bridge is modeled in
this study, (Figure 4.1) and the other part is assumed as track on roadbed, not
the substructure. The modal analysis for Yeongjong Bridge is performed using
SNUSUS, as mentioned in section 3.4. As a part of modal analysis result, the
information of natural frequency is summarized in Table 4.1, and the
representative mode shapes are shown in Figure 4.2. The total count of used
mode is 50, and the damping of bridge is assumed as Rayleigh damping with

the damping ratio 0.006 for 1%t and 2" modes.
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Figure 4.1 Drawing of Yeongjong Bridge

Table 4.1 Modes and natural frequencies of Yeongjong Bridge

Mode Natural Mode Mode Natural Mode
frequency (Hz) shape frequency (Hz) shape
1 0.327 11 0.983
2 0.486 1tV 12 0.984
3 0.592 1L 13 1.183 2L
4 0.772 2nd v/ 14 1.254 1T
5 0.830 15 1.292
6 0.847 16 1.322
7 0.874 17 1.399 3dv
8 0.883 18 1.502
9 0.976 19 1.504 2T
10 0.982 20 1.665

Notes) V : vertical mode, L : lateral mode, T : torsional mode
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(b) 2" vertical mode (side view)
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(f) 2" torsional mode (side view)

Figure 4.2 Representative mode shapes of Yeongjong Bridge
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The track is modeled only using rail and fasteners because the rail is installed
on the longitudinal frames with direct fastening system in Yeongjong Bridge.
The rail is assumed as UIC 60 whose sectional properties and profile is used in
input parameters, and is modeled as Timoshenko beam element for reflecting
the characteristics of deep beam. Detailed properties for rail and fastening
system used in this simulation is summarized in Table 4.2. Finally the in-situ
measured data on Yeongjong Bridge by KORAIL, the public corporation in
charge of railway maintenance, are used for an input of track irregularity.
(Figure 4.3~Figure 4.4)

The wind under consideration is only perpendicular to the bridge because
such a wind condition is estimated as the worst case for the response of bridge.
Therefore the incidence angle for an input variable of the aerodynamic

coefficients can be acquired by a simple calculation like Eq. (4-1).

B =arctan(Vi, /V; ) (4-1)
where f: incidence angle

Vw,Vr : velocity of wind and train respectively (m/s)

As mentioned in Section 2.5.2, the aerodynamic coefficients of Orellano[70]
are used in this study for calculating the wind load on train. (Figure 2.16) Since
the result of Orellano[70] was obtained under the condition of running on
roadbed, it has to be adjusted for the train running on bridge. But because
Yeongjong Bridge is wide enough and the trains run in the middle of deck,

(Figure 4.1(b)), it is possible to neglect the effect of bridge on the coefficients.
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Table 4.2 Main parameters of the track modeling

Rail mass

60.3kg/m

Cross-sectional area of the rail

7.750%x10°m?

Moment of inertia of the rail

3.090x105m?*

Young’s modulus of the rail 210.0GPa
Poisson ratio of the rail 0.3
Shear factor of the rail 0.34
Stiffness coefficient of the fastener and pad
Vertical / Lateral / Longitudinal 50/1.69 / 10MN/m
Damping coefficient of the fastener and pad
Vertical / Lateral / Longitudinal 250 /10 / 20kN/(m/s)
Length of the sleeper span 0.60m
Inclination of rail base 1:20
Friction coefficient b/w wheel and rail 0.4

2

PSD of track irregularity (mm®/(cycle/m))

10°
1024 SNCF(Exisiting Old Track)
10" 4 SNCF (Exisiting New Track)

| German High Speed Railway

EN ISO|30958

Normal Tjrack

T
0.01 0.1

10

Spatial frequency (Cycle/m)

Figure 4.3 PSD of track irregularity in Yeongjong Bridge
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Figure 4.4 Measured irregularity in Yeongjong Bridge

114



According the aerodynamic coefficients of Orellano[70] and the incidence
angle from Eq. (4-1), the side forces for various train and wind velocities can
be calculated like Figure 4.5. The side force has a tendency to be larger for the

greater wind speed and faster train speed.
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Figure 4.5 Side force on KTX according to wind and train velocity

115



4.2 Comparative study for the effect of bridge, wind and
irregularity

Among many factors that can affect the behavior of running train, the effect of
bridge, track irregularity or wind load will be compared in this section. The
comparison of analysis for eight different cases in Table 4.3 is carried out.

The target bridge is Yeongjong Bridge and track irregularity is assumed as
same as the measured one on Yeongjong Bridge in section 4.1. The wind load
is assumed to be 20m/s in the first seed, and the train velocity is 200km/h only.

The lateral displacement of carbody is almost affected by the bridge
movement induced by the wind interaction. (Figure 4.6) It is because the long-
wave deformation of bridge limits the relative movement between wheel and

rail, and the lateral interaction does not interact significantly in this motion.

Table 4.3 Eight cases for bridge, irregularity or wind

Classification Bridge Irregularity Wind
Case-NB-NI-NW No No No
Case-NB-NI-YW No No Yes
Case-NB-YI-NW No Yes No
Case-NB-YI-YW No Yes Yes
Case-YB-NI-NW Yes No No
Case-YB-NI-YW Yes No Yes
Case-YB-YI-NW Yes Yes No
Case-YB-YI-YW Yes Yes Yes
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Figure 4.6 Time history of displacement for wind and irregularity

(Lateral displacement of carbody, V,=20m/s, V+ =200km/h)

Figure 4.7 contains the time history of vertical and lateral wheelloads. Given
that there was no wind, both wheelloads experience little variation without track
irregularity, and they go through some high-frequency vibration with
irregularity. But if there was wind load, they show only long-wave vibration
without irregularity, and they undergo the additional short-wave vibrations with
irregularity. This phenomenon appears in the same way for the vertical and
horizontal acceleration of carbody. (Figure 4.8) The accelerations are little
affected by the track irregularity, but they are much affected by the wind-

induced response of bridge.
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Figure 4.7 Time history of wheel load for wind and irregularity

(Vw=20m/s, V1 =200km/h)
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Figure 4.8 Time history of acceleration for wind and irregularity

(Vw=20m/s, Vr =200km/h)

119

fx--! _CI:I_ 1_]| -_.fj]_ T]'I_



The acceleration of carbody is the response after being filtered by two main
suspension systems — primary and secondary suspensions. Therefore they are
susceptible to the bridge motion, and dominantly dependent upon the wind load.
However the wheel is not only influenced much by the long-wave bridge
deflection according to the wind load, but also affected with high-frequency
fluctuation by the track irregularity.

In summary, the wind load can affect dominantly to the assessment result of
both safety and running behavior, but track irregularity can influence only the
wheelload reduction.

In order to investigate such tendencies in the frequency domain, Fourier
transform of vertical wheelload and acceleration are performed. As shown in
the time-domain history, wheelload is much influenced by the track irregularity
in the high frequency over 4Hz. (Figure 4.9(a)) But the acceleration is only
affected by track irregularity within 2~5Hz due to the filter action of suspension.
(Figure 4.9(b)) Whereas wheelload has very low frequency amplitude at nearly
static area by wind loads, the acceleration does not have such amplitude.
However, both responses have common and dominant amplitude within
0.5~2Hz which is induced by wind/bridge interaction, that means the main
influence factor for the runnability of KTX on Yeongjong Bridge is bridge

motion induced by wind load.
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Figure 4.9 Comparison of Fourier transform result for various cases
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4.3 Relationship between bridge and train acceleration

To identify the relationship between bridge and train acceleration, the
acceleration of bridge deck under wind load without train load is calculated.
However for the bridge acceleration to be compared to train acceleration, it has
to be assessed at the position of running train according to the train speed. “Case
17’ defines the acceleration of “bridge deck” at the longitudinal position of under
the wind load without train load, and “Case 2” defines the “train” acceleration

at the same position under wind load and train load.(Figure 4.10)

(a) Case 1  ——

.

Figure 4.10 Definition of acceleration in bridge deck and train

(b) Case 2

O

Figure 4.11 shows the results of the average values for all five seeds under
consideration. Even though the acceleration in Case 1 is acquired without the
train load, the acceleration of bridge deck at the train position has a strong
similarity. Except Vr=250km/h for abnormal lateral acceleration due to
amplifying yaw of carbody, the lateral acceleration of bridge in Case 1 shows

almost similar peak values and rising trends with the lateral acceleration of train
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in Case 2. Although Figure 4.11(a) shows a slight increase of the response from
bridge deck to carbody, the lateral acceleration of carbody is closely related to
the response of bridge. The maximum lateral force exerted from wind per one
car does not exceed 100kN. (Figure 4.5(a)) Because the lateral load is not big,
both lateral accelerations show the close relationships.

The vertical acceleration in Figure 4.11(b) gives a similar increasing pattern
according to the train velocity, but shows difference in maximum values which
is related to the vertical train load applied to the bridge. The static vertical
wheelload is about 80kN, and considering 22 wheelsets in 10 cars(Figure 2.3),
the total vertical wheelload is summed to be over 3,500kN, which can induce
the additional deflection of bridge over 50mm. This train-induced deflection
enlarges reversely the acceleration of carbody, which is larger than that of
bridge without the train load.

The ratio of train acceleration in Case 2 to bridge acceleration in Case 1 is
calculated for every wind and train velocities, and is shown in Figure 4.12.
Except for the case of low velocity where the denominator (bridge acceleration)
is too small to maintain constant tendency of ratio, it is within two for lateral
movement, and within three for vertical movement. If much acceleration data
of in-situ long-span bridges have been stacked for a long time, it would be
possible to estimate the peak acceleration of running train by just measuring
bridge acceleration under wind load.

This analysis proves that the acceleration of carbody running on the cable-
stayed bridge has a strong correlation to the bridge acceleration at the train
position. Consequently the dynamic characteristics of bridge behavior during

the passing time, can give a dominant influence to the runnability of train.
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Chapter 5 Runnability evalution on Yeongjong Bridge

5.1 Assumptions and evaluation criteria

In order to evaluate the train response according to the wind velocity and train
speed, the simulation is performed for the combination of various wind
velocities (Vw=5, 10, 15, 20, 25, 30m/s) and train velocities (Vr= 50, 100, 150,
200, 250km/h). Consequently there are 30(=6x5) analysis cases for one seed of
wind, and five wind seeds are generated to consider the random characteristics
of wind variation. The other basic assumptions for the train, track, and bridge

are the same as that in Section 4.1.

According to standards for railway vehicle safety criteria[101], the derail-

ment criterion is

Keo =Q/P<0.8 (5-1)

where  Kpg : derailment coefficient

Q, P : lateral and vertical wheel load, respectively
and the criterion for wheel load reduction is

Ke =AP/PR,<0.8 (5-2)
where K, : wheel load reduction rate

AP : variation of wheel load (AP = PgP)
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Po: vertical wheel load on static condition

The UIC leaflet 518[102] suggests Eq. (5-3) for guaranteeing safety

[Q/P], <08

53
§, <12—M, /5 &9

where [ ]om: sliding mean over 2m of track

¥, : lateral acceleration of bogie (m/s?)

My : mass of the bogie (ton)

When applying the mass of the bogie in KTX, the limit value of lateral
acceleration of bogie is 10.6m/s?.

UIC leaflet 518 also suggests the guideline of running behavior as the lateral
and vertical acceleration of carbody for traction units below 2.5m/s?. EN
standard[103] sets the standard for ride comfort shown in Table 5.1, but this
study follows the criteria of the UIC leaflet 518 as a guideline of running

behavior.

Table 5.1 Standards for ride comfort, EN 1990:2003[103]

Vertical car body acceleration(m/s?) Level of ride comfort
1.0 Very good
1.3 Good
2.0 Acceptable
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5.2 Result of runnability evaluation

In order to identify the trends of overall responses, Figure 5.1~Figure 5.5 shows
the maximum responses extracted from each seed as small solid markers, and
the average values of all the individual responses as large hollow markers with
lines. Every figure contains train responses on the axis of ordinates, and train
speed in (a) or wind velocity in (b) on the axis of abscissa.

For the safety assessment of running train, Figure 5.1~Figure 5.3 show the
result of derailment coefficient, wheelload reduction rate, and the lateral
acceleration of bogie.

The derailment coefficient is taken as a moving average of longitudinal 2m
according to UIC 518, and is confirmed to be susceptible to the increasing wind
speed. Except the case of V1=250km/h at which the train experiences the abrupt
amplification of carbody yawing, it can be seen that the derailment coefficient
increases smoothly with the rising train velocity. The reason is estimated that
as the train speed leads the great wind load on train like Figure 4.5, the leeward
wheel has to take more lateral load which results in the increasing derailment
coefficient. However, for applying the limit of 0.8, the present results are
evaluated to be safe for most cases, which means the derailment coefficient is
not a sensitive index to evaluate the safety under the wind condition in this
evaluation.

Wheelload reduction rate, which is directly affected by the track irregularity,
is, therefore, susceptible to the train velocity, and it shows the linear rising
tendency as train speed increases, even under the no-wind condition. In addition,

since it can also change according to the bridge movement, nonlinearly
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increasing pattern happens in connection with the rising wind velocity.
Differently from the derailment coefficient, wheelload reduction rate reveals
distinctly the higher risk of derailment for faster wind and train velocities.
When checking that wheelload reduction rate becomes over 0.8 (the limit value)
in some analysis cases, wheelload variation is an important index to evaluate
the running safety of train in this study.

Among the three acceleration responses under consideration, only the lateral
acceleration of bogie is classified as a safety criterion by UIC leaflet 518. The
bogie is affected by the train/track interaction as a component to link to
wheelset by primary suspensions. As a result, the lateral acceleration of bogie
grows slightly larger with the increasing train velocity, and gets much larger
with increasing wind velocity. Like the result of derailment coefficient, most
values are much below the limit of 10.6(m/s?), which means that the lateral
acceleration of bogie is not a sensitive index to evaluate the running safety
during cross wind in this analysis.

Figure 5.4~Figure 5.5 represent the result of carbody accelerations for
evaluating running behavior of train. Because the body acceleration is acquired
from the loading points (the wheel/rail contact) through the primary and
secondary suspension, it looks like a filtered response of the wheelset
acceleration. Therefore, it tends to be more affected by the long-wave vibration
due to the interaction with bridge, than by the short-wave impact due to the
contact force or track irregularity. In addition, because the length of Yeongjong
Bridge is long and the deformation shapes are smooth, the two accelerations
does not change significantly with regard to the train velocity like Figure 5.4(a)

and Figure 5.5(a).
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However, as the displacement and acceleration of bridge deck gets larger due
to the growing wind speed, the acceleration of carbody becomes exponentially
increased like Figure 5.4(b) and Figure 5.5(b). While the lateral acceleration of
carbody satisfies its limit of running behavior (2.5m/s?) for most cases, the
vertical acceleration of carbody exceeds already its comfort limit (2.5m/s?) over
Vw=20m/s. It is because the vertical acceleration response of the bridge is
bigger than the lateral acceleration response, (Figure 4.11) and it is transmitted
to the vehicle body which is reacted closely by the acceleration of the bridge.
Since the inclination of wheel profile is nearly 1:20 in the tread area (Figure
2.8(b)) and there is gap of about 7mm between wheel flange and rail, the lateral
acceleration can be transmitted less than the vertical acceleration.

Both the vertical and lateral accelerations of the carbody are confirmed to be
worthy indices to assess the running behavior.

For most wind seeds, there is a curious phenomenon that the acceleration
becomes larger for lower train velocity. The reason of such phenomenon is
estimated that the train with lower velocity takes longer time to pass the bridge,
thus is exposed to the wind load for the longer time, which could finally lead to
more interaction between train and bridge. Therefore, the exposure time to wind
load has to be categorized into one of major impact factors.

Through the analysis done in this section, the runnability of train on the
Yeongjong Bridge under cross wind, is concluded more susceptible to the
variation of wind velocity than the train velocity. However, as the train goes
faster, the train speed increases the dynamic impact to bridge but decreases the
exposure time to bridge vibration. Consequently the train speed does not give

significant impacts to the running behavior.
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5.3 Critical wind velocity

As a result of analyzing five indices described above, Figure 5.6 summarizes
the whole cases categorized as follows.
- Green : Safe and GOOD running behavior
- Yellow : SAFE but Bad running behavior
- Red: DANGEROUS
In () the runnability is determined by the [mean] values, and in (b) it is
determined by the [mean + 1 standard deviation] which performs a more
conservative assessment than (a).
The train speed has to be limited according to the following instruction when
applying the peak values of (a)
- Ifthe wind velocity is below 20m/s, all train velocities satisfy the criteria
of safety and running behavior.
- If the wind velocity is about 25m/s, train velocities below 200km/h
satisfy the safety criterion only. (but do not satisfy the criterion of

running behavior)
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Chapter 6 Conclusions

A unified framework for the train/track/bridge/wind interaction was presented.
The validity of the proposed method was confirmed by comparing its result to
that of VI-Rail or previous study for each interaction step. With this framework,
the runnability evaluation was performed as a target of running KTX on
Yeongjong Bridge. The analysis for the various wind and train velocity could
set up the critical velocity, and the additional parametric study investigated the
impact factor that can affect the running behavior of train.

Unlike the previous analysis program, the proposed approach can reflect all
the interaction among train, track, bridge and wind. To reflect the contact
phenomenon between wheel and rail, calculated were the contact positions,
creepages and contact forces on the basis of the contact theory. And since it
combines the direct stiffness method for track modeling and the mode
superposition method for substructure modeling, it can calculate the wheel/rail
contact forces in consideration of track dynamics and improve the efficiency of
the analysis in the track/bridge interaction. Finally System Matrix Approxi-
mation (SMA) method was embedded into the MSM to reflect the aeroelastic

effect in bridge/wind interaction.

Through the parametric study and the runnability assessment of KTX on

Yeongjong Bridge, the following conclusions can be obtained.

(1) The runnability of KTX train on Yeongjong Bridge under cross wind, is
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more susceptible to the variation of wind velocity than the train velocity.
It is because the dynamic movement of bridge which has direct
relationship to the response of train over it, responds sensitively to the
increase of wind velocity. However, as the train goes faster, the train
speed increases the dynamic impact to bridge but decreases the exposure
time to bridge vibration. Consequently the train speed does not give

significant impacts to the running behavior of train on the bridge.

The acceleration of train on a bridge is strongly correlated to the
acceleration of bridge deck at the train position. Consequently the
dynamic characteristics of the bridge response during the passing time
can influence the safety and running behavior dominantly. In “some”
cases under strong wind which vibrates the bridge violently, the train
response was examined to become large even under lower train speed
due to the increasing passing time. Therefore, the exposure time to wind

load has to be categorized into one of major impact factors.

Through the evaluation of running safety and riding comfort of train, the
train speed has to be limited according to the following instruction when
applying the peak values of [mean].
If the wind velocity is below 20m/s, all train velocities satisfy the
criteria of safety and running behavior.
If the wind velocity is above 25m/s, train velocities below 200km/h
satisfy the safety criterion only. (but do not satisfy the criterion of

running behavior)
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As the safety of running train is closely related to the acceleration and
displacement of bridge, the reflection of aeroelastic effect is inevitable.
If the aeroelasticity is not included, the response of bridge would be
overestimated under the strong wind condition, and the accurate
evaluation for the safety could not be performed. As a way to consider
the aeroelasticity, system matrix approximation method which can be
combined to the mode superposition method, is concluded to be

comparatively accurate and efficient.

The track irregularity has a direct correlation to the variation of
wheelload and bogie acceleration by the high-frequency, short-wave
loading. On the other hand, the wind load vibrates the bridge in
displacement and acceleration by the low-frequency, long-wave loading.
The presence of wind is confirmed to give more dominant affects to the

response of carbody than that of track irregularity.
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