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ABSTRACT

Based on the heuristic nonlinear creep model,
this paper presents the nonlinear differential
equations of motion for a railway vehicle model
running on curved tracks under two-direction rail
irregularities and various cross-wind loads. A
31-degree-of-freedom (31-DOF) vehicle model is
constructed by including the lateral, vertical, roll and
yaw motions for each wheelset and the lateral,
vertical, roll, pitch and yaw motions for the bogie
frames and the car body. According to the derailment
criterion, the derailment quotients, offload factors and
overturn factors for a railway vehicle are determined,
respectively. From the numerical results, it shows that
the derailment quotients, offload factors and overturn
factors increase as the angle of attack of wind load
increases. The derailment quotients, offload factors
and overturn factors for a vehicle model is presented
in terms of linear and nonlinear creep models. In
general, when cross-wind loads are considered to act
on the car body, the derailment quotients, offload
factors and overturn factors that are determined by
the nonlinear creep model are consistently higher
than those evaluated from the linear creep model. As
a result, the angle of attack of the wind load has a
significant effect on the derailment safety assessment
for a railway vehicle system.
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A railway vehicle system uses aerodynamic
design, regenerative braking, engine technology and
dynamic weight shifting. Railway vehicle systems
are constructed to condense the travelling time
between two cities. In past decades the elimination of
the risk of derailment has become increasingly

important.
For a traditional railway vehicle system, there
are several nonlinear parameters, for example,

suspension forces, wheel-rail normal forces, wheel
taper profile and nonlinear contact forces and
moments. The dynamic behavior of railway vehicles
running on curved tracks are examined by some
studies (Cheng and Hsu, 2012; Auciello et al., 2009;
Cheng and Lee, 2011; Xiao et al., 2012). Running
safety assessment is a significant aspect of the
dynamic analysis of a railway vehicle. Several studies
present mechanisms for derailment for a railway
vehicle system running on a tangent or on curved
tracks. The critical speeds for impact derailment
evaluated by the nonlinear creep method are studied
by Wang and Li (2010). Durali and Jalili (2010)
determined the capability to forecast the derailment
safety using a new derailment criterion. Considers the
horizontal component of the tangential force at the
contact point, Kuo and Lin (2015) developed a
derailment criterion. He et al. (2015) used a survival
model that assesses the derailment risk as a function
of track defects and traffic conditions.

As well as the effect of track irregularities on
derailment risk some literatures determine the effect
of crosswind loads on the dynamic safety and risk of
derailment for a railway vehicle system. Using a
linear creep model, Xu et al. (2003) and Zhang et al.
(2018) determined the dynamic response and risk of
derailment for a bridge-train system. Cheng et al.
(2011) and Zeng et al. (2016) presented the dynamic
behavior and instability mode for a traditional
railway vehicle system that is subjected to
aerodynamic forces. For cross-winds at various
angles of attack, Bocciolone et al. (2008), Han et al.
(2014) and Baker et al. (2009) illustrated the dynamic
response analysis for a traditional railway vehicle
model.

Although the risk of derailment for a vehicle
model subjected to rail irregularities and cross-wind
loads was described by Cheng et al. (2013), the angle



of attack for the cross-wind load is assumed to be
constant. Using the linear creep forces and moments,
the effect of the angle of attack of cross-wind
aerodynamic forces on the dynamic response of a
railway vehicle model was determined by Bocciolone
et al. (2008), Han et al. (2014) and Baker et al. (2009).
When cross-wind forces act on the car body, the
overturn factor is a significant factor in the risk of
derailment. However, the overturn factor is rarely
used by these studies for derailment safety analysis.
Therefore, the principal contribution of this paper is
an analysis and comparison of the effects of
cross-wind loads at different angles of attack on the
derailment quotients, offload factors and overturn
factors when rail irregularities are considered in the
railway vehicle model with linear and nonlinear creep
modes.

This paper determines the nonlinear differential
equations of motion for a freight railway vehicle
constructed by a 31-DOF system evaluated via the
heuristic nonlinear creep model and subjected to rail
irregularities and various cross-wind loads. In each
wheelset model, it contains the lateral displacement,
vertical displacement, roll angle and yaw angle. In
the bogie frames and the car body models, it contains
the lateral displacement, vertical displacement, roll
angle, pitch angle and yaw angle. Employing the
Runge-Kutta fourth-order method, the derailment
quotients, offload factors and overturn factors are
evaluated for different speeds and angles of attack for
a wind load. The numerical results show how the
vehicle speed affect the derailment quotients, offload
factors and overturn factors under rail irregularities
and varying angles of attack of wind loads. Finally,
the effects of the vehicle speed on the derailment
quotients, offload factors and overturn factors are
illustrated and compared for wind loads at different
angles of attack by linear and nonlinear creep models.

DIFFERENTIAL EQUATIONS OF
MOTION

Rail Irregularities

Rail irregularities are an important issue for the
derailment safety and ride comfort of a railway
vehicle system. This study considers rail irregularities
in the lateral and vertical directions. A study of high
frequency irregularities in Germany railways (ORE,
1987) showed that the power spectrum densities for

the rail irregularity in the lateral direction, S, (Q),

and the vertical direction, S, (Q) are given by:

_ AQ;

5 (%)= (@2 +02)(Q?+0?)’ (1)
_ AL,

(@)= (@2 +Q?)(Q? +0?)’ )
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where Q is the space frequency. A, and A,

indicate the roughness constants in the lateral and
vertical directions. Q. and Q, denote the cut-off
frequencies. In addition, A,, A, Q. and Q, are
given in Appendix(ll). The vehicle speed of 120
km/h is assumed to use for calculating the simulated
rail irregularities data by MATLAB programs. Then,
the rail irregularities in the space domain are
calculated via the random number generator and the
Inverse Fast Fourier Transform (IFFT) in MATLAB
software. Therefore, the rail irregularities in the
lateral (y,;) and vertical (z; ) directions are shown

in Figure 1. Additionally, the external forces acting
on the wheelsets due to rail irregularities are given as:

Fryij = Kry yrij ' (2)
Frzij = Krz Zrij ' (3)
where K, and K, are the contact stiffness

between wheels and rails in the lateral and vertical
directions, respectively. (Sezer and Atalay, 2011)
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Fig. 1. Rail irregularities acting on the wheelsets in:
(a) the lateral direction and (b) the vertical direction
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Wind Loads

This study considers the cross-wind load that
acts on the car body, including the static and
buffeting loads (Figure 2). The wind load also acts on
the car body at different angles of attack (Bocciolone
et al., 2008). In Figure 2(b), 6, is the angle of

attack of the wind loads that act on the car body. This
is defined as the angle between the direction of the
vehicle motion and the mean direction of the wind.

The wind load is composed of a drag force, F°(t),

alift force, F'(t) and apitch moment, F" (t),
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which are described as (Li et al., 2005, Cheng et al.,
2013 and Bocciolone et al., 2008):

P )= 30U () e, @
SOSTCE0) EXCAUSENC
EM (t)= %;{(U—l—u(f))z +(w(t))2:|CM (Hm )BZL ,

(6)

where C,(6,), C_(6,). and C, (6, ) are the

drag, lift, and moment coefficients in terms of the
angle of attack, as shown in Figure 3 (Bocciolone et
al.,, 2008). p is regarded as the air density, and H

means the height of the car body vertical to the main
stream direction. B denotes as the width of the car
body along the mean wind flow, and L denotes the
length of the car body. U denotes the mean wind

speed and u(t) and w(t) are defined as the

along-wind and vertical components of the
fluctuation on the wind velocity, respectively (Figure
4). These are described by their auto-spectral density
functions developed by Simiu and Scanlan (1996)
given as: (Yang et al., 2001):

S, (@ 200f

o), 2o o
U (1+50f )

S, (@ 3.36f
2( ): 53’ C)
u/ (1+10F°°)

where S, and S, denote the auto-spectral

density functions for u(t) and w(t). Therefore,
u(t) and w(t) can be found from the Inverse Fast

Fourier Transformation for S, and S, (Cheng et
al., 2013).

(@)
Fig. 2. Wind load acting on the car body
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Fig. 3. The coefficients of drag, lift and moment in
terms of the angle of attack
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Fig. 4. The time histories for the fluctuations in wind
velocity at an average wind speed U =17.2 m/s for:

(a) along-wind u(t) and (b) vertical component w(t)

Nonlinear Creep Model

This study determines the nonlinear differential
equations of motion for a 31-DOF railway vehicle
model. The main nonlinear terms are the nonlinear
creep forces and moments. The contact forces
between the rails and the wheels are created using a
heuristic nonlinear creep model which calculated
from Kalker’s linear creep theory (Dukkipati and
Garg, 1984) with creep force saturation. The
saturation constant, «; , and the nonlinear creep
Fkr;ij(ywijv Yuiis Vuijs l/}wij)
Fai Yuii» Ywii» Waip» Vi) » @nd the nonlinear creep

forces, and

moment, My (Yuij Yuij» Wwij» Way)» are used, as
given by (Cheng and Hsu, 2016):

Fkr;ij(ywijl YVaiis Vaijs (/}wij) = oy Ry s )
Fk;ij(ywijl Yaiis Vaijs (/}wij) =Ry (10)
Ml?zij(ywijv YVaiis Vwijs l/}wij) =My (11)

where subscripts k =L, R respectively specify the
left and right wheels, the subscripts i=1, 2
respectively specify the front and rear of the bogie
frame and the subscripts =1, 2 respectively
specify the front and rear wheel-sets. F F

kxij ! kyij
and M,,; are the linear creep forces and the creep
moments that are calculated using Kalker’s linear
theory after the coordinate transformation and are

given by (Cheng and Hsu, 2016)

Fri = F:xij - Fljyijl//wij’ (12a)
Fi = FL*xij‘//wij + Fljyij v My = M:zij (12b)
Fraj = FF:xij - FF:yij Vi » (13a)



*

Ryij !

*

Fryij = Fl;xijl//wij +F My (13b)
£ .

where, Fi . Fy; denote the creep

forces and moments that are evaluated from Kalker’s
linear theory (Dukkipati and Garg, 1984) directly on
the contact points and are shown in Cheng and Hsu
(2016). The saturation constant ¢; in Equations (9)

~ (11) is calculated as:

M Rzij —
and M,

kzij

1 1 1
ﬁ—l:ﬂu —5 ij2 +E ij3:| for ﬁij <3
ﬁ_ for ;>3

where g, is the nonlinearity that is obtained from
the resultant forces, which are evaluated from the
linear creep forces and moments. As the saturation
constant o; =1 or ¢; =constant, the nonlinear
creep model can be reduced to the Kalker’s linear
model. The relation between the nonlinear creep
model and Kalker’s linear model is represented by
Figure 5. When the creepage & of the creep force is
getting larger, the non-dimensional traction F/fN
equals to 1 for the nonlinear creep model. The
non-dimensional traction F/fN  denotes the
nonlinearity g; . As F/fN equals to 1, the

nonlinear creep model is closed to Kalker’s linear
model.

il
N

— —Nonlinear creep model

Non-dimensional traction
.

/ Kalker's lincar model

. Creepage &
Fig. 5. Comparsion of the nonlinear creep model and
Kalker’s linear model.

Motion of the Bogie Frame and the Car Body

This study determines the derailment risk for a
31-DOF railway vehicle model that moves on the
circular curved tracks with the constant radius, R
(Figure 6). The 31 DOFs of the vehicle model is
given in Appendix (I). The simple sketch of the
vehicle model is given as shown in Figure 7. The
equations of motion for the bogie frame are:
(Dukkipati and Garg, 1984)
lateral displacement (y, ) :

VZ

m, V= I:syti +(g_R_¢se)mtg )
vertical displacement ( z, ):

(15)
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VZ
m, Z.ti = Fszti _[l+g_R¢sejmtg ' (16)
roll angle (¢t| ): Itx&(i = Msxti ' (17)
pitch angle (6;): 1,6; =My, (18)
yaW angle (l//ti ): Itz‘r/;ti = Mszti ! (19)
The equations of motion for the car body are:
lateral displacement (y, ):

o V?
m.y, = Fsyc+(g—R—¢se)mcg+FD(t), (20)
vertical displacement ( z,):
2

mczc = Fszc_£1+v_¢sejmcg+|:|—(t)y (21)

oR
roll angle (¢,): 1, =M +F" (1), (22)
pitch angle (6,): 1,6, =M, (23)
yaW angle (l//c): Iczl/./.c = MSZC ! (24)

where V is the velocity of the railway vehicle and
@, means the super-elevation angle of the circular

curved tracks. Additionally, the suspension forces and
the moments on the car body and each bogie frame,
F F F F M M M M

syc ! syti ! szc ! szti ! syti !

M_. and M_., are given in Cheng and Hsu (2016).

szc

Sxc ? Sxti ? syc?

szti

Fig. 6. Car body model

-

T Wheelset

Fig. 7. 3D vehicle model
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Motion of Wheelsets

Using the nonlinear creep model to model the
relationship between wheels and rails and considering
the rail irregularities for curved tracks, the combined
equations of motion for each wheelset are described
as (Figure 8):
lateral displacement (y,,; ):

2 20 f
m,, (ywij _V i

o
204y, [.Wi_ j
{(vvm

(yWij _V‘//wij )

2 210 Ty
se :| ¢wij

— 4 F+F

syij ryij

. (29)
VW,

ext
gR

2

+m,g)+

(Wext + mwg )¢se

vertical displacement ( z,;; ):
V 2

24%a. f
o ij 11
m, (Zwij +F¢se] = Ty e
2a; 1 2a;; f

Vv
2rO

ij '12

, (26)

rzij

+F,i +F

¢WI l//m szi
] ] j

wij Pwij —

2/120( f

ij T2 Zaij f

¢wu ¢W|J

roll angle (Auij )
wa&wij - IWy [lj[l//wu -

rO
VW
_(Wext +m,g +g_Rext seJﬂ’zywij +2/12aij f12

¢wij

0
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\Y

2rye; )y

g

Zaij fiy

~(ad+1,) d

wij

ext

2
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ogR
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Fig. 8. Free body diagram of a single wheelset
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yaw angle (v, ):

. 2ala; Ty 204 1,
LW wij =— rOU Ywij T \”/ Yo
\Vj 2rO
- Iwy J¢wu 2Olij f12‘//wij
fo
VZWEXI
+ Wext +m g ¢se at l//wij + Mszij
oR
2a2ai- fis 2¢;f, ). 20
- VJ + \J/ Y i +?1(a2 fyy + fzz)
(28)
where o = & (Vi Yuij» Wi W) - ThE suspension

forces and the moments on each wheelset, F

syij !
Faj» M M and M are respectively

expressed in Cheng and Hsu (2106). As a result, the
nonlinear governing equations of motion of a
31-DOF railway vehicle model are created and
composited using Equations (15)—(28).

exij ! SXij szij !

DERAILMENT SAFETY ANALYSIS

Risk of derailment is the most important
dynamic behavior for railway vehicles. Consequently,
in this paper, the derailment quotient and the offload
factor determine the running safety for a railway
vehicle that moves on curved tracks. Derailment
quotient is the ratio of lateral to vertical forces on a
climbing wheel. It means the limit of the ratio as the
wheel climbs on or climb out the rail. If the real
dynamic ratio of lateral to vertical forces is lower
than the specified derailment quotient, the railway
vehicle system is safe. According to Cheng and Hsu
(2012), the derailment quotient for a wheelset is
given as (Figure 9):

lej _ Fkylj + Nkylj
P

kij F + Nkzu

kzij
where Q; and B

single side wheel acting in the lateral and vertical

directions, respectively, Fg; and Fj denote the

creep forces that act in the lateral and vertical
directions, respectively. N,; and N, denote the

normal forces that act in the lateral and vertical
direction, respectively, as shown in Cheng and Hsu
(2012). Using the Runge-Kutta fourth-order method,
the all displacements and velocities can be found.
Then, the creep forces that act in the lateral and
vertical directions, and the normal forces that act in
the lateral and vertical direction are calculated.
Therefore, the dynamic derailment quotient is
obtained by Equation (29).

(29)

are the contact forces due to a

kzij
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Fig. 9. Contact forces on the left and r_ight wheels

The offload factor is another index for the risk of
derailment. This is expressed by the ratio of the
reduction in the vertical force to the static wheel load
in the vertical direction. In the curving negotiation,
when the differences in wheel loads of the right and
left side wheel are too large, the reduction in the
vertical force is increased. Therefore, if the real
dynamic ratio of the reduction in the vertical force to
the static wheel load is larger than the specified
offload factor, the railway vehicle system is
dangerous with derailment risk. Because of including
the nonlinear creep forces and the normal forces in
the vertical direction, the offload factor for a wheel
can be accurately calculated as (Cheng and Hsu, 2016
and Xia et al., 2000):

ﬂ: PSij - Pkij , (30)
Ps,kij Ps,kij

where AR,; is the reduction in the vertical force and
P «j 1S the static wheel load for a single side wheel.

Using the Runge-Kutta fourth-order method, the all
displacements and velocities can be found. The
vertical force acting on the right and left side wheels
is calculated from Equation (26). Therefore, the
reduction force between the right and left side wheels
can be found. The static wheel load for a single side
wheel is determined by the wheel external loads and
axle loads W, . As a result, the dynamic offload

factor is obtained by Equation (30).

The overturn factor is also an index for the risk of
derailment. The overturn factor determines whether
the train will overturn when it is subjected to external
forces such as wind load, centrifugal force and lateral
vibrational inertial force. The overturn factor is the
ratio of the lateral load acting on vehicle to the static
wheel load. The lateral loads acting on vehicle
includes the wind loads and centrifugal forces.
However, if the dynamic lateral load is getting larger,
the real dynamic ratio of the lateral load acting on
vehicle to the static wheel load is higher than the
specified offload factor. Therefore, the railway
vehicle system is dangerous with derailment risk. The
overturn factor for a wheelset is calculated using the

equation that was derived by (Lei, 2017 and
Andersson et al., 2004):
P
D=-%, 31
5 @31)

st

where P, is the dynamic lateral load on the vehicle
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and P, is the static wheel load. Using the

Runge-Kutta  fourth-order  method, the all
displacements and velocities can be found. The
dynamic lateral force acting on the vehicle including
wind loads, centrifugal forces and lateral vibrational
inertial forces are calculated from Equations (15), (20)
and (25). The static wheel load for a single side
wheel is determined by the wheel external loads and
axle loads W,,. As a result, the dynamic overturn
factor is obtained by Equation (31).

Three derailment assessment coefficients have
been presented in Equations (29)-(31). In order to
ensure the running safety, the derailment criterion for
three coefficients has to be specified. According to
the safety criteria in Japan railway system and Xiao
et al. (2012), the derailment safety assessment criteria
is given as:

(1) Derailment quotient: Qa <08, (32a)
kij
ARG
oad factor: —% < 0.8,
(2) Offload fact i 08 (32b)
S kij
(3) Overturn factor: D = R <038, (32¢)

st

NUMERICAL RESULTS

In this study, the system parameters that are
given in Appendix (I1), which are from the studies by
Cheng et al. (2013), Sezer and Atalay (2011),
Bocciolone et al. (2008) and Ahmed and Sankar
(1987), are used to study the derailment quotient,
offload factor and overturn factor of different
physical parameters. The system parameters value is
the freight railway vehicle system. In order to
simulate the different angle of attack how to affect
the derailment safety, the car body parameters is
referred to Bocciolone et al. (2008). Using the
Runge-Kutta fourth-order method, the lateral
displacement, the vertical displacement, the roll angle
and the yaw angle for each wheelset are calculated. In
this paper, it assumes that the trade profile of the
wheel that is used to calculate the risk of derailment
indices is also perfectly conical. Additionally, the
length of the time step for the dynamic analysis
program is the same as the time history for the
cross-wind loads.

In the numerical analysis, all of the initial
conditions are set to be zero simplicity. According to
Equations (29)-(31), the derailment quotients, offload
factors and overturn factors are calculated from
dynamic response of the 31-DOF vehicle model. In
Figures 10-12, the effects of the vehicle speed on the
derailment quotients, offload factors and overturn
factors for the 31-DOF vehicle model subjected to
rail irregularities and wind load at different angles of
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attack are shown.

Figure 10 shows how the vehicle speed affects
the derailment quotients and offload factors under the
wind loads at different angles of attack. Figure 10(a)
shows that for the railway vehicle model that is not
subject to wind load, the derailment quotient
increases slowly when the vehicle speed is increased.
When the wind load is applied to act on the car body,
the derailment quotient increases when the vehicle
speed is increased. Moreover, the derailment quotient
also increases when the angle of attack of the wind
load increases. Figure 10(b) shows that for a railway
vehicle model that is not subject to a wind load, the
vehicle speed has a negligible effect on the offload
factor. However, the offload factor increases while
the vehicle speed is increased when the wind load is
taken into account. The offload factor also increases
as the angle of attack of the wind load is increased so
the danger is more significant when the angle of
attack of the wind load increases. According to the
derailment criterion described in Equation (32), the
safety region for derailment quotient is presented in
Figure 10(a), and the safety region for offload factor
is shown in Figure 10(b). If the derailment quotient
and offload factor are lower than 0.8, the railway
vehicle is safe for the derailment quotient and offload
factor. From these two Figures, the railway vehicle
without wind loads and rail irregularities is safe for
the derailment quotient and offload factor.

Figure 11 compares how the vehicle speed
affects the derailment quotients and offload factors
for a vehicle model subjected to rail irregularities and
cross-wind loads at different angles of attack. When
rail irregularities and cross-wind loads are applied to
the railway vehicle model, the derailment quotient
and the offload factor increase when the vehicle
speed is increased. The derailment quotient and the
offload factor increase when the angle of attack of the
wind load increases. Figure 11(a) shows that for a
railway vehicle model subjected to rail irregularities
and no wind load, the derailment quotient increases
smoothly when the vehicle speed is increased. A
comparison of Figures 8 and 9 shows that the
derailment quotient and the offload factor increase if
the rail irregularities and the wind load are considered
to act simultaneously on the railway vehicle system.
According to the derailment criterion described in
Equation (32), the safety region for derailment
quotient is presented in Figure 11(a), and the safety
region for offload factor is shown in Figure 11(b).
From these two Figures, the railway vehicle under
rail irregularities and without wind loads is safe for
the derailment quotient and offload factor. Moreover,
when the rail irregularities and wind loads with 90°
angles of attack act on the railway vehicle, the
railway vehicle model is dangerous for the derailment
quotient and offload factor in all vehicle speeds.

Figure 12 presents how the vehicle speed affects
the overturn factors for the railway vehicle model

-17-

subjected to rail irregularities and cross-wind loads at
different angles of attack. Figure 12(a) shows that for
the vehicle model that is not subject to rail
irregularities or wind load, the overturn factor
decreases and then increases while the vehicle speed
is increased. However, when the wind load is
considered to act on car body, the overturn factor
increases while the vehicle speed is increased. Figure
12(b) shows that the difference in the value for the
overturn factor for different angles of attack can be
neglected when the vehicle speed is generally less
than 200 km/h. However, the angle of attack of the
wind load has a significant effect on the overturn
factor when the vehicle speed is consistently higher
than 200 km/h. According to the derailment criterion
described in Equation (32), the safety region for
overturn factor is presented in Figures 12(a) and
12(b). From these two Figures, the railway vehicle
under rail irregularities and without wind loads is safe
for the overturn factor. In Figure 12(a), when the rail
irregularities are not considered and the angle of
attack is 30°, the railway vehicle model is safe for the
overturn factor. However, in Figure 12(b), when the
rail irregularities and wind loads with 60° and 90°
angles of attack, the railway vehicle model is
dangerous for the overturn factor in all vehicle
speeds.

(a)
None wind loads

2 | ——&— Wind loads with @5 =30°

| — a— Wind loads with 651 =60

. — w— Wind loads with €1 =90°
b

Derailment quotient

150 200

V (km/h)

(1]
None wind loads

18— Wind loads with 8,4 =307
— 4— Wind loads with 64 =60
L6 — *

- — =— Wind loads with 0y =90°

Offload factor

J{IJ{J 25[}

V (km/h)
Fig. 10. The effect of the vehicle speed on (a) the
derailment quotient and (b) the offload factor for

wind loads at different angles of attack.
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derailment quotient and (b) the offload factor when
the system is subjected to rail irregularities and wind
loads at different angles of attack
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Fig. 12. The effect of the vehicle speed on the
overturn factor for (a) wind loads at different angles
of attack and (b) rail irregularities and wind loads at
different angles of attack

Effects of the Vehicle Speed on Derailment
Quotients, Offload Factors and Overturn Factors
for Linear and Nonlinear Creep Models

Figure 13 reveals how the vehicle speed affects
the derailment quotient evaluated via linear and
nonlinear creep models and cross-wind load at
different angles of attack. The numerical results in
Figure 13 show that the derailment quotient evaluated
via the nonlinear creep model is generally larger than
that obtained from the linear creep model. For the
linear creep model, the derailment quotient increases
when the vehicle speed is increased. Furthermore, the
derailment quotient also increases when the angle of
attack of the wind load is increased. According to the
derailment criterion described in Equation (32), the
safety region for derailment quotient is determined.
In Figure 13, the railway vehicle model is safe for the
derailment quotient evaluated by the linear creep
model as the angles of attack are 30° and 60°. It
shows that the running safety of a railway vehicle
model is overestimated as the linear creep model is
applied to simulate the contact forces between wheels
and rails.

Figure 14 shows the effect of the vehicle
speed on the offload factor for a railway vehicle
model that uses the linear and nonlinear creep models
with wind loads at different angles of attack. The
offload factor evaluated via the nonlinear creep
model is significantly greater than that obtained from
the linear creep model. Additionally, the offload
factor evaluated via the linear creep model also
increases when the vehicle speed and the angle of
attack of the wind load are increased. According to
the derailment criterion described in Equation (32),
the safety region for the offload factor is given. In
Figure 14, the railway vehicle model is generally safe
for the offload factor evaluated by the linear creep
model. As the vehicle speed is higher than 210 km/h,
the railway vehicle is dangerous for the offload factor
under 60° angle of attack. Therefore, in the most of
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cases, the running safety of a railway vehicle system
considered the linear creep model is overestimated.

1.8

Nonlinear creep model, attack angle 307

1.6 — —*— Linear creep model, attack angle 30
— — = Nonlinear ereep model, attack angle 60°
1.4 — — 4 — Linear creep model, attack angle 60 _
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Fig. 13. The effect of the vehicle speed on the
derailment quotient for linear and nonlinear creep
models for angles of attack of 6, =30° and
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6, =60° under no rail irregularities
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Fig. 14. The effect of the vehicle speed on the offload
factor for linear and nonlinear creep models for
angles of attack of 6, =30° and 6, =60° under

no rail irregularities

250

CONCLUSIONS

Nonlinear differential equations of motion of the
freight wagon railway vehicle system constructed by
a 31-DOF model traveling on curved tracks are
derived by a heuristic nonlinear creep model under
rail irregularities and cross-wind loads. The
derailment quotients, offload factors and overturn
factors are examined by the derailment criterion. The
effects of the vehicle speed on derailment quotients,
offload factors and overturn factors under rail
irregularities and wind loads at different angles of
attack are determined. Previous studies do not
consider this scenario. The derailment quotients,
offload factors and overturn factors all increase when
the vehicle speed and the angle of attack of the wind
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load are increased. Therefore, the risk of derailment
for a railway vehicle system is significantly affected
by rail irregularities and wind loads at different
angles of attack.

Considering the linear and nonlinear creep
models, the effects of the vehicle speed on derailment
quotients, offload factors and overturn factors when
the system is subject to wind loads at different angles
of attack is also determined and compared. For these
two creep models, the derailment quotient, the
offload factor and the overturn factor generally
increase when the vehicle speed is increased. The
derailment quotients, offload factors and overturn
factor for the nonlinear creep model are significantly
higher than those for the linear creep model. However,
when the vehicle speed consistently exceeds 180
km/h, the overturn factors for the linear creep model
is greater than that for the nonlinear creep model.
Finally, according to the derailment criterion
description, the safety regions are presented for the
derailment quotient, offload factor and overturn factor.
In general, the running safety of a railway vehicle
model is overestimated as the linear creep model is
applied to simulate the contact forces between wheels
and rails.
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APPENDIX(I): 31 DOFs vehicle model

Body Degree of freedom
Front Lateral displacement, vertical
wheelset displacement, roll angle, yaw angle
Front Rear Lateral displacement, vertical
boui wheelset displacement, roll angle, yaw angle
ogie - -
Bogie L_ateral displacement, vertl_cal
f displacement, roll angle, pitch
rame
angle, yaw angle
Front Lateral displacement, vertical
wheelset displacement, roll angle, yaw angle
Rear Lateral displacement, vertical
Rear .
’ wheelset displacement, roll angle, yaw angle
bogie : -
. Lateral displacement, vertical
Bogie - -
P displacement, roll angle, pitch
rame
angle, yaw angle
Lateral displacement, vertical
Car Car body displacement, roll angle, pitch
angle, yaw angle

Appendix(Il): System Parameters

Wheelsets:

Parameters Value
Wheelset mass m, =1117.9 kg
Roll moment of inertia of wheelset I, =608.1 kg-m?
Spin moment of inertia of wheelset l, =72 kg-m?
Yaw moment of inertia of wheelset I, =608.1 kg-m?
Wheel radius r,=043 m
Half of track gauge a=0.7175 m

Wheel conicity

4=0.05

Lateral creep force coefficient

f,=2212x10° N

Lateral/spin creep force coefficient

f,=3120 N-m?

Spin creep force coefficient f,=16 N
Longitudinal creep force coefficient f, =2.563x10° N
Radius of curved tracks R=6250 m

Superelevation angle of curved track

¢, =0.0873 rad

Axle load

W, = 5.6x10* N

ext

Contact stiffness in lateral direction
between wheels and rails

K, =86x10" N/m

Contact stiffness in vertical direction
between wheels and rails

K, =35x10° N/m

Bogie frame:

Parameters Value
Bogie frame mass m, =350.26 kg
Roll moment of inertia of bogie frame | 1, =300 kg-m?
Yaw moment of inertia of bogie frame | I, =105.2 kg-m?
Car body:

Parameters Value
Car body mass m, =8041.3 kg

Roll moment of inertia of car body

I, =14270 kg-m?

Yaw moment of inertia of car body

I, =123760.5 kg-m?

Suspension systems:

Parameters

Value

Longitudinal stiffness of primary K = 9x10° N/m
suspension >
Lateral stiffness of primary suspension | K, =3.9x10° N/m
Vertical stiffness of primary suspension| K, =6x10° N/m
Vertical  damping  of  primary C —4x10° N-s/m
suspension »
Longitu_dinal stiffness of secondary K =35x10° N/m
suspension i
Lateral_ stiffnress  of  secondary K =35x10° N/m
suspension i
Vertical' stiffness  of  secondary K =35x10° N/m
suspension =
Longitugiinal damping of secondary C =32x10° N-s/m
suspension =
Lateral ) damping of  secondary C —1x10° N-s/m
suspension i
Vertical_ damping of  secondary C —4x10° N-s/m
suspension SZ
Wind loads:

Parameters Value
Length of car body L=26.2 m
Width of car body along the mean B=338 m
wind flow )
Height of car body normal to the main H=384 m
stream direction )
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