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ABSTRACT

A 28-degree—of-freedom dynamical model is established in the present study to
simulate the responses of rapid transit vehicles. The model takes wheel conicity, creep
force, track irregularity, etc. into consideration. Among them, the power spectral density
function of track irregularity proposed by US Federal Railroad Administration (FRA) is
considered the major input. Dynamical simulation of rapid transit vehicles under various
suspensions, vehicle velocities, loads, wheelflats, and track irregularities are performed
and compared. The investigation also covers situations when the vehicle is fully loaded
with passengers and moves on either straight or curved tracks. Both Nadal ratio and
wheel-load reduction ratio are used to evaluate the possibility of vehicle derailment.
Through the study, it is found that, when the railway vehicle is fully loaded with
passengers and runs at curved tracks, the lateral displacement of the wheelset is
several-time greater than that of the empty train. The displacement increases as the
curvature increases. The degree of track irregularity also affects the lateral displacement
of the wheelset. In particular, the displacement caused by track irregularity of level one
IS severa-time greater than that caused by track irregularities of other levels. It may
exceed the limit value of 6 mm set by Taipei Rapid Transit Corporation when the
vehicleisfully loaded with passengers.

Keywords: Rail Vehicle, Dynamic Analysis, Track Irregularity, Derailment.
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2-1 Rtk T

PEPGE IR Ed 375 3 LTS > 3 R Y He - e d
g,g%wgwﬂ%;3&,m&éﬁﬁ§%%ioii*i%ﬁmﬁﬁﬁﬁ;
GAEGRAB RS X2 TR TR~ B S SR &
mPd LA ¢ 35— 1% 22 Hl(carboby) ~ = & # 4 $# » 2 (conventiona bogie)
frw ‘e i e (Wheelset)

A @ FhE B ks 4o 2-1 977 [9] Lﬁﬁﬁ”'kﬁ’
B? e AZE -BEfrCZAWLIH Ee E{rhiesno, 25 - Bipga
o F—RBRAEINETERIR 227 0 NF AN EELE TR EAE X P e i
FAZw o y2we e 27 e Rl Ldw o SR 2 Bt A SEX R
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Podhie g 4 fod BN FhoT 0 MY THRIM L 1B b o T R20 2 268
fhie > T3 L3 dhe > THEAN L4 Ehdh e
A, Er R uhe e TR

My > My > Mg~ M, (RF 3 TR I Bk e e e T 240 )
B. =i lf paimd ol m v nifphnsn Bid RN
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Fows Fona “Fos ~F o~ M~ M
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THREXREY IR A I pRAIRE LR WA hihie o
C. g » T &

Fiyp > Fiys > Fia > Fia > Fiya > Fapo > Fiz > Fip

‘R
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=

riy4

F
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=
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N I:Iiz3 ~ F
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1 yH+ (latera)

rnleWl = I:Ipwyl + Frpwyl + I:Icy + Frw + I:Iiyl + I:riyl + I:Ify + I:rfy (2_1)
2. 24 3% » (vertica)

leZV\fl = Flpwzl + I:rpwzl + Nll + er + I:Iizl + I:rizl + I:Ifz + Frfz (2_2)
3. ¢E®w (roll)

) Vo
Ile¢M - Iwyl rl//vﬂ =M Ipwxl +M rpwxl +M lox T M rex T a'(Flizl - Frizl + NI1 - er) (2-3)
0

4. y FFw (yaw)

. V .
IWZIWV\LI. + Iwyl r_¢w1 =Mt M + M, + M, + a‘//m(Friyl —Fiy tFo — Flcy) (2-4)
0

5
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% - fhiphle o

1. yf+ (latera)

mNZ wa = I:Ipvvyz + Frpwy2 + I:Icy + I:rcy + I:Iiy2 + I:riy2 + I:Ify + I:rfy (2'5)
2. 24 3% » (vertica)

mszwz = I:Ipwzz + Frpsz + NI2 + Nr2 + +Fli22 + FrizZ + I:Ifz + I:rfz (2'6)

3. ¢EHw (roll)
wa2¢w2 - Iwyz TWWZ = Mlpwxz +M rpwx2 + |vllcx +M rex T a(FIiZZ - Frizz + NI2 - er) (2-7)

0

4. y b (yaw)

.. A\
IWZZWWZ + Iwy2 r¢w2 = M Ipwz2 + M rpwz2 + |vllcz + M rcz + aI/IWZ(FriyZ - Fliy2 + Frcy - Flcy) (2-8)

0
| 48] 5 BE8 TR B - bl b B dRph gl 2 -
b = fhfhi o
1 yH+ (latera)
mW3yW3 = I:Ipwy3 + FrpwyS + I:Icy + I:rcy + I:Iiy3 + I:riy3 + I:Ify + I:rfy (2'9)
2. 24 3% » (vertica)
mw32w3 = I:Ipwz3 + I:rpwz3 + NIS + Nr3 + +Fli23 + FrizS + I:Ifz + Frfz (2'10)

3. ¢gEHw (roll)
.. \VA
wa3¢w3 - Iwys r'/fm = Mlpwx3 +M w3 T M o + M rex T a(FIiz3 - Friz3 + N|3 - Nr3) (2'11)

0

4. y FFw (yaw)

.. V .
Iwz3l//w3 + Iwy3 r¢w3 =M Ipwz3 +M rpwz3 +M e T M e T al//\AB(FriyZS - Fliy3 + I:rcy - Flcy) (2-12)
0
| 48] 5 BE8 TR 5 = bl b R dRph gl £ o
¥ b
1 yH+ (latera)

m,, yw4 = I:Ipvvy4 + Frpwy4 + I:Icy + I:rcy + I:Iiy4 + I:riy4 + I:Ify + I:rfy (2'13)
2. 24 3% » (vertica)
mN42W4 = I:Ipwz4 + Frpwz4 + NI4 + Nr4 + +Fliz4 + I:riz4 + I:Ifz + I:rfz (2'14)

3. ¢E®w (roll)



N Vo
IWX4¢W4 h IWy4 TWW4 =M pwxa T+ M rpwca T M e T M (Fliz4 - I:riz4 + NI4 - Nr4) (2_15)

0

4. y F 5w (yaw)

.. \A
Iwz4l//w4 + Iwy4 r¢w4 =M Ipwz4 +M rpwz4 +M e T M e T al/lw4(Friy4 - I:Iiy4 + Frcy - Flcy) (2-16)

0

| &) 5 H TR o fmhhe L R Rz EH R

oo B LPHTRE D IRFE TR MEERE > VHREA S 2 1B
R Ao f5F PRPEE > AEERA TN He F{ANELS o &
G LB AN D gk R A E 0 E s Z R 2 i = 87
R mERY BT U2 E I8 hd BP0 ek 2 L o id g
#END _é_ﬁi?pln\]%’ﬁﬂ’ﬁ&;ﬁga_ﬁiﬁvi ﬁﬁ@-ﬁr‘&ﬁé’“ﬁﬁﬁ@—ﬁm
Aujfercdsd o %G R E oMLl A RS RN GRS OFR
}%’%@###*%Q{ﬁ%%%ﬁmﬁ’H4ﬁm€’E%?Hqﬂﬂﬁﬂi

o ehfdfod B FaeT 0 B9 TR LN A DRSS T2 84 GH

A, TEr 0 ks e E TR
My ~ My, (A #THkRN- b @e FFEXSAF)

B. ir‘;-ﬁ]%,h.,vbmﬁ iT% 4 ,)r“_,.}: w4 —I‘E’e

C.xlgp psehdfod 2> - g che Bpd Ran5

FIsByl N FrsByl * Fga > Fen > Miga > Mg > Mgy > Mg
FlsByz N FrsByZ * Fegn > Fgn > Migo > Mg > Mg, ~ Mg, ©
a o 1
D. 28 €Eeh- L > —m o
2
Haofsd - e 2Echp d BWBlAcB 2-7T - B 2877 (78 > % 2 B chxfh™ v >

yﬁrhfrzﬁvh” wREt AL IR R E R FE U bt B B R iiEe
2 B0 S R AR N AT

ﬁﬁ@#i
y # w (latera )
Mgy Vo1 = Figys + Freayt = Fiowya = Frowys = Fiowyz = Frowy2 (2-17)
2. 24 3% » (vertica)
Mg Zg; = Fign + Frgn = Fiowar = Frows = Fiowzz = Frpuzz (2-18)
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3. ¢EHw (roll)

Lo 106 = Miga + Mg =M =M s = Mg = Moo (2-19)
4. y F 5w (yaw)

loWer =Mign *Mgr ~Mp =M =M, =M (2-20)
| Aul i R TR R % L AR R

S H o 2

1. yH+ (latera)

Mg, YBZ = I:IsByZ + FrsByZ - I:Iprvvy3 - Frpwy3 - I:I|ovvy4 - Frpwy4 (2'21)

2. 24 3% » (vertica)

Mg, 25 = Firs + Fregro — Fiouzs — Frpnzs — Fipuza — Froua (2-22)
3. ¢E®w (roll)

lg, 2050 =Mige * Moo =M e =M e =M =M e (2-23)
4. y b (yaw)

Lo a2 = Mg + Mg, =M =M s =M =My (2-24)

A ‘fLﬁﬁT%ﬂ"T#ﬁff’g‘?’—FQﬁ% phz EF I E -

2-4 2R 4 B iaN

PUE R R MG 2 97 R A A R L2 PERELF o S X
BeRER o MR F B B RE - FHRG 2 I 1 RS IR
ﬂ?*i;*T l311‘3\_(Huck lock bolts)idt 4 > 5 Fw AR ~ i 5 ~ X HPE# - g

SRS
BN A frd BR F AT
A. TEr 3w and B E m
B. 2+ B[ hiienk (8% 4 fok % 4 55
H2Mehp d MEAC-B2-9% 1 TR w5 Bl XS e od yihioziht e
AL E PRI ERFEN L B R W s B BT
1%25‘%” :
1 yH+ (latera)

m, yc = _FIsBy - I:rsBy (2'25)



2. z%3% v (verticd)

ITEZC - IsBz I:rsBz (2_26)
3. ¢EHw (roll)

I cxégc =-M IsBx M rsBx (2'27)
4. y FFw (yaw)
I czl/‘/‘c =-M IsBz — M rsBz (2'28)

| &%) 5 ME8 T AR 2 ML AR HE g 2 o

25 %'%,J %,b—lfi.]‘&l,,
#’i\kmlﬁaiﬁm%ﬁ'ﬂ “u}i F&]%,; «L»‘f\f'/k%ﬁ?,, «ur:ﬁfé ’V‘ 3 ;\%\’5 £ h

TR R RERERBE RS > 2 RF Mﬁﬁﬁmﬁff’ﬂ;birw R R
gfBEie s L% - ~F 2~ FZqfo¥re i %ﬁﬂm,gwﬁw~ma@m%
B de o ¥ DALMY > R TFIRE D T A @ dRE D R ARG A

) I—,,BIJ,;\F&J%,, .zg‘ff’;pzk%‘,%/, .»L,’ /q\\%ljj;}_q.au lbg?’ l—}:i?r_E/ s H mﬂq‘
BE > Fd BB F R KRl BN FREGRS > 4 T AL E
* TiapE > T gEd Lo

AP RS D AR R - EEF o > K2 LT R ik

f
[l et

PR GRBK R AR AR kS s e fed e R BlA W 2 A C L~ C
sz ’ ?"’fifff‘ﬁ;ﬁﬁ pr > pr > sz 7\‘%‘]% S /L»-H‘\'?’ ’hq '?"ff'gf‘ ]‘E' F I“ﬁ;:ﬂ

Co~C, C,  BRGHEE Ko~ Ky~ Ko 5tB i i b s Sehl 558 40T

- ——'-f(%]%,?‘lﬁi
1 y#+ (lateral)

Flpwyl + Frpvvﬂ = _2pr(ym ~ Ve —gWe — B¢Bl) (y\m ~ Ve — W — B¢Bl) (2-29)
2. 24 3% » (vertica)

F

ozt + Frons = 2K 1 (Zgy — 2,0 )+ 2C (251 — 2,) (2-30)
3. ¢E®w (roll)

M o + M = —2K 1, d, (dyun — Aot ) — 2C ,d,, (A s — e ) (2-31)
4. y F 5w (yaw)

M iz T M rpnzl = 2d K (‘//m _Wal) 2dprx (‘//m _WBl) (2-32)
9



R ~§i:%$dv_e_z“§43 CE bl B SERE  hy &
%‘r"’i AR ks ek gEA > 2dg A A e AR T agE

rsﬁ 2d Lz tEAa KRR ﬁv": L RS o

%—,faﬁa,, KT

1. yf+ (latera)

Finse * Fune = 2Ky (Vi = Ve +oVen ~ Netler) = 2C,, (Voo = Ve + 1oV — Neen) (2-39)
2. 24 3% » (vertica)

Fionzz + Fromz = 2K 1 (Zes — 24p) + 2C (2, — 2,2) (2-34)
3. ¢EHw (roll)

=-2K,d (dw¢w2 _dB¢Bl) 2szdw(dw¢w2 _daqéal) (2'35)

rpvvx2 pz~'w

Mz + M

4. y b (yaw)

Mlpwzz +M rpwz2 = _Zd K (‘/’wz WBl) 2dprx(l//w2 _l/)Bl) (2-36)
:)7 E. % ﬁ] ,J »’U :

oo * Frows = 2Ky (Vs = Yoo~ — P2 )~ 2C;, (Vs = Voo ~ etz — Ptz (2-37)
2. 24 3% » (vertica)

Fionzs + Fruzs = 2K 2 (Zaz — Z45) + 2C 1, (25, — 2,) (2-38)
3. ¢gEHw (roll)

M s + M e = —2K 0, (A fug — dgdes )~ 2C 1,0, (s — s, ) (2-39)
4. y b (yaw)

M ipues + M s = =20K L (W s =W, ) = 2d2C,, (W 5~V 6r) (2-40)

:3;1_'.,;&]%,;“«1
1 yH+ (latera)

Fiouyt *+ P =—2Kp, (Vo = Yoo *+16Ws2 — P )~ 2C,, (Va = o + oo — ) (2-41)
2. z%3% v (verticd)

Fionzs + Frous = 2K 5 (Zes = 240) + 2C 1, (25, — 2,) (2-42)
3. ¢E®w (roll)

M Ipwx4 +M rpowxd 2szdw(dw¢w4 - dB¢Bz) 2szdw(dw¢5w4 - qung) (2'43)
10



4. y b (yaw)
M iwza T M rpwzd = _Zdv%pr(‘//m _WBZ) 2dprx (Ww4 _Wsz) (2-44)

T =K R i L
1. y¥ = (laterd)

I:IsByl + I:rsByl = 2Kw(yc - yBl + hcs¢c + Icsl//c + th¢Bl)+ 2Csy (y yBl + h ¢ +I + th¢Bl)

(2-45)
2. 24 3% » (vertica)
Fgn + Fren = 2Ksz(zc - ZBl)+ 2C,, (Zc - zBl) (2-46)
3. ¢EHw (roll)

MIsBxl+MrsBxl:2st(Ksz cs¢ +C ¢c)_2th(Kwyc+Cwyc+ w cs¢ +C 45(:
KwyBl_ wyBl+Kw|csl//c+Cwlcsl/)c)

(2-47)
4. y b (yaw)
Mign + M gy =—2d és(stW 1+ C¥ Bl) (2-48)
N3¢ ,| ’Fﬁ‘,\,i ﬁ@ﬁ’?ﬁ‘,ufﬁy};iﬁkgﬁ, hcsfl;%\,jfrrgﬁ%ﬁ’,ui %’fﬁl,:

,L,’Ffr:umi E‘&Pﬁ}ﬁ. hB RAEe T ORI M L SE s hd-E Y 2d R A
SEA e AR AT e 2d A A e R R S R o

é:k % ﬁ] S5 «u .

1 yH+ (latera)

FIsByZ + FrsByz = ZKw(yc ~Ye2 t hcs¢c - lcch + th¢BZ)+ 2Csy (yc - S/Bz + hcs¢5c - Icsl/]c + thqéaz)

(2-49)
2. 24 3% » (vertica)
Figro + Frgro = 2Ksz(zc - Zsz)+ 2Ca(zc - 232) (2-50)
3. ¢E®w (roll)
M B2 T M rsBx2 2st(Ksz cs¢ +C qsc)_ 2th(Kwyc +Cwyc + Kwhcs¢c +Cw cs¢

Kwsz - wyBZ + lecsl//c +Cw|csl/)c)

(2-51)

4. y FFw (yaw)

Mg + M g0 = _2d§s(st‘l/Bz + CstBZ) (2-52)

11



2-6 B 4

Wi B eht 3 er J BEF R D Rt R RS IR TR &
Ffrd HuE 2 S B > A Ayt S B G > AR e b adRfg 4 o AP
TS o MEFY > BB R PR ERTRFREF LR DL > AREE
SR o fi - LR FOMEER F 0 1995 Hertz iRl =2ph[l] > e 5
R4 # 4o 2-10 757 » @ Carter 2% — #Bf 4 A B * Athpudfg oL

s & g B & (Longitudinal creepage) ¢, ~ # v i & (Lateral creepage) ¢, v

f Bk % (Spin creepage) ¢, 4T

_actual forward velocity — purerolling forward velocity

Cx : . (2-53)
forward velocity duetorolling
actual lateral velocity — purerolling lateral velocity
gy = . . (2-54)
forward velocity duetorolling
angular velocity of upper body — angular velocity of lower body
gsp = (2-55)

nominal rolling velocity

oo B el e B S 2 R E o p O F o AL B F e R LB
B AEER AT L ARER SR L > T LR TR LS TR
B g FadiERERNF ARG M o ¥ - BB 3 M FF T
B HHE PR T ERAA MM AR A RE E R AR T
f,, :lateral creep force coefficient

f,, :lateral/spin creep force coefficient

f,, :spin creep force coefficient

fs; :longitudinal creep force coefficient

e B S Ao iAo T S B 4 foi 4 B[22

2-7 &F# > fg30

Bl T R R AT M AN R BB % R 228 ~24 &
F AR A BN > TR T s i pes AR B 3R ELA L R4
B (Conicity) » T B 6 (7.5 BF 0 BB o frdud Rl - AR MAR T L
WA HERE ML Y hied o UT A NS Y LA Tk on L e
[26,29] > 4 (2-2) ~ % (2-3) ~ fr 4 (2-4) 577 » HiEH > fe N hoT
% - fhphle o
1. yH+ (laed):

Yo = @Y T 3wz Yua + Qe + aw4(15w1 + QW+ AW + A7 Ve + Qe Ve T &V s

+ oW g1 + Ao + AugoPer + A Yo + B Vi
12



(2-56)
2. z#3% % (vertica):

ZM = a\AﬂSZvﬂ+a\Aﬂ62vﬂ+an7ZBl+a‘WlSZBl+aW192rl+aWZOzrl (2-57)
3. ¢ (roll):

Pua = 81 Yor + Ao Vor + BuzsWus + AuosW + Auoabus + Aabos + ByorPey + Bebey  (2-58)
4, yH#Fw (yaw):

Vg = 80 Yor T Qa0 Yor + Qe + &z g + a'W35¢V\LL + QW e + AV (2-59)

¥ - fhbhie o

5 yH+ (latera):

Yoz = 8 Ywz 8wz Yz + Quefuz + aw4q5w2 sV wo T QueV o + &7 Yo + Qe Va1 + AW e
+ 8,00V g1 + Qo1 + AupoPe1 + Bz Yi2 + Qs Vio

(2-60)
6. z#£% » (vertica):

zW2 = anS ZW2 + a‘WlG ZWZ + a‘Wl7 ZBl + anS ZBl + anQ Zr2 + a‘WZO Zr2 (2-61)
7. ¢Edw (roll):

Pz = Bz Yur T Bz Yo + Aoz + Aoz + Auoabuz + BupaBup + Aoy + Buee (2-62)

8. widw (yaw):

Vo = @0 Ywz + a0 Yo T 8uaW o + 8uaW e + aw35q5w2 + QW e + AV (2-63)

b = fhfhi o

9. yf =+ (lateral):

Yoz = 8 Yz + w2 Yoz + Quafus + aw4¢w3 + 8,5V wa T AWz T 87 Yoo T 8ug Va2 + 31 a2
+ 8,V g2 + QuofPea + upoPs2 + A1z Yia + Qs Yia

(2-64)
10. z£3 » (vertica ) :

zW3 = anSZWS + anG ZWS + an7 ZBZ + anSZBZ + a‘WlQ Zr3 + a‘W20 zr3 (2-65)
11. ¢ Fw (roll):

s = Bt Vs + 8o Vs + BuosV s + BuosWs + Bunstua + Buuua + uorPr + By (2-66)
12. y#be (yaw):

Vs = 8o Yas T Buso Vs + Buat¥ s + 8ol s + BussPus + Buaal 55 + Buaal 52 (2-67)
5w fhdhie

13



13. y &+ (lateral):

Yoa = 81 Yua + 82 Vi + AuaPg + aw4§15w4 +A5W s + AW s T 347 Y2 + s Yo T 0¥ ss
+ 8,V g2 + APy T QupoPs2 + AuisYra + ApaVra

(2-68)
14. z4-% » (vertica ) :
zW4 = anS ZW4 + a‘WlG ZW4 + aV\/l7 ZBZ + a‘WlSZBZ + anQ Zr4 + a‘W20 zr4 (2-69)
15. ¢&E» (roll):

Pus = Q21 Yo + Q2o Yous + AosW s + 6 s + Bz + aw24(15w4 + 85708, + aw28q5B2 (2-70)
16. y #id e (yaw):

Vs = @0 Ywa + a0 Yua T 8wt s + 8wzl g + aw35q5w4 + @z g2 + yaa¥ a2 (2-71)

wn e JE
1. yH+ (laed):
Vo1 = @pYwr T @p2Yur T @3 Yuz T @paYuo + psYer T @ps Va1 + @poV 51 T Bpio¥ g1 + @prPas
+ Agha, + Ay Yo + By Ve + Bpabe + Bppabe + Al o F Al .
(2-72)
2. z#3% % (vertica):
2Bl = ab23zc + a"b24zc + abZlZBl + abZZZBl + abl7z\l\/l + ablSZV\/l + aleZWZ + abZOZWZ (2-73)
3. ¢ (roll):

Pa1 = s Yar t Qozs Yur T @p2z Yz T @28 Yz T R20Pun + @p30Pus + BpzPuz + BpzoPuz
+ Q33 Ye1 T Qpza Vo1 T QpasPrr + ApasPrr + Qpar Ve + Apag Ve + QpaoPe + Apao®e
T AWt V.

(2-74)
4. yHFw» (yaw):
Ve = 3 Yoa T 8paa Yar + Boas Yoz + 8pas Yuz T 8otV wa + BpagVW ws + BpaoW w2 + 8ol o

+ Qs g1 T AoV g1 + ApsaV ¢ + Bl ¢

(2-75)
fo e JE °
5 yH+ (latera):
Yoo = @ Yus + @2 Yws T @paYus + @paYuwa + psYeo + @ps Yo + Qpol g2 + 0¥ g2 + 87052
+ Agba, + Ay Yo + Appp Ve + Apafe + BpuBe + AW o + Byl

(2-76)
6. z#3% » (vertica):
282 = ab23zc + a‘b24ZC + abZlZBZ + abZZZBZ + abl7ZV\B + ab182w3 + aleZW4 + ab202w4 (2-77)
7. ¢Edw (roll):

14



Doz = Bps Yz + Bpos Yz + ooz Yua T @b Ywa + BoogPus + QyzoPus + Bpzfua + 8530w
+ Q33 Ye2 T Az Yoo T ApasPpa + QasPeo + Qpzr Yo + Qyzg Ve + BpaoPe + Qpaofe
AW+ V.

(2-78)
8. widw (yaw):

Vg2 = QazYuz T Qua Yus + @oas Yua T Boas Yoa T sz uz + @psgW wz + @paoV wa + sl wa
T QW g2 T QpsW Ba + ApsaW ¢+ Apsal ¢

(2-79)
-0
1. y+ (laed):
yc = a'ClyBl + acZyBl + a’C3yB2 + at4yB2 + aCSyC + aCGyc + at7¢c + at8¢c + atg (2-80)

2. z#3% % (vertica):

2c = acl4zt: + aclSZc + aclO Bl + a(:llzBl + achZBZ + acl3ZBZ (2-81)
3. ¢ (roll):

¢‘c = Q0Ye Az Ve T A Yer T Qa7 Vo1 T +3usYe2 + Ao Va2 + Anf + at23¢c +a, (282

4, yH#Fe (yaw):

Ve =8 Y + Q6 Ye T 8cor Yoo + 8o Va2 + 8caofc + 8caofe + 8l e + 8V e + s i
+ AW e T AW o T AcggV T oW +8cuV ¢

(2-83)

N Ty T AR T S R PR TR P R N

miﬁﬁmﬁwiﬁ PE R LT P )8 B B AT R G

HEREOR 5 MATLAB » 0 i o » B s i 3 0 ShfBPFS 3 3§ b sfa 27

Vfﬁh Bl A+ i35 p ¢ hi ko - l[?;g%’ziiﬂéb"?afﬁqlg,
FTHAGHARERE D RS 6 SR > BT - R o

15



221 i BRES A E B ) R A R

Vehicle Component

Type of Motion

Lateral Vertical Roall Yaw

Front Bogie, wheelset1 Yo Z, P Vi
Front Bogie, wheelset2 Yoz Z,» Doz Ve
Rear Bogie, wheelset3 Yua Z,3 Pus %
Rear Bogie, wheelset4 Yua Zya Dua Vs
Front Bogie Yer Zy Pes Ve

Rear Bogie Yoo Zg, Doz Ve
Carbody Ye z, 18 Ve

16




% 22 pim ikt (fphie)

1 1 2f
%:E(_Zpr_ZKry) awzzﬁ ——H—Zpr—ZCryj
—(m,, +0.5m, +0.25 1 (=2f,r
e,
2f 1 2f
= P = U vlzj
2K 2C
aW7 = rn:y aWS = rn:y
o, _ 2Kyl 8, = ol
9 = 0
m,, m,
2K lg 2C, g
Ay = > Quaz = .
m, m,
2K, 2C,
a'\ML3 = W an4 = mW
_ZKPZ _2Krz _Zcpz —ZCrZ
Qs = m, B = m,
a, - 2sz A, = ZCPZ
7 m, 8 m,
o - 2K, o, = 2C,,
o m, 20 m,
_ 1 (26,2 _ 1 (=200 +ar)
A1 lwx ( r, J A2z wa( V
Ay = L 2t + 2K pzdw Ay = = 2CPzdv?/ 21ulolfy + 84)
wa o IWX v
1 21,17 1 (1Y 2f,(r,+ad
aw25_|_ 2f11(r0+a/1)+r2—2} awze_l_[ y 12(0 )
Wi 0 Wy ro V
1 1
a0 = I_( 2K ,d.d ) QA28 _l_(_ZCpZdBdW)
1 (-2fza _ 1 21,
awzg—lwz( r, ] aWso_IWZ(V

a

W3!
W

- L [ 2f, +ai(05m, + m, +0.25m, )g - 2K

px w]

17




1 (-2a%f, 2f, )
= -~2_2C_d
aw32 | ", { V V px - w

Az = IL(ZK pxdv%)

N

aw34:|_

(2c,d?

pxw

)

S PR
a'W35_IWZ V ro

18




323 piriadch (%)

2K 2C
_ Ty _~w
Ay m, Ay, m,
2K 2C
_ Ty _~w
= B =
-4K  -2K -4C_ -2C
mg mg
— 4K hg + 2K hg, — (Mg +0.5*m,)g —4C_hy +2C hy
A7 = By =
mg mg
3y =0 8y =0
2K 2C
_ Ny _ Sy
8y m, D) m,
2K _h, 2C_h.
a‘bl3 = Y a‘bl4 — L
mg mg
2K | 2C_|
_ Syl _ oyl
A5 m, A6 m,
B 2sz B 2sz
A7 = m, A5 = m,
B 2sz B 2sz
B9 = m, By = m,
—2K - 4K, ~-2C,-4C,,
By = m, By = m,
B 2K, B 2C,,
Q3 = m, Qs = m,
2K _h 2C_h
ab25 — l py B ab26 le B
By By
2K _h 2C_h
857 Ipy ° By = Ipy 2
B, By
2K d? 2C.,d2
Q9 = Ip j Q3 = Ip j
By By
2K d? 2C.,d2
Q31 = Ip j Q3 = Ip j
By By

19




 — 4K hg + 2K hy,

 -4C,h, +2C hg,

Bz = | 3y = |
B)( BX
—4K ,dj - 4K hy’ -4c,,d; -4C_hy*
Qs = Az =
|Bx IBX
—-2K_h < -2C_h <
A, = I—WB A = l—WB
B)( BX
2K _d,.d.. - 2K _hg.h, 2C_d,.d. - 2C_hg.h.
Bz = = | > 2 By = = | > 2
B, By
~2K_hgl ~2C, hyl.
By = +BS By = lw =
B, By
2K | 2C |
Ay = IPyB B, = lpyB
Bz Bz
- 2K | -2C_|
Qs = | o2 B = | A
Bz Bz
2K _d2 2C,d;
gy = Ip ° g = Ip 2
Bz Bz
2K _d? 2C,,d;
B = Ip 2 sy = Ip °
Bz Bz
—4K 15 —4K di — 2K d5 —4C |5 -4C d; —2C d
Q51 = | sy = |
Bz Bz
2K _d2 2C,dg,
Qg =— Qg =——

le

le

20




% 2-4 pi i (2R9)

2K 2C
a, = Y a, = —
m, me
2K 2C
A = Y ay = —
m, M
— 4K -4C
ac5 = = ac6 = >
m. m.
~4K_h, +m —4Cyh
a5 = ( > = Cg) i = >
m. m,
acg = g¢ct
o 2K 0 = 2Ce
€10 m. 11 m,
2K, 2C,
gy = m, Bors = K
LK .
cl4 m. c15 m,
2K h, 2C4h
Ay = Iw Bar = |w
2K h, 2C,h,
Ay = Isy Baro = |w
— 4K _h_ —4C_h,
A = | > B = | g
- 4KszdczS — 4KwhczS +m.gh — 4CszdczS — 4thczS
A = | Aoz = |
_ mcghcs¢ct
c24 —
ICX
2K | 2C |
Qo5 = |w Bezs = |$y
—2K |l -2C, |
a7 = | > Bezs = | .

21




_ —4AK hl

_ —4C hl

sy 'cs' cs sy 'cs' cs
a029 - | acSO - |
c, C,
—4K_|2 —4C_|?2
sy'cs sy'cs
Az = Ac
I, I,
_ C
A =0 a. =—=%
c34 mc
2K d& o _2C.di
c35 | c36 |
c, c,
2K _d? 2C_d?
— SX " Bs _ sx ' Bs
c37 | c38 |
C, C,
2 2
_ —4K dg _ —4C.dg,
39 T -

22




car body

L -
A o & '.___- o Z
wheelset?  wheelsetl
> Y

side wew Font wew

oy

wheelsetd  wheelsets

B12-1 #usf 2 @ hcdl T 2 B9

,\:?f;}_j’.‘f't'{'ff’-rﬂf af Motion)

Y

W22 fuf 2 Rl 6 i
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M‘,.jmt.’

RI2-3 % - efphiep J HE

JWFrnlt.‘

Rl2-4 % = efphiep d WE

24



.’l'!ffrlljv.i

BI2-5 % = wfmphiop d HHHF

awfrnr.'i \ .Mffrl el

ﬂ!fr_:m"s o

Rl2-6 % v efphiep d WH

25



Aﬁ'}; niwyd

Mm.n:

Frmd_'l'l'

.f'r"!!] tig )
F fwz2

jﬂl'f!.u wed

—

Fiue // ' ; F
H X N me“,: \

ﬁ‘fmu ad

S

o, Rl
p /r F-f;un:'t'.‘

S
F.l}su':.* s
JMyjnan / _’._,-"

.

e

-

Frp wd EI#’ i
."l':!rpl vod

Bl2-8 o= 2% pd HE
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B2-9 & 482 p d FHE

MNORMAL FORCE

CONTACT REGION

SPIN CREEPAGE

LATERAL REEPAGE?/'
- i

LATERAL CREEFP FORCE

LONGITUDINALAAREEPAGE

LONGITUDINAL CREEP FORCE
DIRECTION OF MOTION

B12-10 #m¢udefy 4 7 X BI[29]
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CEE S T =T ERSE R L

31 1 3 T KA >

P S| B R T B R ERIEY > R REFE
i,nWQA%mﬁ%mmng%’mﬁm&iﬂ*ﬂwﬂhﬁk’* g i)
FELFEIER P LHERPE S T AR F 2 — o g2t ERpE . £
B EAET e w0 B R Pug en TR R e 50T e f8[28)] ¢
1. #uiE(gague) # & @ R B chiiE L 2 % A EPUE DA LG AT 14 mm Fudp BB eh

BOBIEYE 0 A HAE D P iR puie 5 1,435 mmo $EER R, P chi 4 A

& LA R AR LR 2 FEAE -

2. kT (crosslevel)s & 1 kT3 L 245 Tﬁdﬁ%ﬁ%fﬂ—% ﬁ_i BER TP
S G LA AR T R PR A T AR R A G 0 Bt S A2 3 (cant)
F— P > FlLig & 4873 - ﬂ,f;me‘rg:ﬁy L1k B - Behd gmatiE s o poo
TeT AR - R0 TG F R AR NP E S A - e Rt L
ERGDT oA U BREER O L1 =49 RIF KA oo TRuE A3 (ral
cant) kB g0 § A B PR ARRTOER LB LR E AP P
R HPE R F 2 0 uiE iz B 3 R (cant deficiency) s § ¥4k i S F
%o @ HR AL

3. % i (prolife)? # 1 =t = R FLE G F 2 W R T LR A
Ko ﬁf%ﬂffﬁ"*‘ﬁu$&%wa’qblﬁﬁﬂﬁ§’§§ﬁ7ﬁﬁ’§ =
ST G 3w GO I % R G LR 2k B AL

4. % o (dignment)? & @ - RIFLFZ - E e EE 0 TERET D FREA
FedF 2k & PR A BE S EHPLE A S B R o

@almﬁsﬁxﬁﬁ%é%ﬁﬁﬁiﬁmﬂ°
Fifew fAuE A BRI HY 2o 2 ik T2 FEEpI PP

F% o Tl PR 0 #1Y LLL B fa gy A T 2,53.?%] r Nk gy o £ R T T

(Federal Railroad Administration, FRA):™ Z_cndiuig 3 T B acdr 2 & (& 5 = a)frm

F T e BAR % A S (PSD) 0 4ok 31 #7m[25] 0 £ ¢ et & L okT A

ﬁnk-ﬁ

73 t e

ga%@ngﬁﬁ&ﬁaﬁfcuﬂé¢ﬂ%%§ﬂ¢=—)’ﬂﬁé cycleffeet - 4 cpf

Faof GMSFOVEER I SAHFLR T B FEFE L 80kmh>
I AVAENPEIRAS > EAFERIARPERT LA ETREF &
PLET R O ik B B BAEZ TR o M AT B L Ry R L apkiw s
- seehddh BAREE LE T R PR SR0E G BRE o TR
S flcd R o AP AL 31 ¢ E - BPuE S8R A RTE 2 7
TS T 3 0§ -S() A S(f) 0 A IR 322 kTS B i h T
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NEMHTAER > LGB - @R S EERAIES[9]  A fptechin S Sk
B gt 4 STV Fhug 2 TE DR R S A A - e % ~ %
ZE S fhbhE ] L e » R AEETE > B B R o Bk g e
B G¥c@ e R ilic VORI PUE 3 T Eeht S o

L Fip+Fup = 2K (Vi = You )+ 2C, (Vi1 = Vi) (3-1)
2. Fi+Fie =2K (Vi2 = Yuz )+ 2C, (V12 = Yz ) (3-2)
3. Fiys + Frys = 2Ky (Vis = Yue) + 2C, (V5 — Vus) (3-3)
4. Fus +Foy =2K (Vrs = Yoa )+ 2C (V14 = Vi) (3-4)
5 F,,+F,,=2K,(z,-2,)+2C,(2,-2,) (3-5)
6. F,+F.,=2K,(z,-2,)+2C,(2,-2,) (3-6)
7. Fis+F.=2K (25-24)+2C,(25—2,) (3-7)
8. Fu.+F.,.=2K (2,-2,)+2C(2,-2.,) (3-8)

N3 e, Kry ~ K, Cry ~CLARLE R e B R el B Tl

Yol 3-3 4 0 @ SR Bk RS 0 A ul i e Bihih e dp g
mﬁﬁlﬁmwﬂ,wﬂﬂ&%lmﬁﬁég,g N T
ml& ] = gmsi& ‘/—\‘ ll‘ %}{fhr?\’ 3-2 t"‘r;r, o

3-2 =ty i 7
LA BE T mr,Q LLE,;,GP.E‘— BB PFiE 590 km/h &3 § @ pFiE 5 80
km/h> B8P > U B F FEFE S BL PR 6 > FIoAHEFTHI L

¥ 2R e iﬂffﬁfﬁﬁ*-ﬂ AoAPa T L AR 90 ) 0 A4 ol Rl
SR TR SARETHD L TG OR e 28 6 mm 5 B ELE[9]
%ﬁﬁ“ﬁﬂ%’?gjﬁﬁgﬁﬁﬁéigéﬁﬁme

P B ER TR ERPE > d St S T S S A BRI EY BEA
*’ﬁ%ﬁ%f%~@ 4@%33 mgﬁﬁ”%m%mi@%@3 w0 d
TREI LT AR F 0 A ’ﬁd PUEAZ R j\j? Hpend & @78 (7585048
- ¢ frmwi o e d g5 R TIUH LR P 0
RATR AR R4 o T iz A 2 LR B ac

3
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TEAALE 0 Py B 5 A2B & (Angleof rail cant) » @ 5 = A 2 — FLEE > M F #uiE B 4R
ompen B TR WERE S R esp ik £8 0 R0

Bra W F LT F RIS AT 0 (0 0L B 0 L 5 S iRl

Flic Bl d FLIE200m B+ A2 % B 130 mm o 28 #EE 1,435 mm iR T o
Vg, 55198 o KA SRR v B Rl > %o~ R o

% 2dptk

BIRIGAYT S 6 B AR AER EHE 2R P BoRPF &
MRt s YT 5 B R R E 2R

% »eiTf ¢ 4% Nadal ratio fr#shie € 5 & 847 % Nadal ratio 5 7+ 4] 4141
% 2Apth o AL B S B £ R S ph Al D Buh® 2tk Bt R
fEd A - 4 2 [28] -
1. fe b A Ay e

PUE B FRANERE S SRS TEORF A2 2 it L 8
> E i R R PR o AoRIS5ATT o ) R AR T E MR e (A A 2
Bt s/ fied Bded 2 W ERLER- BE ﬁ%%é*’@éJdﬁ
Fuplo A e > BoE A A o gt FR T S R b A AN o Ao B]3-647T o
2. B Al

PUE 2 peniih e Tl e 4 H e o A RAPFETHBRS TS e ERE S 0 A
4B e B k2 Mg o IR A 4 AZiE - @ugw ’q* i #
prt A e

3-3-1 Nadal ratio

P A a0 i @ e ¢ AR 4 hd 4 4Rk @ Nadal ratio 3
B Bded dnt @ EEFRY FF 2376 hdpik > BIST7F L §er A P
Nadal ratios L iF » 7 f# :

Y =Nsina —T cosa (3-9
Q=Ncosa +Tsina (3-10)
e {;\ﬁf,{,.:!,Q{g},ré,J,Nx—p,{,,,;,Tékyf'ﬂ4,a§%}gz§_,

#(3-9)5% ~ (3-10)584p%% » 7 F (B-1L) 5 4e T
Y _ tana — (%\l)
Q 1+(-%l)tana

Kalker # * M1t 203 k4 i B 4 0 4% i iR 85 32 /0 4o B13-84 57 [29] » o 12
o Jp B3R 1__;85/%.1 AT o d BV o B 4 | A LR 2 B4

(3-11)
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P BEpRA RL PR -%\I Eljugﬁ@;%ﬁgg;u I e

Y < k(tana — 1) (3-12)
Q 1+utana

9 5 K L% >kl (312)] 75 Nada ;¢ > %mj 2 ig > Nadal ratiosr +

E o L AR R RPGE B IRk SR A 2R g o (derailment quotient) - £
3BEE A LB R (19 Hlc® 5 420083 122 B AR R A

P AR LO SR 2 g iR R A AZiE L PUE 0 PR
fe b A ang oo

3-3-2 bRt £ F

V- % 2R A iR S o o Al R AT L E 2y
EhA s AT B Nadal ratio L ¥ - F 23 B BbhRE S 5 ¥ - *iﬁﬂo
WwihR T X L p A "hmm—k };:}ﬁﬁl o PLE B e (B F T e fet
%%‘Er’ﬁﬁ_{)m— Lgzd f’rﬂ'v‘;’\*‘?&ﬁnfﬁ b ip)Ak SR Pl e 4 hE B 'fr’;l_

%i%%ﬁﬁ—iw%’%@ﬂﬁwﬁWé%%%ﬁ$’%%%%’ﬁS%%E
0

Bt 2 RS R AN Sl oA PR R R B 08 T AR
Pt s A FARE S 1 UE 0 PR R Al e e g 2 o

34 BiE B

d 3R X NP E Rl s T IR AR ) TR ki (T 2
W AT L AR S MATLAB 54 9 = P ehfic s > 4255 5 - 118
BN EERR S TTEL R R RO AR TR TS
MX +CX + KX = F 3 = state-space form+- [30,31] :

p=Ap+B (3-13)
_‘/E[_ v

P, = [ywl Z, Oum WM]T (3-14)
P, = [yw2 Zyp P Vo ]T (3-15)
Ps; = [yw3 Zs Pz Vs ]T (3-16)
P, = [yw4 Zs Pus Va ]T (3-17)
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Ps :[yBl Zy,  Pgy WBl]T (3-18)
p6:[y82 Zg, Pg Waz]T (3-19)

p, =y, z. 4. w.[] (3-20)

PR PRETATEEFEL - d pE A BT EeT

p:[pl’pzlp3'p4'p5'p6'p7’p1’p2'p3'p4’p5'p6'p7]T (3'21)
O |
A= 2828 2828 3.22
{-M'lK -M'lc} (3-22)
O
B— 28x1 3.23
o) -

FRY 05 FeE s | L E e o dgoverning equation MX +CX + KX =F &
3 & gatespace forment + 7 4 TS HAMMATLAB 142 % » & @ j2 1@ (3-21) 5 h
B0 S xRl s &R B g B iR S0 dod 34 £ 35407 [9] -
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% 31 #uig A T B AR S R R OBk (PSD)

Process

track Model Parameter Value of parameters by track class
geometry Symbol Unit 6 5 4 3 2 1
Stationary random
S.(6)= A g’ A, 10%in’/cpf 03 05 09 16 28 50
Gage g2+ 92 g2 +92 ¢ 10°Cpf 89 89 89 89 89 89
¢, 10°Cpf 71 71 71 71 71 71
5.(6)= A g A, 10%in%cpf 03 05 07 11 16 23
Crosslevel ™7 (9% + 9 Jp2> +¢2 ¢, 10°Cpf 71 71 71 71 71 71
¢, 10°Cpf 40 40 40 40 40 40
A 4. 2
AgZlpr+g?) 10%in%cpf 05 08 14 25 45 79
Profile  S,(¢)=—222—2%
997 +97) ¢, 10°Cpf 71 71 71 71 71 71
¢, 10°Cpf 40 40 40 40 40 40
g2 (6 +47) A, 10%n2cpf 03 05 09 16 28 50
Alignment  S,(¢)= W ¢, 10°%pf 10 10 10 10 10 10
2 ¢, 10%cpf 56 56 56 56 56 56
Periodic
Profile y(x)= A+ A, in. 011 014 019 025 033 045
k ft' 025 020 015 014 013 0.3
Alignment Same as profile A, in 008 011 015 020 027 035
k ft* 057 046 035 020 015 0.12

S, (¢) : alignment power spectral density
S, (¢) : cross-level power spectral density
A, : roughness constant of alignment

A, : roughness constant of cross-level

¢ . spatial frequency

¢, ~ ¢,: break frequencies
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4032 Hidhim g fuE 3 T A2 A i R Rl

Lateral Lateral Vertical Vertical
Displacement Velocity Displacement Velocity
Wheelset 1 Yor Yoa Z, Z,
Wheelset 2 Yoz Yoz z,, Z,,
Wheelset 3 Yos Yua Z,4 Z,5
Wheelset 4 Yous Yuua Z,, Z,4
Rail Y1 > Y2 Vi~ Y2 Z, >~ Z, z,~ 7,
Irregularity Yis * Yia Viz ™ Via Z3 >~ 4y 3 7,




#3-3 £ & Wiuig Bk Surr3k 2.2 Nadal ratio (H) v )[19]

Derailment | Taiwan Japan North Europe Mainland
Quotient America China
(1)

1.0 0.8~1.0 1.0 0.8 1.0~1.2

e
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Model parameter Value Unit
Carbody mass(without passengers) 24180 kg

Roll moment of inertia of carbody 44720 kgm?
Pitch moment of inertia of carbody 899740 kgm?
Yaw moment of inertia of carbody 899740 kgm?
Bogie mass 4,118 kg

Roll moment of inertia of bogie 1,960 kgm?
Pitch moment of inertia of bogie 6,230 kgm?
Yaw moment of inertia of bogie 6,230 kgm?
Wheel set mass 1,731 kg

Roll moment of inertia of wheel set 1,026 kgm?
Pitch moment of inertia of wheel set 107 kgm?
Yaw moment of inertia of wheel set 1,026 kgm?
Nominal radius of wheel 0.425 m

Half of track gauge 0.7175 m
Wheel conicity 0.03

Longitudinal stiffness of primary suspension 7.2 KN/mm
Longitudinal damping of primary suspension 17.2 KNs/mm
Lateral stiffness of primary suspension 5.51 KN/mm
Lateral damping of primary suspension 17.2 KNs/mm
Vertical stiffness of primary suspension 1.48 KN/mm
Vertical damping of primary suspension 6.0 KNs/mm
Longitudinal stiffness of secondary suspension 0.164 KN/mm
Longitudinal damping of secondary suspension 0.0322 KNs/mm
Lateral stiffness of secondary suspension 0.164 KN/mm
Lateral damping of secondary suspension 0.0322 KNs/mm
Vertical stiffness of secondary suspension 0.285 KN/mm
Vertical damping of secondary suspension 0.0229 KNs/mm
Half clearance of primary suspension at bogie side 1.05 m

Half clearance of primary suspension at wheelset side 1.05 m

Half clearance of secondary suspension at bogie side 1.05 m

Half clearance of secondary suspension at carbody side  1.05 m
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e

Model parameter Vaue Unit
Lumped latera rail stiffness (including ballast) 14 KN/mm
Lumped vertical rail stiffness (including ballast) 21 KN/mm
Lateral damping of rail 172 KNs/mm
Vertical damping of rail 172 KNs/mm
Lateral creep force coefficient 800 kN
Lateral / Spin creep force coefficient 1.2 kNm?
Spin creep force coefficient 1.0 kN
Longitudinal creep force coefficient 800 kN
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Mot

DATLS

10 SRR BRI R ——
- 088 : bbbt —— alignment |
vl — - cross lewvel |

—_

=,
-
_

PSD of track profile (m*Hz)
=

—

=,
[
=

e B N RN R AR N N I R S S

10" 10" 10% 10° 10*
frequency (Hz)

BI3-2 kT2 i 2 T &0 AR % A Sk (& 1 80 km/h)
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Bl 3-4 iy @ 4 (7% 50 § fur 4 BI[32]
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Dicretion of motion

'y
Angle of attack
—— e
—
—— - -
e
— R
———

Bl 3-5 #uiE & 4w (7% 2 B8 & o R FI[33

ol g
on ztraizht track

wheel climb

derailment

B3-6 et A M FL2 iE A2 B[19]
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Bl 3-7 fmpuiRfg < 4 o & BI[28]

F
F (Vr-Vi)
K= rrl1jax Creepage =" 5. Fuuix —
high creepage E
—_—
wheel I ! high creepage
V. slip : : idle
O - : : -
small creepage
Ve 13 i :
| 1
\ S ! !
| |
1

breaking force driving force

H : friction coefficient F : friction force

Vr: rolling speed Feax + maximum friction force

Ve o forward speed Pt weight

B 3-8 E#1F T 2 BI[29]
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FLE F B TR R L AR e 48 £ ) (stroke) T e 28 27 B R B g
o losit gl o8 > S A RE RS IR LA BB G - PSR
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A RN AT
Front secondary stroke =y, + oW/ c + st — Ve; (4-1)
Rear secondary stroke =y, — oW/ + Nesfe — Vs (4-2)

FE | sEeEFP T gk TR o h R BT TSR R
e REHE o

#3783 (4-1) ~ (4-2) v (3-13) ;" e state-spaceform ¢ £ J|* T MgdcdE > v E
ENEENAPT b PR e B 4L 5 g 18 aphiE 80kmh T > s
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AP AL FREN KR e g F2F o S - AAEF 0 AR H R R
BB TR AT SR ® o AR K KR B 8 & /] (Stroke) T i ih B
o2 Ffpfte 28 > At B EDs [ frige ELEHhe i v =8
EEE R B Y- oS e it B AACBM RN e
Primary stroke of first wheelset = yg, + 1w s, — Vs (4-3)
Primary stroke of fourthwheelset = yg, — 105, — Yiva (4-4)
P R EE - S F o mBES S s S Hphle o iEdg -
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%A1 R R WO

Speed (km/h) 50 60 70 80 90
Frequency (H2) 3.12 351 351 3.9 4.68
Max. swing angle of bogie  0.15 0.17 0.20 0.22 0.25
(degree)
Max. lateral displacement 2.9 35 4.0 4.4 4.9
of wheel-set (mm)
Unstable hunting motion Nil Nil Nil Nil Nil
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242 3RS SR RS

Speed 50 60 70 80 90 145 148
(km/h)

Displacement 0.84 0.90 1.10 1.50 1.60 60 >75
(mm)
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243 o E2Z S ieid B

Speed (km/h) 50 60 70 80 0

Test result (m/s?) 0.37 0.52 0.60 0.64 0.74

Simulation result (m/s”) 040 042 052 062 071
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Force (kN)
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Force ( kN )

Acceleration (m/s 2)
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Lateral acceleration (mfsz)
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Displacement (m)

Displacement {m)

0z

015

0.1

0.05

-0.05

-0.1

-0.15

-0.2
a

lateral throw limit

10

20

30
Time (s}

40

50

&G0

B 4-11 - &g kn™ 2 2 e 8 28 (2% 148 km/h)

02

0.15

0.1

0.05

-00%

-01

-0.15

-0z
0

lateral throw limit

10

20

a0
Time (s}

40

a0

60

Bl 4-12 = B Ui R inT 8 M2 o8 M@ (2 @ 150 km/h)

55



Wheelset lateral excursion (m)

YWheelset lateral excursion (m)

001 T T T T T

0.008

flange limit
0006

0.004 - —

0.002

-0.002

-0.004 | .

-0.006 —

-0.008

_OO'] | | 1 1 1
0 10 20 30 40 50 50

Time (s)

B 4-13 - sopuif Rn T wdhe s e =M % H (22 145 km/h)

0015 T T T T T

0.01

|-

0.005 - .

-0.005%

-001

T
—
e i

_0015 | | 1 1 |
0 10 20 30 40 50 60

Time (s)

B 414 — s hnT ghdhie s e =4 M G B (22 150 km/h)

56



Wheelset lateral excursion (m)
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Position of acceleration transducer
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# 51 4 ¥ T & 1mm ™ Nadal ratio % it &

Loading Whesd Level of Vehicle velocity (km/h)
condition condition  track
irregularity 25 50 80 110 145
Without one 0.045 0.099 0.180 0.250 0.330
whedlflat  three 0.025 0.068 0.170 0.145 0.197
w1 SiX 0.018 0.030 0.050 0.120 0.120
With one 0.054 0125 0.230 0.310 0.440
whedlflat  three 0.031 0.080 0.220 0.187 0.254
SiX 0.022 0.035 0.061 0.125 0.150
Without one 0.031 0.070 0.124 0.173 0.250
whedlflat  three 0.020 0.040 0.124 0.102 0.140
w3 SiX 0.010 0.020 0.032 0.085 0.123
With one 0.035 0.080 0.150 0.200 0.290
whedflat  three 0.020 0.050 0.142 0.119 0.310
SiX 0.010 0.021 0.037 0.098 0.150
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7 52 pFig 80km/h ™ > 7 e #uiE 3 s 4 i BT R R 22 Nadal ratio

Loading Level of

Depth of wheelflat (mm)

condition track 0 1 2 3 4.26
irregularity

w1 one 0.180 0.230 0.410 >1 >1

three 0.170 0.220 0.410 >1 >1

Six 0.050 0.060 0.122 0.700 >1

W3 one 0.124 0.150 0.183 0.320 >1

three 0.124 0.142 0.180 0.290 >1

SiX 0.032 0.037 0.049 0.090 >1
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DYNAMIC ANALYSISAND SAFETY EVALUATION OF
RAIL TRAINS SUBJECTED TO A SUDDENLY
OCCURRED EARTHQUAKE

Wen-Fang Wu' and Chieh-Jen Hung?®

'Department of Mechanical Engineering, National Taiwan University
Taipel 10617, Taiwan
wiwu@ntu.edu.tw
?Ingtitute of Industrial Science, University of Tokyo
4-6-1 Komaba Meguro-ku, Tokyo 153-8505, Japan
cjhung@iis.u-tokyo.ac.jp

ABSTRACT: The present study focuses on the dynamic simulation and safety investigation
of rail trains subjected to a suddenly occurred earthquake. The mathematical model consists of
a semi-train system having 16 degrees of freedom, and quantities such as conicity, creep force
and track irregularity are considered. Based on the model, numerical simulation results are
verified by the field test data of a certain kind of rapid transit train operated by Metro Taipel
System. After the verification, dynamic responses of the front wheelset of the train running at
different speeds are obtained, and the stability of the train is discussed accordingly. It is found
that dynamic instability occurs when the train runs above the speed of 155 km/h. With regard
to the potentia derailment when an earthquake occurs during the train’s stationary cruise,
criterion based on calculation of either ‘Nada ratio’ or the ‘wheel-load reduction ratio’ is
employed for judgments. It is found the train will not derail on either the ground or elevated
bridges when an earthquake as large as that recorded in Taipei during the famous Chi-Chi
earthquake occurs. Moreover, it is found that both Nadal ratio and the wheel-load reduction
ratio should be used simultaneously to evaluate possible derailment of the train when it runs
on curved tracks.

KEYWORDS: rail train, dynamic simulation, earthquake, derailment, Nadal ratio, safety.

INTRODUCTION

Earthquakes frequently occur in countries such as Taiwan and Japan. For rail trains running at
certain speeds, when an earthquake occurs, derailments might occur. It may cause catastrophic
disaster and endanger the safety of the public. To avoid the potentia risk and ensure the
public safety, some rail trains, especially high speed rail trains, are equipped with special
apparatuses to monitor the ground wave motion and can make emergent stop when needed.
For urban rapid transit trains, they may not be equipped with such monitoring apparatuses.

" Former graduate student of National Taiwan University



Companies who run the rail systems usually set certain rules for their engineers and staffs to
follow after an earthquake occurred. For example, Taipei Rapid Transit Corporation (also
known as ‘Metro Taipe’) will give orders to their engineers to stop the running trains once an
earthquake is sensed by its control center and/or announced by the Central Weather Bureau of
Taiwan. Depending on scale intensities of the earthquake, the engineers are asked to follow
certain procedures to run the train to the nearest station and evacuate the passengers. Special
attention has to be paid when the scale intensity of the earthquake is greater than four (Fan,
2005).

At midnight of September 21st, 1999, an earthquake of Richter magnitude scale 7.3 (moment
magnitude of 7.6 recorded by USGS) occurred at Chi-Chi, Taiwan (Tsai and Huang, 2000;
Leeetd., 2001). It isthe largest earthquake in Taiwan for the century, and caused the death of
more than two thousand people. The scale intensity of that earthquake in Taipei is four. It
caused collapse of a building and the death of 72 people in Taipel. Fortunately, the rapid
transit trains were off their office hours and not in operation when the earthquake occurred.

In the present study, we will examine through dynamic analysis whether the rapid transit
trains in operation is safe when an earthquake of scale intensity four occurs suddenly in Taipei.
Special attention is paid to the calculation of Nadal and the wheel-load reduction ratios to
evaluate the possibility of derailment.

FORMULATION
Dynamic M odel

The model of the rapid transit trains is shown in Fig. 1. It consists of a carbody, two bogies
and four wheelsets. Under the assumption of steady-state running in x-direction and the
neglect of pitch motion, the complete dynamic system has 28 degrees of freedom. Since we
have discussed the dynamic stability and ride quality of the complete train model in a
previous paper (Fan and Wu, 2006), we will now simplify the dynamic modeling by
considering only a half of the train in the present study. The dynamic system is therefore
reduced to 16 degrees of freedom as indicated by variables shown in Table 1.

The free-body diagram of the front wheelset is shown in Fig. 2. It is subject to forces and
moments coming from the primary suspension system, which includeF,,, Fu:: Fipus
For: Mipwar Mignas My ad M, . Between wheelsets and rails, there are normal
contact forcesN,, and N, ; creep forces F, and F. ; creep moments M M M
and M w+ Fry» F, @nd Fg . Other wheel-rail interaction

forces including those arisen from track irregularity and those from earthquake areF, ,, F

lex ! rex ! [[4

and flange contact forces F

riyl?
Fin» Fin and F,, F,, respectively. While the above notations are referable to the right

wheel set, they apply to the left wheelset as well except that a different subscript index is used.
The free-body diagram of the bogie is shown in Fig. 3. In addition to those already mentioned
forces and moments coming from the primary suspension system, it is subject to forces and
moments resulting from the secondary suspension system. They includeF g, Fg,, F,»

Fe,» Mg, Mg, Mg and M g, . For the carbody, its free-body diagram is shown in
Fig. 4 with external forcesindicated in the figure as well.
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' Fig. 1: Train model
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Table 1: Degrees of freedom and associated variables

Type Front wheelset Rear wheelset Bogie Semi-Carbody

Lateral Y Yz Ye Ye
Vertical Z, Z,, zZ, zZ,
Roll Pu Duo s 9.
Yaw Y Ve Ve Ve

Fig. 2: Free-body diagram of wheelset
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Fig. 4: Free-body diagram of carbody

Both the primary and secondary suspension systems are modeled as sets of spring and dashpot
in parallel. Although their constants may be different for the left-hand side and right-hand side
components in reality, they are assumed equal in the present analysis. As indicated by their
subscripts, the following constants are the spring and dashpot constants associated with the
train model shown in Fig. 1. C_, C,,, C,, K, K, K,, C,, C,, C,, Ky, K

2 pz? px? py ’ pz? B sy
and K.

py ? sy !

Kalker’s linear theory is adopted for the derivation of creep forces and moments. According to
Kalker (1991), for small creepages, the following linear relationships can be used:

I:x == f334’x (1)
Fy == fllé;y - f12§5p (2)
M, = f12 - fZngp 3

in which ¢
creepage, and f; are creep coefficients. The definition of creepage can be found in Garg and

is the longitudinal creepage, ¢, is the lateral creepage, ¢, is the spin

X



Dukkipati (1984), and the creep coefficients are assumed to be constants in the present study.
It should be mentioned that these creep forces and moment are defined with respect to the

wheel-rail contact plane. They are related to the creep forces, F,, and F, and creep

moments, M, M,,., M, and M,, mentioned previousy through certain coordinate
transformation. The detailed derivation can be found in Hung (2006).

rcy !

Equations of Motion

Based on the consideration shown above, the equations of motion for the rapid transit train
can be derived as follows. In particular, the dynamic equations for the front wheelset are

Yor = &Y T 82 Yoa + uaus + aw4¢w1 t AW+ QW T 8w Ye + &4 Ye T @uWs

. : . (4)
+ QoW s + Aifs + BuoPs + Auaz + g T s Yrn  AuaeVer + Ay

ZW1 = an8 Zwl + awlgzwl + a'WZOZB + a'W21iB + aW22 + aw23l//W1 + aW24ll}W1 + aW25 + aw26 Zrl (5)
+ a'W27zrl + aw28 + a'W29

s = B0 Yo + Az Vo + BsW s + sl ur + Aasus + AasPus + Bz + Ay + s (6)

Wor = Qo Yor T Bwao Yo + BwarV s + 8uaVus + aw43¢w1 + QW + QW s + Qe (7)

Variables at the left-hand sides of the above equations are related to quantities indicated in
Table 1, and the dot sign indicates twice differentiation with respect to time. Other constants
at the right-hand sides are related to parameters such as train speed, masses of components,
spring constants, dashpot constants, creep coefficients, clearances of components, wheel
conicity, track gauge length, curving radius of track, etc. They reflect very much the
geometries of train and track. Since the expressions and their derivations are rather lengthy
and tedious, they are not shown herein. Interested readers can refer to Hung (2006).

The dynamic equations of motion for the rear wheelset are basically the same as those of the
front wheelset but a subscript of 2 is used instead. As for the bogie, the equations of motion
are

yBl = ablywl + a‘oz ywl + a‘o3 yw2 + a'b4 ywz + a'b5 yB + a'b6 yB + a'b7l//B + a'bsl/)B + a'b9¢B + ab10¢'B (8)
+ a'bll yc + ab12 yc + a'b13¢c + ab14¢c + ablsl//c + ablG‘/)c + abl? + a'b18

zB = a‘leZc + a‘bZOZc + abZlZB + abZZZB + ab23¢B + a‘b24ZWl + abZSZwl + ab26ZW2 + a‘b27Z\N2 + ab28

9)

¢B = a'b29 yw1 + a'b30 ywl + ab31 ywz + a'b32 ywz + ab33¢w1 + ab34¢wl + ab35¢w2 + ab36¢w2
+ ab37 yB + ab38 yB + ab39¢B + ab4o¢B + ab41 yc + ab42 yc + ab43¢c + ab44¢c (10)
+ ab45l//c + ab46l/)c

Vg = QagrYor T QuagYur + Boao Yuo + Bpso Ywo T st + usoWur + QsalW iz T psal v

) (12)
+ a5 T Azl B



Finally, the equations of motion for the carbody are

Vo = 8uYe + 80 Ye +8i3Ys + 8o + Bushe + Ao, + 8 (12)

2, =84Z +8.2, + 8,52 + 8y 25 + 8y + s (13)

Be = 81 Yo + BuisYe + s Yo + 8utr Vo + Buase + Bcrofh. + oo (14)
Yo = 8cnYa + eV + Beoabe + Beaade + BeosW o + Beaglic + Bl (15)

Again, variables at the left-hand sides of equations are related to quantities listed in Table 1,
and constants at the right-hand sides are related to train geometry, track geometry, component
constants, train operation speed, etc. The detailed expressions and derivations of these
constants are shown in Hung (2006).

In order to model and study the effects of ballast, foundation and/or elevated bridge, a series
of springs and dashpots are installed under the tracks for some numerical examples as those
shown in Fig. 5. This is especialy important in case an earthquake occurs when the train is
running on an elevated bridge.

Sate-Space Form

The previous four sets of equations of motion can be cast into the following vector form:

le,WZ,B,c le,WZ,B,c le,WZ,B,c
z Z Z
1,w2,B, 1,w2,B, wl,w2,B,c
Mo BBty gl TEBe L K -F-F.=0 (16)
¢W1,W2,B,C ¢W1,W2,B,C ¢Wl,w2,B,c
Vwiw2,B.c Y w2,B.c Vi w2,B.c

Secondary

/ suspension

Bogie Bogie | primary

Krp2 Cipz Kipi Cip1 4« suspension
wheel set

UG KELC KELC KELC KELG KELC
£4C, KEdiC, KEDC, K Ede. KEdC KEdC,

Fig. 5: Train runs on tracks above el astic foundation




in which M, C and K are 16x16 matrices representing mass, damping and stiffness
constants, respectively; F and F, are interaction force vectors resulting from track
irregularity and earthquake, respectively. Equation (16) is difficult to solve by the method of
model decomposition owing to its complexity. Instead, it is rewritten in the following
Cauchy’s form:

P=AP+BF (17)
in which

P={P.,P, P,,P,.B.P,P,P,[ (18)
P={Vu Zi i Wupi=12 (19)
P3:{Yb z, &, l//b} (20)
P4:{yc Zc ¢c l//c} (21)
A{ © '1} (22)

~-MK -MTC
d F= 0 23
" RUGGRLY )

In the above equations, 0 is a 16 dimensional zero vector, O isa 16x16 zero matrix,
| isa 16x16 identity matrix, and the superscript T indicates transpose of the matrix or
vector. Since Eqn. (17) is a standard state-space representation of differential equations, it can
be solved easily and numerically.

Derailment Criteria

It is well-known that severe train hunting may lead to lateral impact of the carbody. It may
also lead to lateral impact of the wheel flange by the rail. For the latter case, potential train
derailment will occur. Therefore, it is important to study the effect of hunting on the
derailment. For this purpose, Nadal ratio is used (Elkins and Carter, 1993). It is defined as the
ratio of the total lateral force to the total vertical force of the leading wheelset resulted from
impact. Both forces can be calculated once the above dynamic equations are solved or
simulated. Nodal ratio can be used as a criterion for evaluating whether a train will derail or
not. It is also used nowadays as a design rule. For rail systems in most countries, Nodal ratio
Is required to be kept below a value between 0.8 and 1.2 (Garg and Dukkipati, 1984). In
Taiwan, thelimit value is 1 (Fan, 2005).

Aside from Nadal ratio, ‘wheel-load reduction ratio’ is sometimes used to evaluate potential
derailment, especially when a train runs on curved tracks. It is defined as the ratio of
differential vertical force of wheelset to half of the dead axle-load. The differentia vertical
force is obtained by deducting half the dead axle-load from the dynamic vertical force of the
wheelset. When the train runs on curved tracks, the vertical force of outer wheelset is usually
considered. The wheel-load reduction ratio can be obtained once the dynamic equations of
motions are solved. In general, it is required to be kept below a value between 0.6 and 0.8 to
avoid jump-type derailments (Suda, 1994). Since wheel-load reduction ratio is difficult to



measure, it is suggested as a second criterion to that based on Nadal ratio. There is no need to
examine the wheel-load reduction ratio once the Nadal ratio exceeds the prerequisite limit
(Fan, 2005).

Track Irregularity

The irregularity of the track profile is considered a stationary ergodic Gaussian random
process, except at areas with turnouts and road crossings and rail-lines with track deterioration
(Lei and Noda, 2002). For a stationary stochastic process X(t) with expectation zero and

power spectral density function (PSD) S(w), the sample functions can be simulated by the
following trigonometry series:

X(t) = ZN: a, sn(ot+06,) (24)

where «, isa Gaussian random variable with expectation zero and variance o, (obtained
from the sguare root of the area of the differential element of PSD), and they are independent
for different k; 6, is arandom variable with uniform distribution in [0, 27], and is also
independent of different k. Moreover, «, and 6, are independent of each other. Both of
them can be generated easily by a computer.

The power spectral density can be modeled by even-powered laws, and is a function of break
frequency as well as a roughness parameter (Garg and Dukkipati, 1984). In the present paper,
the following alignment power spectral density S,(£) and cross-level power spectral density
S. (&) of rail track for line grade one of the American Railway Standard are used as the input
excitations (Garg and Dukkipati, 1984):

A& (&7 +E))
S —_-a%21> o1/ 25
O e )
A&
S = 26
<) (&2 +&0)(E+¢5) (29

where A, and A, aretheroughness constants, & isthe spatial frequency, and & and &,

are break spatial frequencies. In the dynamic analysis, these power spectral density functions
have to be transformed into regular frequency domains through consideration of the train
speed. That is, S(£) has to be transformed into S(£) for the convenience of dynamic

anaysis.
Earthquake I nput

Like track irregularity, earthquake can be considered as a random process as well. By physical
judgment, it should be modeled as a nonstationary process, which causes the dynamic analysis
very tedious. A simplified model is considered instead in the present study. The time history
recorded by the accelerometer at a ground-motion observation station in Taipei during the
famous Chi-Chi earthquake is used as an input to our train dynamic system. It has a
Taiwanese intensity scale of four which has a peak ground accel eration between 25 and 80 gal
(Tsai and Huang, 2000; Lee et a., 2001). It is noted that definition of earthquake intensity
scale in Taiwan may be different from those used in some countries but is exactly the same as



that currently used in Japan. Moreover, accelerations in both lateral and vertical directions are
recorded by accel erometers during an earthquake.

NUMERICAL CACULATION AND RESULTS

Based on the consideration and derivation stated above, numerical simulations have been
performed for various cases. Since our focus is the train used in Taipel Rapid Transit System,
dimensions of the train, its components and track of the system were adopted in the
simulation. Appropriate values of mechanical properties were also chosen for the system (Fan,
2005). Owing to limited space, we will report only a few simulation results in the present

paper.

The stability of the train when it runs on norma condition was first studied. By normal it
means the train runs on irregular but straight tracks at constant speeds. Asindicated in Fig. 6,
the train runs stably until at a speed of 155 km/h in which lateral instability occurs. As
expected, the instability was also found when the train runs at speeds above 155 km/h. For
those stable cases, the lateral displacements of the front wheelset are always below 6 mm
which is the limit value set by Taipei Rapid Transit System. For vertical displacement of the
wheelset, the instability begins to occur at a speed of 165 km/h, but it is not shown herein.
Other quantities such as lateral displacement and acceleration of the bogie were obtained and
compared with the test results as well as results obtained previously by Fan (2005) based on a
more complete model. They were found to be very compatible. It ensures the
appropriateness of the present model as well asits results.

The effect of earthquake on dynamic responses of the train can be seen immediately from
Fig. 7 which indicates the lateral displacement of front wheelset in consideration of both track
irregularity and earthquake, in lateral and vertical directions for both inputs. For comparison
purpose, the train speed is kept to be 80 km/h. The result indicates that the maximum
displacement exceeds the limit value of 6 mm mentioned previously. It causes wear between
the rail and track but may not result in immediately disaster. As compared to Fig. 6, it can be
seen that track irregularity can be ignored for the dynamic analysis when an earthquake of
intensity four occurs. The high vibratory frequency of the train is now modulated by low
frequency of the earthquake. The same observation and conclusion are found for other latera
and vertical displacements of both front and rear wheelsets. It is also found that vertical
ground motion affects very little on the lateral responses of train, and vice versa.

To investigate potential derailment of the train, Nadal ratio and wheel-load reduction ratio
were calculated based on the simulation result. Figure 8(a) indicates the time history of Nadal
ratio when the train runs at a speed of 80 km/h. If earthquake is taken into consideration, the
result becomes that of Fig. 8(b). Furthermore, if we consider the train runs on an elevated
bridge, the result becomes that of Fig. 8(c). It is found that earthquake does increase the Nadal
ratio, but the discrepancy is not very significant. The amplification effect of elevated bridgeis
not very serious as well. For al cases, Nadal ratios are found below the limit value of 1,
which indicates that derailment will not occur. It is interesting to note that the fluctuation
frequency of Nadal ratio is rather high as compared to that of the lateral displacement of front
wheelset. It is owing to the higher frequency of ground acceleration as compared to ground
displacement as observed by seismologists and earthquake engineers. Following a similar
comparison basis, the result of wheel-load reduction ratio is shown in Fig. 9. It is found that
wheel-load reduction ratios are kept below 0.6 for both cases, which indicates that derailment
of the train is very unlikely. Similarly to that on Nadal ratio, the effect of earthquake on



wheel-load reduction ration is not very significant.

Since derailment is a very important issue, we have studied, without considering earthquake,
the effects of train speed and track curving radius on potential derailment of the train in
particular. Various cases were ssimulated and the result is summarized in Table 2. To be

conservative, the maximum cant of 5.19° and minimum curving radius of 200 m as set by
Taipel Rapid Transit System were considered during the simulation. It is found that, when the
train runs on tracks having curving radius of 3,500 m, derailment will not occur except when
the train speed reaches 80 km/h. For the latter case, although the maximum Nadal ratio is till
within its limit, the maximum wheel-load reduction ratio has exceeded its limit. More
attention has to be paid or more detailed evaluation has to be performed for this case. Since a
transit train usually will not run at this high speed on curved tracks, the trains used in Taipel
Rapid Transit System will not derail when running at regular conditions. The situation is quite
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different when the train runs on tracks having the minimum curving radius. As can be seen
from Table 2, the maximum Nadal ratios exceed the limit almost for all cases. These situations
should be avoided when operating the trains.

CONCLUSION

With regard to the dynamic analysis of trains used in Taipel Rapid Transit System, the
following conclusions are drawn in the present studly.

1

The appropriateness of the mathematical modeling and numerical analysis is ensured
through comparing the lateral displacement of the bogie with that of the test result and the
result obtained in a previous paper based on a more complete full-car model.

When the train runs on straight tracks and without considering earthquake, it is found that
instability occurs at speeds of 155 km/h and higher, which also coincides with the result of
the previous study.

When the train runs below its limit servicing speed of 80 km/h, and an earthquake of
intensity scale four such as that recorded in Taipel during Chi-Chi earthquake occurs
suddenly, the train is still stable and will not derail.

When both lateral and vertical ground motions of an earthquake are considered, dynamic
responses of the train will be amplified approximately by 5% as compared to those caused
by ground motion of the same direction. That is, a certain coupling effect exists between
the lateral and vertical ground motions on the train responses.

Although displacements of the train including those of the carbody, bogie and wheelset are
amplified tremendously by the earthquake, the maximum Nadal ratio and wheel-load
reduction ratio do not change very much. It may be owing to that both the lateral and
vertical forces of the wheelset are amplified, and both forces at the let-hand and right-hand
sides of the wheelset are amplified. It indicates the train will not derail due to earthquake
when running within the limit servicing speed on straight tracks.

Without considering earthquake, the train will not derail even it runs on curved tracks of
large and moderate radii so long as it runs below the limit servicing speed. For some cases,
wheel-load reduction ratio should be considered in addition to Nadal ratio to guarantee that
derailment will not occur.
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Table 2: Maximum Nadal ratio under various curving radii and train speeds

Situation

Train speed (in km/h)

30 40 50 60 70 80
Curvingradiusof 200m 0.98 1.32 1.78 228 290 3.72

Curvingradiusof 3500 m safe safe safe safe safe 0.73*

* Maximum Nadal ratio iswithin its limit but maximum wheel-load reduction ratio is over.
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