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Abstract. This paper presents a method to study the vertical dynamic characteristics of a heavy-haul locomotive in
curve. A quasi-static analysis model based on the static force equilibrium relationship is established to investigate the
load bearing characteristics of suspension system when the locomotive runs through the curve. Then a locomotive-
track coupled dynamics model is used to analyse the dynamic characteristics of wheel load in curves. Finally, a field test
in curve is carried out to validate the simulated results. The theoretical analysis results indicate that due to the different
twist shapes of track on the entry and exit transition curves, for some specific position in the suspension system or
wheel arrangements, the corresponding vertical load along the curve length presents an asymmetry about the section
of circular curve. The asymmetry is predominantly caused by the Superelevation Angle Differences (SADs) between
car body, bogie frames and wheelsets. A distinct phenomenon is that the outer wheel-rail vertical load of the first axle
increases when the locomotive enters the transition curve and then reduces when it exits. These results are expected to
provide theoretical guidance to the design of the heavy-haul railways. It is suggested that the asymmetric characteris-
tics of the wheel loads can be improved by some measures, such as adopting a low vertical stiffness in the secondary
suspension and increasing the transition curve length.

Keywords: locomotive; transition curve; suspension system; wheel load; vehicle-track coupled dynamics.

Introduction

Suspension system is one of the important components
in a locomotive, which enables the improvement in the
riding quality, the reduction of the impact on the wheel-
rail contact surface, and enhancement of the traction
performance and so on. Locomotive motion postures
will change accordingly to accommodate the line condi-
tions, especially on a curved track under the action of
the centrifugal force. The asymmetric load bearing in the
suspension system may be caused easily, leading to the
wheel load difference between the inner wheel and the
outer wheel. It is a potential threat to the running safety
of locomotives. In order to ensure the curving perfor-
mance of vehicles, the circular curve and tangent track
are generally connected with a transition curve where
both the curve radius and superelevation vary continu-
ously. The track plane presents a typical distorted shape
in the sections of transition curves. With a larger vari-
ation gradient of the superelevation and curvature, the
track plane twists more seriously, which has an impor-

tant influence on the operation safety of railway vehi-
cles (Gu 2007). The running safety problems of vehicles
caused by the track twist have long been focused on.

Wilson et al. (2011) introduced the assessment
methods of railway vehicle running safety, including the
simulation approach and field experimental technique.
Some railway standards such as GM/RT 2141:2000,
AS/RISSB 7509.1:2009 and BS EN 14363:2005, provide
the track twist conditions, experimental methods and
calculation methods to determine the vehicle’s adapt-
ability to the railway lines. However, there are still no
relevant standards proposed aiming at the track twist
phenomenon in China. The dynamic influence of the
track twist on the vehicles in transition curves has not
deserved concern.

As is known, a large number of studies on the
dynamic performance of vehicles passing through the
transition curve have been performed worldwide, which
mainly focus on two aspects. One is to investigate the
influences of vehicle structural parameters on vehicle
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system dynamics. Polach et al. (2006) evaluated vehi-
cle-curving behaviour by computer simulation and put
forward some techniques to improve the wheelset steer-
ing ability. Sinokrot et al. (2008) used a velocity trans-
formation method to analyse the vehicle motions and
wheel-rail forces in curves. Suarez et al. (2013) assessed
the influence of the elastic properties of rail vehicle
suspensions on its dynamic performance, and pointed
out that the primary longitudinal stiffness was the most
sensitive parameter. Another aspect is to investigate the
effects of the line type and relevant parameter settings in
transition curves on the evaluation indices of the vehicle
dynamics. Eom and Lee (2010) analysed the influence
of transition curve length on the curving performance
of a diesel locomotive negotiating a curve with radius of
1200 m, which indicated that its length affected the wheel
load reduction slightly. Based on the comparisons of the
vehicle system dynamic responses for different transi-
tion curves, Long et al. (2010) and Zhang et al. (2010)
gave some suggestions to the railway curve design. For
the conventional railway lines, Gailiené (2012) analysed
the calculation defects of curve superelevation. It is ex-
plained clearly that more precise methods for calculating
superelevation, evaluating actual train speed and consid-
ering permissible uncompensated lateral acceleration in
the curves should be found. Um et al. (2011) developed
a method to optimize the alignment of horizontal curves
in case of the superimposition of horizontal curve and
vertical curve. Lipi¢nik (1998) discussed the functions
of transition curves from aspects of safety, comfort and
economic driving. Miyagaki et al. (2004) studied the ef-
fect of transition forms on the vehicle responses, and
proposed a new transition curve which was applied on
an existing curve. Most research has focused on improv-
ing the vehicle curving performance by analysing the ef-
fects of vehicle conditions, transition forms and curve
geometrical parameters. However, for a heavy-haul lo-
comotive passing through the entry and exit transition
region in a small radius curve, few studies have been
carried out on dynamic wheel load characteristics.

As the standard of BS EN 14363:2005 shows, the
track twist conditions will lead to wheel load reduction.
The typical twist track exists in the sections of entry and
exit transition curves. Under the track twist conditions
on transition curves, the outer wheel loads will not al-
ways increase. The wheel load reduction may deteriorate
the running safety. Especially for the leading wheelset of
a six-axle locomotive on curves, the lateral wheel-rail
dynamic interaction of the outer wheel is generally more
severe so that a reduction of wheel load may result in
an increase of the derailment coefficient. It is a poten-
tial threat to the locomotive running safety. In order to
have a good knowledge about the influence of transition
curves on dynamic wheel loads, both of the detailed var-
ying characteristics of vertical loads in suspension sys-
tem and wheel-rail contact interface are investigated in
this paper. The basic force analysis of a six-axle locomo-
tive running on a curved track is analysed in Section 1,
which is followed by Sections 2 and 3 concerning the
investigation on the vertical static and dynamic charac-

teristics of the suspension system and the wheel loads.
Then, a field test in a curve is implemented to verify the
theoretical analysis results in Section 4. Finally, conclu-
sions are given out.

1. Calculation of Suspension Forces
for a Six-Axle Locomotive on Curve

In order to reduce or balance the inertial centrifugal
force acting on the vehicle in curves, the supereleva-
tion is designed between the outer and inner rails. The
gradual changing features of the transition curve are
reflected in the variations of superelevation and curve
radius. The typical twisted plane of the curved track is
shown in Fig. 1. The symbols / and R represent the su-
perelevation and curve radius, respectively. O X .Y Z,
0,iX,Y,Z, and O,,X,,Y,,Z,; denote the body frames
of the car body, bogie frame and wheelset, which are
fixed at their gravity centers, respectively. The three
body frames follow the motions of their respective cor-
responding bodies. 0, 8,; and 6,, are the superelevation
angles of rails at the locations of the mass centers of the
car body, the front bogie and the rear bogie. Generally,
if the running velocity is not equal to the equilibrium
speed for a certain superelevation, the outer and inner
wheel loads of a wheelset will vary conversely (increase
or reduce). Variations of the wheel loads are closely re-
lated with the line geometric features.

The dynamic wheel loads are dependent on the
load transfer behaviours in the locomotive-track sys-
tem. Significantly, the analysis of relative displacements
in the suspension elements is the essential prerequisite
to accurately solve the load distributions and transfer
relationship. For the locomotive affected by the twisted
track plane in curves, there are complex transformation
relations between the body reference frames.

For the locomotive running on a transition curve,
the suspension positions of the car body and bogie in
the secondary suspension are denoted by {r_ {, Tip [» @S
shown in Fig. 2. The distance between the mass cent-
ers of the car body and the front bogie consists of three
displacement components, namely the b (longitudinal), ¢
(lateral) and d (vertical). a is the included angle between
x axis of the car body frame and x axis of the bogie body
frame.

R: curve radius
) h: superelevation
0: superelevation angle

QAIND IR[NDIID

Fig. 1. Curved track



Transport, 2018, 33(1): 291-301

Fig. 2. Relative displacement at the secondary suspension
points of vehicle in curve: a - top view; b - side view

According to Slivsgaard (1995) and Wang, Zhai
(2003), the displacements of the secondary suspension
points with respect to their respective inertial system are
given by:

{Arcp} ={ar} +|:ACP]{GC}_{rcp}; (1)
{an, }={an}+[ 4, J{r}={r, ) )

where: [ACPJ , [Ath are the transform matrices deliv-

ering the coordinates in the initial systems of the car
body and the bogie to that in the body frames; {Arc},
{Art} represent the translation vectors of the car body
and bogie body frames, respectively.

Choosing the body frame of car body as the basic
reference frame, the secondary suspension forces are cal-
culated. Taking the front bogie as an example, the trans-
form relation from the bogie body frame to car body
coordinates are expressed as:

X, 1 —Q 0 X, b

Y, ;=|a 1 —(eﬂ—ec) Y, +i¢cr=

Z, 0 6,-6, 1 Z, d
[Act]{th Yy Ztl}T +{n}- (3)

The relative displacement at the secondary suspen-
sion point of the front bogie can be determined as:

AsxL1

{as) ={ar, b= ([ 4q J{an ) +{n})={ s, @

AszL1

where: A1, Ay r1 Agpy are the components of {As} in

syL1>
the longitudinal, lateral and vertical directions.

The Superelevation Angle Difference (SAD) be-
tween the locations corresponding to the wheelset and
bogie frame mass center is defined as AGW]- , and that

between the bogie frame and car body mass centers is
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defined as AB,;, which can be calculated as:
AB,; =6, —0;
AB,,; =6, -0y, (5)

where: the subscript i (i=1, 2) represents the front and
rear bogie frame, respectively; the symbol j (j=1...6)
represents the wheelset number (for i=1; j=1, 2, 3 and
for i=2; j=4, 5, 6). By simplifying the relative displace-
ments, the outside and inside lateral relative displace-
ments (Asy( L R)i) at the secondary suspension of front
and rear bogies are expressed by:

Asy(LR)i =y, = ¥y —hy Oy =
&

i
hapde —(-1) Ly, - T (6)
and the vertical relative displacements are:
Asz(LR)i=2z, =2, — (—1)1471 1.B.F
h.—h,;
do. tdo, +A0,d ———1, ™)

where: L, R represent the outer and inner suspension;
the upper sign of both + and F are selected for the outer
suspension, and the lower sign for the inner suspension;
z., y. denote the vertical and lateral displacements of the
car body; B, W, ¢, represent the angles around x, y and
z coordinate axis of the car body; z;, y;; are the vertical
and lateral displacements of the bogie frame and ¢, is its
roll angle; h, hy, are the distances from mass centers of
the car body and bogie frame to the secondary suspen-
sion; h,, h,; are the distances from mass centers of the
car body and bogie frame to the track horizontal plane;
d, is the half distance of secondary suspension in lateral
direction, [, is the half of distance between bogie centers;
R, is the curve radius at the car body center.

The vertical relative displacements in the primary
suspension are expressed as:

Ap i pyj=d j=13,4,6
APZ(L,R)]' = d2) ] = 2, 5, (8)
where:

dy=z; -z, +(_1)i 1By ddti *

hti - hw'
]

dy0,,; £ A0, d, Y

dy =2, —2,; F ddt; *

ti — wj

dy,b,; £A8,,d,, —
where: z,,; is the vertical displacement of wheelset; B, is
the rotation angle of truck around y axle; [, is the half of
total wheelbase; ¢,,; represent the wheelset roll angle; hy;,
h,,; are the distances from the mass centers of the bogie
frame and wheelset to the track horizontal plane.

The vertical forces of the primary and secondary
suspensions are calculated by:

Fo(rry = ks, “AS(1R)is
sz(L,R)j =k, 'Apz(L,R)j, 9)
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where: kg, k,,, denote the vertical stiffness in the primary
and secondary suspensions.

It is indicated in Eqs (7-9) that the asymmetries be-
tween the outer and inner vertical loads in the primary
and secondary suspensions are mainly contributed by ¢,,

s> Oy AB,,; and AD;.

2. Load Characteristics of Suspension System
Analysed with Quasi-Static Model

2.1. Quasi-Static Analysis Model
of Load Bearing Behaviour

In order to highlight the influence of track twist on ver-
tical load distributions in the suspension system, the
quasi-static analysis method is used. In this section, tak-
ing the car body and bogie frame as the research objects,
the load bearing characteristics of the suspension are
investigated based on the quasi-static analysis method.
When the locomotive runs on a curved track with a de-
ficient superelevation, it will generally be pushed to the
outer rail side due to the effect of unbalanced inertial
centrifugal force. The vertical force acting on the outer
rail presents an increasing tendency. In the locomotive
system, the car body takes the major mass of the entire
system, which contributes the maximum inertial cen-
trifugal force. The force will directly impact the lateral
movement and rolling motion of car body. Undoubtedly,
the variation of car body motion will lead to the asym-
metrical load bearing in the suspension systems, and
then has an effect on the wheel load reduction.

In curves, the lateral motion of the car body is
generally accompanied with its rolling motion. In or-
der to analyse the load bearing behaviour of suspension
system in the vertical direction, a simplified model is
established, in which it is assumed that the car body has
the lateral and roll motions and the bogie frame can only
rotate around its x coordinate axis. The force conditions
are shown in Fig. 3. F,, is the unbalanced centrifugal
force; M, and M, are the masses of car body and bogie
frame, respectively.

Based on Eqs (6-8), the corresponding suspension
forces are calculated as:

2R

(4

12
Fyri =Epri =k, ("’chcb—}’ﬁ - }

M.g
4

>

Fsz(L,R)i = iksz (Aeti - (I)c + ¢ti )ds +

M.g Mg
Foo(rr)j =Fhp, (Aewj _(I)ti)ds +ﬁ+Tt, (10)

where: g is the gravity acceleration.
The unbalanced centrifugal force acting on the car
body is denoted as:
2
F,=M R——Mcgsinec. (11)

& ¢
c

Then, the equilibrium equations of the system can
be obtained as:

S o
a) Fey | f
c
Fyr1 Z Fyr
hcbi <—fy/ ’ b
1 1 Fsle
v
7 Fer1
Ve
Ve AL
F e
{Lz Fyr2
AL
Fer Fera
| 2d

b) FszLil # Xii liSZRi

FpeLi-yM,g FpzRr(3i-2)
7 F
pzL(3i-2)

~ Fpzr(3i-1)

4

Fpz13i) |

AN
Fpzr(3i)
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Fig. 3. Force conditions of the car body and bogie frame in
the simplified model: a - car body; b - bogie frame

F},L1 + FyL2 + F},Rl + Fsz + ng =0;

2 2
2 (Fapi = Fopg s + Z(FyLi +Epi )hcb =0;
i=1

i=1
3

Z(szLj _szRj )dw _(Fsle _Fsle)ds =0;

-
Il
—

»Mm

(szLj _szRj )dw _(FszLZ _Essz)ds =0. (12)

-
I

Eq. (12) is a system of linear equations, which can
be easily solved. Finally, the roll angles of the car body
and bogie frame can be obtained as:

— _hcb 2 2
= ot e + Sl )

pztsz¥w%s

M 2
[ lgv —Mcgsin96J+

4

1 2 6
- 3) A8, +> A8, |; (13)
i=1 j=1

3i
kyd2 > Aewj+kszd§(¢c—A9ﬁ)

pzhw
_ j=3i-2
%= 3k, d2 +k,d> S

pz"w sz7s

Substituting Eqs (13-14) into Eq. (10), the vertical
forces in suspension system can be calculated. It is clear
that the properties of vertical load distributions in the
locomotive suspension system are closely related to the
railway geometry parameters.
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2.2. Analysis of Suspension Load
Bearing Characteristics

In order to increase the utilization factor of adhesive
weight, numbers of locomotives are equipped with rub-
ber elements in its secondary suspension, which can
provide larger vertical stiffness. Taking a heavy-haul
locomotive as an example, the load bearing character-
istics of the suspension system on curved track are ana-
lysed. The basic parameters of locomotive, which will
be used in the simplified model, are listed in Table 1.
In the curve, its radius is 300 m, the superelevation of
outer rail is 120 mm and the length of transition curve is
70 m. The superelevation and curvature in the transition
curve section changes linearly along the track length.
When the locomotive is running in the curve at a speed
of 70 km/h, the superelevation is deficient.

Table 1. Design parameters of the locomotive

Notation Parameter Value
M, Car body mass [kg] 88862
M, |Truck frame mass [kg] 13500

Vertical stiffness of secondary
kg, suspension for one side of bogie 18
[MN/m]
K Vertical stiffness of primary suspension L7
Pz for each axle-box [MN/m] )
d Half of lateral distance in secondary 11
$ suspension [m] ’
d Half of lateral distance in primary
w suspension [m] 1.0
h Distance from car body mass center
cb to secondary suspension [m] 06
I Half of bogie center distance [m] 6.16
I, Half of bogie wheelbase [m] 2.0

The SADs of the front and rear bogie frames are
shown in Fig. 4. It is indicated that as the whole locomo-
tive system has entered into the transition curves, the
SAD AB,; doesn’t change with the distance increasing.
It is due to the assumption of the linear variation of su-
perelevation in transition curves. In the regions near the

Transition curve Transition curve

Tangent line | | Circular curve | | Tangent line
é 300 T T T T 10
£ ] A0y, —C—A0,
£ 280
&
2
2260 —
10 ©
§ ] 10mg
g 2404 5
= ] -20
9
g 20- %
g ] -3
£ 200
o
= ]
180 T T . T -40

0 100 200 300 400
Running distance [m)]

Fig. 4. Secondary suspension forces and SADs
of bogie frames in curve
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connecting points of tangent to spiral, spiral to curve,
curve to spiral and spiral to tangent, the car body and
bogie frame don’t run on the transition curve or circular
curve simultaneously so that the value AB,; varies dis-
tinctly within a short distance. The influences of A8
on the vertical forces of the secondary suspension are
also shown in Fig. 4. It can be found that the outer and
inner suspension forces for a certain bogie present an
inverse changing law along the running distance. When
the locomotive enters the transition curve, the SAD of
front bogie (A8,,) is positive which leads to the com-
press of outer suspension and stretch of the inner sus-
pension relative to the equilibrium position. As a result,
the load of outer suspension increases and that of the
inner suspension reduces. In the circular segment of the
curve, the values of A9,; and AB,, are equal to zero and
the vertical loads of suspension system are determined
only by the roll angles of the car body and bogie frame.
Under the action of unbalanced centrifugal force, the car
body will roll toward outer rail, which causes the load
increase in the outer suspension and load reduction in
the inner suspension.

For the primary suspension loads F,, p);in Eq. (10),
Mg and M,g are constants. The parameters, which affect
these loads, are limited to A6,,; and ¢;. The sign and
module of (A®,,~¢y;) reflect the dynamic variations of
the primary suspension forces as well as the influence
extent of the curve geometric parameters. Fig. 5 shows
the SADs of wheelsets and roll angles of bogie frames.

At the entry of the transition curve, the vertical
load of the outer secondary suspension increases. The
front bogie frame has a negative roll angle and also the
SAD at the first wheelset is positive (Fig. 5). For the first
wheelset, both of the two factors make the outer spring
of the primary suspension compressed to a larger degree,
which results in the load increase. Conversely, the inner
spring of the primary suspension is stretched, which
leads to the load reduction. For the second wheelset,
the value of SAD is close to zero and the load bearing
characteristics are determined by the roll angle of bogie
frame. As for the third wheelset, its SAD at the gravity
center is negative which will offset a part of the vertical
suspension force produced by the negative roll angle of
bogie frame. At the exit transition curve, the influences
of wheelset SADs on the suspension loads are contrary.
In addition, the load bearing characteristics of the rear
bogie suspension have an inverse property compared
with that of the front bogie. The detailed bearing states
of the primary suspension are listed in Table 2.

Fig. 6 gives the calculated primary suspension loads
in the curve. When the entire locomotive runs on the
transition curves, the module |AO,,~¢,| agrees with
Egs (15-16). Among them, the values of |A8,,;—¢,| and
|AB,,6-0,,| are maximum. It also can be found in Fig. 6
that the vertical forces of the primary suspension of the
first and sixth wheelset are influenced most greatly, and
they fluctuate drastically in the transition curve sections.

|9w1 _¢t1| >|ew2 _¢t1| >|9w3 _¢t1|; (15)
|9w4 _¢t2| < |9w5 _¢t2| < |ew6 _¢tz|- (16)
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Fig. 5. SADs of wheelsets and roll angles of bogie frames:
a - SADs of axle 1...3; b — SADs of axle 4...6;
c — roll angles of front and rear bogie frames

&

Tangent line ITransition curve, Circular curve ITransiﬁon curve, Tangent line
120 = =

110 L3 P2

Vertical load of primary suspension [kN]

o
=

Vertical load of primary suspension [kN]

Running distance [m]

Fig. 6. Primary suspension forces considering SAD:
a - front bogie; b - rear bogie

3. Dynamic Characteristic of Wheel Load
for Locomotive on Curve

Based on the theory and modelling method of vehicle-
track coupled dynamics (Zhai et al. 1996, 2009, 2013), a
locomotive-track coupled dynamic model is established
to study the dynamic characteristics of the wheel load in
curves. The model consists of a locomotive and a track
submodels, as shown in Fig. 7. In the locomotive model,
every rigid body has five Degrees Of Freedom (DOF)
with the stiffness and damping parameters. In the bal-
last track model, the rail is simplified as an Euler beam
with vertical, lateral and torsional DOFs. In addition, the
rail vibration is resolved with the modal superposition
method. For the sleeper, it is regarded as a rigid body;,
which also has vertical, lateral and torsional DOFs. The
ballasts are simulated as discrete rigid masses with ver-

Table 2. The load bearing characteristics of primary suspension on the entry and on the exit transition curve

Axle
Item 1 2

3 4 5 6

The load bearing characteristics of primary suspension on the entry transition curve

Variable information

AB,,; > 0; o, <0|AB,,,=0; ¢y <O0[AB,,3<0; dyy <0|AD,4> 0; ¢y > 0|AB,,5=0; ¢y > 0| AD,,c < 0; O, > 0

increase increase

Load outer
characteristic

inner reduction reduction

dependent on
sign (AB,3 - ) [sign (AB,,4 - dy)

reduction reduction

dependent on

increase increase

The load bearing characteristics of primary suspension on the exit transition curve

Variable information

AB,,; < 0; ¢, > 0|AB,,,=0; ¢y > 0[AO,,3>0; ¢y > 0|AD,,4 < 0; ¢y <O|AB,5=0; ¢y < 0|AB,,6> 0; O <0

Load outer reduction reduction

characteristic

inner increase increase

dependent on
sign (AB,,3 - ¢,) [sign (AB,,4 - ¢y)

increase increase

dependent on

reduction reduction
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— Bogie frame

—> Wheelset
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[ ] [ ]
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b

ZY
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Fig. 7. Locomotive-track coupled dynamics model (side view)

tical DOE and it is supported by the subgrade stiffness
and damping. For the existing railway line, the track pa-
rameters used in this paper are listed in Table 3.

Table 3. Main parameters of track used in simulation

Notation Parameter Value
m, Rail mass per unit length [kg/m] 60.64
M, Sleeper mass [kg] 237
M, |Ballast discrete mass [kg] 682.6

Fastener stiffness in vertical direction 7
Ko | (N/m] 7.8:10

Fastener damping in vertical direction 4
Cov | [/mm] 5.0-10
K, |Ballast vertical stiffness [N/m] 2.4.108
Cy, |Ballast vertical damping [N-s/m] 5.88-10*
K, Ballast shear stiffness [N/m] 7.8:107
C, |Ballast shear damping [N-s/m] 8.0-10%
K,  |Subgrade stiffness [N/m] 6.5-107
C, |Subgrade damping [N-s/m] 3.1.104

3.1. Influence of Superelevation Angle
on Wheel Load Reduction

As analysed in Section 2.2, the SADs of the locomotive
components on transition curves have an effect on the
distributions of the vertical loads in the suspension sys-
tem. According to the load transfer characteristics, the
asymmetry will also be introduced to the dynamic wheel
loads. With or without considering the SAD, the wheel-
rail vertical forces simulated by the locomotive-track
coupled model are given in Fig. 8. In this figure, F,;;
and F,p, are the outer and inner wheel-rail vertical forc-
es. It can be seen that the wheel-rail vertical forces on
the entry and exit transition curves appear to be almost
symmetrical about that on the circular curve (Fig. 8a) if
the influence of SAD is not taken into account. In this
condition, there is little difference between the values
in circular curve and the values at the points of spiral
to curve and curve to spiral. In case that the SAD is
considered in the calculation process, the maximum and

a) Transition curve Transition curve

Tangent line Circular curve Tangent line

120 -ﬂ

Wheel/rail vertical force [kN]

Running distance [m]

=
=

Transition curve Transition curve

Tangent line Circular curve Tangent line
250

E zIL1

‘Wheel/rail vertical force [kN]

Running distance [m]

Fig. 8. Wheel-rail vertical forces: a — without considering
SAD; b - considering SAD

minimum values of the wheel-rail vertical forces can be
obtained nearby the points of spiral to circular curve
and circular curve to spiral (Fig. 8b).

Actually, the wheel-rail vertical forces are also
related to wheel-rail creep state, wheel flange contact,
track random irregularities, etc., and the effect of SAD
on wheel-rail dynamic forces is more complicated.

3.2. Influence of Suspension Parameters
on Wheel Load Dynamic Characteristics

For the same suspension parameters and line geometry
parameters used above, the SADs of wheelset and bogie
frame are the major factors affecting the wheel load dy-
namic characteristics. In China, a series of HXD loco-
motives have been developed and are in active service,
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and among them the six-axle locomotive, which equips
with the pull-rod axle box, takes up a high proportion.
The primary suspension stiftness is mainly provided by
the coil spring, which varies within a limited range. For
the secondary suspension, there are two types of struc-
tural schemes including coil spring and rubber element.
The difference of material and structure in the secondary
suspension can produce a wide change range of the ver-
tical stiffness. Furthermore, the curve conditions where
the locomotive operates are also complex and various. In
this section, the vertical stiffness, transition curve length
and outer rail superelevation are selected as the study
parameters to investigate their influence on the dynamic
characteristics of the wheel load. In order to reveal the
influences of the studied parameters, the track irregu-
larities are not taken into account.

Taking the outer wheel-rail vertical force of the
first wheelset in curves as example, the influences of
these parameters are given below. Fig. 9 compares the
wheel-rail vertical forces for the different vertical stift-
ness of the secondary suspension. With the increase
of the vertical stiffness, the wheel loads in the circular
curves are very close while the larger differences exist
at the entry and exit transition curves. A bigger k, pro-
duces a larger fluctuation amplitude of the wheel-rail
vertical force.

Influences of the transition curve length and
outer rail superelevation on wheel-rail vertical force
are shown in Figs 10-11. It is indicated in Fig. 10 that
a longer transition curve will decrease the fluctuation
of dynamic wheel load. The essence of lengthening the
transition curve is to reduce the gradient of supereleva-
tion angle variation along the curve length. For a certain
distance between bogie centers, a longer transition curve
results in a smaller SAD between the car body and bogie
frame, which could alleviate the dynamic fluctuation of
the wheel-rail vertical force. The reduction of outer rail
superelevation can also change the wheel-rail vertical
force (Fig. 11). With a deficient superelevation for the
locomotive in the curve, the reduction of the superel-
evation will increase the roll angles of the car body and
bogie frame and the twist phenomenon can be improved
simultaneously, so that the impacts of SADs on wheel-
rail vertical force are weakened.

The variations of superelevation and curve radius
are the dominating factors, which produce the twist of
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Fig. 9. Comparisons of outer wheel loads in the first wheelset
for different secondary suspension stiffness
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Fig. 10. Comparisons of outer wheel load in the first wheelset
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Fig. 11. Comparisons of outer wheel load in the first wheelset
for different superelevation

track plane. In order to make the locomotive be able
to negotiate a curve smoothly, the twist degree of track
should be reduced and the appropriate suspension pa-
rameters need to be determined. It should be pointed
out that for the vertical wheel-rail forces, a significant
difference induced by the track vibration is above the
frequencies >40 Hz (Zhai et al. 2009). However, the fre-
quencies caused by the curve distortion in transition
curve sections are in the low-frequency range far below
40 Hz. Therefore, the influence of track vibration is not
obvious in the calculation results.

4. Field Test on Wheel Load
of the Heavy-Haul Locomotive

In order to investigate the dynamic characteristics of
wheel load for the locomotive, a test section was chosen
in a curve with the radius of 300 m in the Chinese Tai-
yuan-Jiaozuo railway line. The superelevation of outer
rail is 120 mm, and the length of transition curve is
70 m. The locomotive running on this line is a 23t axle
load locomotive with Cj-C axle arrangement (Fig. 12).
The force sensors and the displacement sensors are
installed at primary suspensions of the first and sixth
wheelset in vertical direction. Meanwhile, in the vertical
direction of the secondary suspension, the displacement
sensors are fixed between the car body and bogie frames,
as shown in Fig. 13.

The relative displacements of the suspension points
reflect the variations of vertical loads in suspension sys-
tems. Under the ideal conditions, the loads in the prima-
ry suspension of each wheel are equal to 1/12 of the total
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Fig. 12. Onsite test of locomotive dynamics: a - tested
locomotive; b — sensor arrangement
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Fig. 13. Testing point arrangements: ¢
displacement; A - test point of wheel-rail force

weight of the car body and bogie frames. With the com-
pression or stretch of the suspension, the load increases
or reduces. For the test results, the positive displacement
of suspension system denotes the stretching spring, in-
dicating that the vertical load is decreased. Conversely,
the negative value reflects the compressing spring, which
means an increase in the vertical load. Fig. 14 shows the
actual dynamic displacement of the primary suspension
at the first and sixth wheelset. When the locomotive en-
ters and exits the transition curves, the outer displace-
ment in primary suspension becomes from negative
to positive, indicating that the suspension works from
compressing state to stretching state correspondingly.
The dynamic process of load increase and load reduc-
tion is distinctly observed. Moreover, the suspension
displacements of sixth wheelset vary conversely relative
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to that of the front wheelset. The dynamic displacements
of the secondary suspension are shown in Fig. 15. The
measured data agree well with the simulation results in
Section 2, verifying the correctness of the theoretical
dynamic model.
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Fig. 14. Measured results of dynamic displacement in primary
suspension: a — the first wheelset; b - the sixth wheelset
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Fig. 15. Measured results of dynamic displacement in
secondary suspension: a — front bogie; b — rear bogie
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The asymmetric loads in suspension systems deter-
mine the dynamic characteristics of wheel load. In order
to illustrate the wheel load dynamic property by simula-
tion and field test simultaneously, the wheel-rail forces
are also calculated by the locomotive-track coupled
model established in Section 3. The input excitation is
the random irregularities converted from Chinese main-
line spectrum (Zhai et al. 2009), and other operation
conditions for simulation keep the same as those of the
field test. The measured and simulated wheel-rail verti-
cal forces are compared in Figs 16-17. Under the excita-
tion of track irregularities, the wheel-rail vertical forces
fluctuate greatly and their local maximum values partly
depend on the track excitation. However, the overall
changing trends of these forces are clear. The simulated
and measured results indicate that the outer wheel load
of the first wheelset reduces at the exit transition curve,
and the outer wheel load of the sixth wheelset has a re-
duction at the entry curve. The simulated and measured
results coincide well with each other, verifying the cor-
rectness of the proposed theoretical dynamic model.

In summary, the established quasi-static model can
reflect the dynamic load characteristics of the suspen-
sion system of the locomotive, which negotiates a curved
track. The simulated results based on the locomotive-
track coupled dynamic model are closed to that of the
field test. In addition, the influence of SADs on wheel
load in sections of transition curves should be paid
much more attention to. Because if the wheel-rail lat-
eral force does not change, a reduction in wheel load will
lead to the increasing in derailment coefficient, which
means the running safety of locomotive is deteriorated.
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Fig. 16. Comparisons of wheel-rail vertical forces
in the first wheelset obtained from test and simulation:
a — measured result; b - simulated result

Conclusions

A quasi-static model of the six-axle heavy-haul locomo-
tive is established to investigate the vertical load asym-
metry of suspension system in the outer rail side and
inner rail side on curve. For analysing the wheel load
variations in the same running conditions, the coupled
model of locomotive and ballasted track is applied. The
simulation results have been validated in a field experi-
ment. The detailed conclusions are drawn as follows:

1) For a locomotive on the curved track, the values of
SADs between the bogie frames and car body can
significantly affect the load distributions in the sec-
ondary suspension system. A plus SAD may lead to
the load increase of outer suspension, while a minus
SAD results in the load reduction. From the entry to
the exit transition curves, the SAD value of a certain
bogie varies between positive and negative, which
causes the inverse load transfer characteristics.

2) The changing rules of wheel load and primary sus-
pension force in the vertical direction on a curve are
mainly determined by the SADs between the bogie
frames and wheelsets as well as them between the car
body and bogie frames. The wheel loads in the first
and sixth wheelsets are affected most obviously by the
SADs.

3) Both of the track geometry and locomotive suspen-
sion parameters have significant impact on the load
distributions in the heavy-haul locomotive system,
and they should be considered synthetically for im-
proving the locomotive dynamic performance.
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Fig. 17. Comparisons of wheel-rail vertical forces
in the sixth wheelset obtained from test and simulation:
a — measured result; b - simulated result
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