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ABSTRACT

,Q WKLV SDSHU D FRPSXWDWLRQDO VWXG\ XVLQJ
ZDV FDUULHG RXW WR LQYHVWLJDWH WKH G\QDPLF U
formulation for calculating the structural matrices of the moving element is proposed.
Two wheel-rail contact problems will be examined. One is linear and the other nonlinear.

A parametric study is carried out to understand the effects of various factors on the
response of the train-track system such as the severity of railhead roughness and the
wheel load. In particular, the effect of above factors on the occurrence of the jumping
wheel phenomenon, which occurs when there is a momentary loss of contact between
the wheel and track, is considered.

Keywords: ORYLQJ HOHPHQW PHWKRG FRQVWDQW DQC
LOQOWHUDFWLRQ WUDFN LUUHJXODULW\

Introduction -DJHTXHO > @ VWXGLHG WKI
Railway transportation is oneFourier Transformation Method (FTM).

of the key modes of travel today. Thdhe FTM may give accurate solutions
advancement in train technology leadingut becomes cumbersome when dealing

to faster and faster trains is without doubt # LWK FRPSOLFDWHG FRXSOF
SRVLWLYH GHYHORSPH Q& mulikdegieer @ Nagdonk gygtem with
speed rails (HSRs) more attractive as dnultiple contact points or where there are

alternative to other modes of transportatiofoving loads that involve acceleration/
for long distance travel. deceleration. The Finite Element Method

The HSR has been investigated AEEM) is well established and known to
a track beam resting on a visco-elasttO!V€ many complicated problems. Many
foundation subject to moving loadsY HVHDUFKHUV VXFK DV )LO

varying both in time and space. FoP QG 20VVRQ > @ KDYH DGF

H[DPSOH DV HDUO\ DV 0 detemineglia dypppig response of
[1] derived the solutions for the dynami@MPly supported beams subject to moving

analysis of a simply supported bearfionstantloads.

resting on a Winkler foundation subject O9DULRXV UHVHDUFKHUV KL
to moving loads by means of the modthe problem of loads travelling at non-
superposition method. Mathews [2] andniform velocities. Suzuki [7] employed
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the energy method to derive the governingumping wheel” phenomenon in high-
HTXDWLRQ RI D ¢ QLWHspéeH Dr&dn MotiahMaH Eonstai Relocity
traveling loads involving accelerationover a transition region where there is a
Involved integrations are carried out usingudden change of foundation stiffness.
Fresnel integrals and analytical solutionshe phenomenon occurs when there is
are presented. The vibration response nfomentary loss of contact between train
a train-track-foundation system resultingvheel and track. The effects of various key
from a vehicle travelling at variableSDUDPHWHUV VXFK DV VSHH(
velocities has been investigated by Yadaf track irregularity and degree of change
[8]. Analytical solutions were obtainedof foundation stiffness at the transition
and the response characteristics of td HJLRQ ZHUH H[DPLQHG

VIVWHP  ZHUH HI[DPLQHG 1Y Q}p¥f YR Boncerf@d with a
used an analytical approach to inveStigaE%mputational study of the dynamic
ground vibrations due to accelerating anlqesponse of HSR systems moving at
decelerating trains. The solution is basgtynstant and varying speeds using the
on Fourier transforms in time and along em. A new formulation for calculating

the track. the structural matrices of the moving

In dealing with moving load element is proposed. Parametric study
SUREOHPVY WKH )(0 HQ FiR gepiovhiked Yo GridépgstadxdOthie\ effects
when the moving load approaches thef various factors on the response of the
ERXQGDU\ RI WKH (¢ QLWHNGREQLWUDGE W\WIWHHRO W X FK
EH\RQG WKH ERXQGDU\ raitheatiVreLgl@heds, &¥ Ghe/ kel load.
can be overcome by employing a largeQ SDUWLFXODU WKH HIIHFV
HQRXJK GRPDLQ VL]H E XN tixVeconrieitetof $hd QuvipingRwheel
VLIQL{FDQW LQFUHDVH pligneriReRAD J6 G0 Dsidier e @Q £Xite dywharRiel
In an attempt to overcome the complicatiotd HVSRQVH RI WKH WUDFN GH
HQFRXQWHUHG E\ )(0 .LRHOQWKHWRDQWDFW@RUFH EHWZ]
proposed the use of FEM in convecteWW KLY VWXG\ LV DOVR FRQFHUC
coordinates to obtain the response of dhe suitability of two contact models.
elastic half-space subject to a moving  Eormulation and methodology
load. The key advantage enjoyed by this The HSR Svsterm comprises of a train
approach is its ability to overcome th? . y i b P! i i
problem due to the moving load travellingraverSIng over arail beam in the positive
RYHU D ¢QLWH GRPDLQ %ﬁ%HQ@WéRERMN%@H RULJLQ |

: V'LV DUEL ULOVYORFD

gave an FEM formulation for the problem+ RZHYHU IRU FROYHQLHOFF
of a beam on a Kelvin foundation subject

to a harmonic moving load. Koh et al. [12}aken such that th_e train is &t 0 when

adopted the idea of convected coordinatds 0- The velocity and acceleration

IRU VROYLQJ WUDLQ wOiBhEeNaR gt @BYJIsER; amela

named the numerical algorithm as movinBeSpeCt'Vely'_ The railhead is assumed to
element method (MEM). The method wa ave some |mp_erfect|on_s resulting |n_ the
subsequently applied to the analysis of iis0-called “track irregularity”. The moving

plane dynamic response of annular dist SUXQJ PDVV PRGHO DV VK
[13] and moving loads on a viscoelastic LV HPSOR\HG WR PRGHO
KDOl VSDFH > @ 5H F Hgpwost\magsQ Jepresgntspi@ car body

[15] applied the MEM to investigate thewhere the passengers are. The car body is
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supported by the bogie of masg through the spring k, and dashpotc,. The rail

a secondary suspension system modelbdam rests on a viscoelastic foundation

by the springk, and dashpotc,. The comprising of vertical springsk and

bogie is in turn supported by the wheeldashpots €. The vertical displacement
D[OH V\VW HR tirdudh@ ¥rimary of the track is denoted by ZKLOH WK
suspension system modeled by the sprinrgHUWLFDO GLVSODFHPHQWYV
k, and dashpot,. The contact betweenERJLH DQG ZKHHO D[QH DUH
the wheel and rail beam is modeled by, andu;, UHVSHFWLYHO\

Figure 1. Moving sprung-mass model by Koh et al. [12]

The governing equation of motion ofby the train at any instartt, and ¢ the
WKH UDLO EHDP ZKLFK LDbir&RI&GtdfondtenDYV DQ (XOHU

Bernoulli beam resting on a viscoelastic  The moving element method was
IRXQGDWLRQ VXEMHFW WR)PwP BYRGR WD LAQ V@R DAk H
is given by the origin of the spatial coordinates

'y owly =W system to the applied point of the moving
ElTX m\,#/ C_i/ kyW E&x 3 (1) load. Figure 2 shows a travelling D[LV

- . moving at the same speed as the moving

whereE | andm are the Young’s load. The rﬁl?tions i|?_| ween the moving
PRGXOXV VHFRQG PRP o& atef d.g LrE) iSFRRUG
PDVV SHU XQLW OHQJW Ve[%yWKl?—i D AN
respectively; t denotes time; F, the
G\QDPLF FRQWDFW IRUFH H[HUWHG EHWZHHQ WX
wheel and tracks the distance traveled
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Figure 2. Coordinate systems for moving load problem

,Q YLHZ RI (T WKH JRYHUQLQJ HTXDWLRQ LQ (1
4
yW_

mvY WY aY WB o yw B

_Vv
El — =k FEGr
o r’w rt wrw t’gw tw re yw CCE)\ (3)

By adopting Galerkin’s approach andor general massM, GD P 3, @dd
procedure of writing the weak form in ternktiffness K, matrices of the moving

RI WKH GLVSODFHPHQW glé¢inerGcavbi ptopddetlP XODW LR Q

L
M, m3N'Ndr
L L
C. 2mv _N'N dr T3 N'Ndr 3 (4)

K. EI NIN,dr @ NN, dr ma cv N'Ngdr k N'Ndi

where  denotes partial derivative withshape function Nbased on Hermitian
’ cubic polynomials.
respect tor and  denotes second

. L . Considering the special case in which
partial derivative with respect tn For the train traverses at a constant velogity

EHDP HOHPHQWV LW LVIieERRPFRQ WR XVUHHWKHHV WR

L
M, m3N'Ndr
C. 2mV NN, dr <3 N'Ndr 3 (5)

LT 2 LT LT 5 SnT
K, EI ONY”N‘rr dr @V 0N N, dr EVON N, dr 3(0N N dr

W FDQ EH VHHQ WKDW Wkefe the® tverébQdperbtdr \dshotes
damping and stiffness matrices derived idifferentiation with respect to time and

Eq. (5) are identical to the matrices derivedy the indentation at the contact surface

by Koh et al.[12]. ZKLFK FDQ EH H[SUHVVHG DV
,Q JHQHUDO WKH ZKHHOy F)BQ{WLPFW IRUFH(7)

F. may be written as

Focoy'ky (6) in which y. and u, denote the
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GLVSODFHPHQWY RI WKH i mhid KD QaeBoted Kha Hiertzian

UHV S HFW ly,YtheOnagmt@& of the spring constantR,,.., and R, the radii

track irregularity at the contact point. NoteR1 WKH ZKHHO DQG UDLOKH
that track irregularity is a major source oénd X the Poisson’s ratio of the material.

WKH G\QDPLF H[FLWDWLRQ 1o¥udidhigdeRplitafibial ¥t khd
UHFRPPHQGDWLRQ E\ 1L H@VEQ L@\ Y KikW BRODLQHE
LUUHJXODULW\ SUR¢OH Fp@Q)\EfH&YIBWY PRHU ¥ X WHU B & R

of a sinusoidal function as follows approach based on a linearized Hertz contact
Y, g sin2X (8) model in whichF, is given by
where a and ¢ denote the amplitude K

for ‘0t
DQG ZDYHOHQJWK RI WKH WU@EKI LTCLJ%U)IX»JOXODULW\
respectively. (11)

As the dynamic response of the train-  where K, is the linearized Hertzian

WUDFN VA\VWHP GHSHQ G Vbl ddRdiant[D oMRlecRa@iolbiH

accuracy in modeling the contact between
WKH ZKHHO DQG WUDFN WKLYV VWXG\ ZLOO HYDOXDWH

WZR FRQWDFW PRGHOV ,Q V&KI—SIVEI-ZIWHR,@,R;Q@N + W ]

contact theory [17] is employed to account L 20 X)?
for the nonlinear contact forde between
the wheel and rail as follows in which it is assumed that the

reaction force at the contact point equals
"0 (9) tothe self-weight of the upper structiwe
C

s 3
whereF, @w ¥*  for
>0 of the train-track system [17].

y
for y

The governing equations for the

2
K, 2 \/E \/ RuneeRaitpror (10) vehicle model are

3 1 X2

mu ku v Gy y mg
mu ku u ¢u u ky y ¢uyuy mg (13)
mu kU U4 G U Uy mg {

whereg denotes gravitational acceleratiorespectively; and the global load vector.
Upon combining Eg. (13) with theThe above dynamic equation can be solved
governing equations for the rail beam givehy any direct integration methods such as

LQ (T WKH HTXDW LR QewhaRR-Eidéth6dQlaIRU WKH
train-track system may be written as Numerical results
Mz Cz Kz P (14)

To verify the accuracy of the

where z z z denote the global proposed MEM approach in obtaining
DFFHOHUDWLRQ Y HORF thevdynangcGes[@hs¢ 8f@ highHspaedran
YHFWRUV RI WKH WUDLE WHROFWLGHMUWMMVPH PYDULDEO
respectively; M C and K the global the present solutions are compared against
PDVV GDPSLQJ DQG V\walutiops-phteinep ipy\ab etaH (2] using
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the so-called ‘cut-and-paste’ FEM. Thehe position of the vehicle while keeping
latter involves updating the force andWKH VWUXFWXUH PDVV GDP:
displacement vectors in accordance witimatrices constant.

Table 1. Parameters for track-foundation model

Parameter 9DOXH Parameter 9DOXH
JOH[XUDO VW LA.L&<HONVM? Stiffness of foundation 1x10 N/m?
Track section UIC 60 (60 E1) Damping ratio 0.1

JRU WKH SXUSRVH RI t6 B fropertied RiQGraRkQadd foundation

WKH VDPH WUDLQ VSHH é&e Swigr2dd iiD RS WG RESults
Koh et al. [12] is employed. This speedbtained using the proposed method are
SUR¢{¢OH LV VKRZQ LQ )LIRXBRG MHEH LW HDPRHOOHQV
be seen that there are 3 phases of travlose obtained by the ‘cut-and-paste’
The initial phase considers the train t6EM. Figure 4 shows the displacement
be moving at a constant acceleration aime history of the wheel obtained by the
WUDYHO DQG UHDFKLQ Jw®dmdbdd. hxiew & disivdtually no
of 20 m/s after 2 s. This is followedvisible difference in the plots obtained by
E\ WKH WUDLQ WUDYHOEGRQIK IPM WKKRHG \P DQLRP RRVK HU |
constant speed for another 2 s duringre thus presented. Note that the ‘cut-and
WKH VHFRQG SKDVH ,Q pasteHENMQ@Epach Kdguirels that ikiHhe
train decelerates at a constant magnitudleQLWH HOHPHQWY DUH LGHC
to come to a complete halt after anotherder for the ‘cut’ and ‘paste’ operations to

V RI WUDYHO 9DOXHV RérkppectlVP HWHUYV UHODWHG

J)LIXUH 3UR{OH RI WUDLQ VSHHG IRU FRPSDUL
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Figure 4. Comparison of wheel displacements between present study
and Koh et al. (2003)

,Q WKH IROORZLQJ WDRWMWLORUH D AARKNDOONMNHVO N W KH |
from the study of HSR using the proposedf the train-track system. The equations
MEM approach are presented. Thef motion are solved using Newmark’s
case studies the response of high-speednstant acceleration method employing a
train moving over a uniform Winkler time step of 0.0005s. This small time step
foundation at constant speed. The effecéize is necessary in view of the inherent
of track irregularity and wheel load on theyijgh natural frequency of the train-track
dynamic response of train-track systeny\VWHP 9DOXHV RI| SDUDPH
will be investigated using the Hertzhe properties of track and foundation are
nonlinear and linearized contact modelgymmarized in Table 1 [12]. In analyses
,Q WKH VHFRQG FDVH WKkyithHNS RQLY HhoRihedV Lbhtas:
track system moving at varying speed Wilb R GHO 1HZWRQ 5DSKVRQTV
be investigated. The aim of this study s tgmpoyed to solve the resulting nonlinear
determine the effects of track irregularityq  ations of motion. Note that the radii of
and wheel load on the occurrence GQhe wheelrR, ., UDL R H DG the

the jumping wheel phenomenon_ angoisson’s ratio of the wheel/rail material
dynamic response of the system during thg \,seq in determining the nonlinear and

accelerating or decelerating phases.  |inaarized Hertz spring constants are
Case 1: Train travels at constantspeedy DNHQ WR EH PP PP

The MEM model adopted in the studyespectively. The wavelength of all track
comprises of a truncated railway track ofregularities considered is taken to be 0.5
50 m length discretized non-uniformlyP ,Q UHDOLW\ WKHUH LV D
with elements ranging from a coarse Wheel loads. Typical passenger vehicles
P WR D PRUH UH{QHG raRgevfiioii-abolitRI 6 OWNKVizhié loaded
UH{;QHG HOHPHQW VL]HVYDBDIWKHFERMHS/O RCHG] LAXK WHKG! ORD
vicinity of the moving train load in order to N1 7KHUHIRUH WZR ZKHI
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FRQVLGHUHG LQ WK kNDldghet Gedds RIEN the amplitudes are
for a lightest load [12] and 81 kN for arsmaller than 0.7 mmv( 70 m/s) and 0.4
average passenger vehicle. mmp 90 PV +RZHYHU WKH G

JLIXUH )LIJXUH D Q Getyegrx the; DAFK giyen by the two
WKH YDULDWLRQ RI G\GO®miagtmodes @0 lopgenvnegkaiple at
factor (DAF) in wheel-rail contact forcerelatively high speeds and/or where there
against track irregularity amplitude forDUH VLIQL¢{¢FDQW WUDFEN LUL
various train speeds typically associatedmplitudes are larger than 0.7 mm and 0.4
with today’s HSR travels. All analysesPP IRU WUDLQ VSHHG PV
DUH FDUULHG RXW WZLEHV SHIFMKL YYHQ\Q J7 KAHRIHH TR U H
nonlinear and linearized contact modeldrain-track system strongly depends on
1RWH WKDW '$) LV GH . ghearepwarityaomlitude gnd wainrspeed.
WKH PD[LPXP G\QDPLF FRE®OWBFW KRIUEHP WRHMKMLQHDU
static wheel load which is the sum of thé not suitable to account for the wheel-rail
VHOI! ZHLJKWYV RI| FDU E Rigaragignnhen woaboyekagtproare not

considered to be small enough.
set. For the perfectly smootla, ( 0 mm)
WUDFN WKH '$) LV IRXQG EHKHMH pHEOW MV ROWR VKR
the linearized contact spring propertie8f wheel load on the DAF of HSRs when
computed in Eq. [12] according to the statiticreasing the track irregularity amplitude.
wheel load condition [17] can be used. A can be found that the lighter the wheel
WR EH H[SHFWHG LW FDQPE®Y GHHQ WKID VP B ¢y AR J
amplitude of track irregularity and train@QDWXUH LW LV QRW VXUSUL)\
speed has the effect of increasing the DAFf structure is large when the mass is small.
It also can be found that the DAF obtainef OVR  WKH "'$) LV IRXQG WR
using the linear contact model were foun@hen the irregularity amplitudes are small
to agree well with those obtained by th&an 0.1 mm for all cases. As the amplitude
nonlinear contact model at low vehicleL QFUHDVHY WKH '$) LV QRYV
speeds and small track irregularitieg@pidly with increasing train speed.
The well agreement also can be found at
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Figure 5. Effect of wheel load, track irregularity amplitude
on the DAF (train speed is 50 m/s)

Figure 6. Effect of wheel load, track irregularity amplitude
on the DAF (train speed is 70 m/s)
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Figure 7. Effect of wheel load, track irregularity amplitude
on the DAF (train speed is 90 m/s)

ORUHRYHU WKH GLIIH&hH Q3F-riimEdd Wih Kpee@ W ;R and 90
contact models also depends on the wheBl V. UHVSHFWLYHO\
ORDG ([FHOOHQW DJUHHPH&N&ZFTPafatrE\)élsb'RvérQr@sPe\%

low vehicle speeds and small irregularity

T t
DPSOLWXGHV )RU KLJIKHU, g@fb&@ \}t?ﬁo Op
OLIJIKWHU WKH ZKHHO Oﬁf m e%h |
GLIITHUHQFH LV $W ORZ QL J c W\/

seen that well agreements between tV\é‘i’ep of O 0005s WhICh is smaller than the
contact models are given in Figure 5. Afecommended one-tenth the natural period
KLIKHU WUDLQ VSHHG  Wihd rGilobhkh Yt WihkleHotiraatibh
two contact models depends strongly ofy a4 good compromise between accuracy
track irregularity amplitude and wheelf results and required computational
ORDG )RU OLJKWHU ZKHHROPRD@WKH MEXxWWHROQV RI
difference between the DAFs given by th@sing Newmark's constant acceleration
two contact models is larger than the on@e HW KRG 9DOXHV RI SDUDPH
at higher wheel load for track irregularitthe properties of track and foundation are
amplitudes are larger than 0.7 mm. Moreummarized in Table 1 [12]. The Hertz
details are given in Figure 6 and Figur@onlinear contact model is employed in this
$OVR DW KLJKHU WU Btudy. SbiHgtke rafikear®yDicbhtadt
ZKHHO ORDG N1 LW FDHITEBWIHRHG WHKDWRQDIDI$K VR C
difference between two contact modelt V HPSOR\HG 7\SLFDO YHKLF
occurs at irregularity amplitudes 1.6 mmDV VKRZQ LQ )LJXUH LV FR
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J)LIXUH BUR¢({OH RI WUDLQ VSHHG

Figure 9 shows the effect of trackalways larger than ones during constant
irregularity amplitude and wheel load onSKDVH ORUHRYHU LW FDQ E
WKH '$) LQ FRQWDFW IR UFIH KWHMBE WKW LZKHHOSYRD G L
WKH DPSOLWXGH LQFUHOWHV QWKKAVEFDY® QRPWMNHGH LV
to increase rapidly with lighter wheelwhen the vibration of structure is large
ORDG EXW WKH '$) DOPEVWWDARHQRW WKBD QJIRDOO PD
when wheel load is large. Note that theffect of the track irregularity and wheel
DAF is similar for all cases when theORDG LV VLIJQL¢,{FDQW RQ W
track irregularity amplitude is smooth. lthigh-speed rail system when train travels
Is also interesting that the DAFs during that varying speed.
accelerating or and decelerating phases are

Figure 9. Effect of wheel load and track irregularity amplitude to DAF



The effect of track irregularity and wheel load on the
dynamic response of a high-speed rail system

$V DIRUHPHQWLRQHEZKHMOHO FRQWD/BDWOH VKRZ'
force between the wheel and rail stronglgr non-occurrence of the jumping wheel
depends on track irregularity and whegdhenomenon which is denoted “N” or
ORDG 7KHUHIRUH WKHVH IDHWEBHNWZIZYOO\DORWH W
affect the jumping wheel phenomenotrack irregularities with a wavelength of
where there is the loss of contact betwednm and the nonlinear contact model are
the wheel and rail. Using various traironly considered.
VSHHGY WUDFN LUUHJXODULW\ DPSOLWXGHV DQG

Table 2. Occurrence of the jumping wheel phenomenon

90

Track irregularity amplitude (mm)
0.01 0.5 2
Wheel load Wheel load Wheel load Wheel load Wheel load Wheel load

Phase

41 kN 81 kN 41 kN 81 kN 41 kN 81 kN
Acceleration N N N N Y N
Constant N N N N N N
Deceleration N N N N Y N

$V WR EH H[SHFWH GtrackirrdgR&ity arGptitiie @ Eonsidered.
ORZ ZKHHO ORDG ZKHQQWRWKWHRD GOVWYDMNKHUH L)\
LUUHJXODULW\ DPSOLWO @&el phervdmerdR.QA% LcGnivplretiGwith
the jumping wheel is unlikely to occurODUJHU ZKHHO ORDG LW FD
during all phases. It can be seen thtt PDOOHU WKH ZKHHO ORDG
the wheel easily jumps when the larggimping wheel phenomenon is. It means
track irregularity amplitude is studiedthat the result is reasonable to the real
during the accelerating or deceleratinghysical nature. It is necessary to control
phases. For less large track irregularitgbove factors to avoid the occurrence of
DPSOLWXGH WKHUH LV DOy wHeéet gheSdreénon ot ighW \
for the occurrence of the phenomenonv SHHG UDLO V\VWHP ZKLFK
&RQVLGHULQJ KLJK ZKHshafety @R paSsengerd. Figu@ HHshows
found that the jumping wheel phenomenotypical contact forces between the wheel
easily occurs during the accelerating and rail when train travels at decelerating
decelerating phases when the very largiase.
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Figure 10. Effect of wheel load to contact force when train travels at decelerating phase

Conclusion is more increasing. Results obtained using

,Q WKLV SDSHU D QXEHeargomacy jjodes wegegound to
the dynamic response of high-speed traid@ree well with those obtained by the
track system using the moving elemeriii€rtz contact model at low vehicle speeds
method was carried out. A new and® QG VPDOO WUDFN LUUHJXOI
formulation for calculating the structuralr€latively high speeds and/or where there
matrices of the moving element wasPUH VLJQL(FDQW WUDFEN LI
proposed. Accounting for the wheelfifference between the results given by the
UDLO LQWHUDFWLRQ W RVACagkEqeel is ao lenges preplighble o 6
Hertz contact models were employed. Thié iS réasonable to satisfy physical nature
effects of track irregularity and wheel loadV KDW WKH OLJKWHU WKH ZKl
on the response of high-speed rail systefi® DAF is and the easier the jumping
and ‘jumping wheel phenomenon arévheel phenomenon is.
investigated. Acknowledgments

The results obtained using the 7KLV UHVHDUFK LV IXQGH
proposed MEM are agree well withNational University HoChiMinh City
available ‘cut-and-paste’ FEM. Itisfound 918 +&0 XQGHU JUDQW QXPI
that the DAF in contact force is more20-07.
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