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Dynamic derailment simulation of an empty wagon passing straight

through turnout

Abstract: Turnout is recognized as one of the weakest links of railway lines.
Based on the field investigation results in a wheel climb derailment scene, this
paper presents a study on the dynamic derailment behavior of an empty wagon
passing straight through a turnout. The potential factors that inducing train
derailment in turnout area are firstly analyzed, from both the train and track
aspects. Then a dynamic wagon-turnout interaction model considering the
non-uniform cross-sections of rails and the interaction of adjacent wagons, is
developed using the SIMPACK and validated by the field test data. By means
of numerical simulation, the characteristics of wheel-rail interaction in turnout
area are investigated, and the critical influence factors related to derailment are
studied in detail. The results indicate that the growing inclined surface of
switch rail, the condition of wheel-rail contact surface, and the Ilateral
component of coupler force are responsible for wheel climb derailment in
turnout area. The derailment possibility of empty wagons in turnout area
increases with the increasing of coupler force and wheel-rail friction coefficient.
The risk of wheel climb derailment increases with the decrease of running
speed at low speed range. To enhance the running safety of empty wagons in
turnout area, the rail lubrication could be implemented, and the large braking

forces should be avoided at low-speed condition.

Key words: Turnout; freight wagon; derailment simulation; coupler force;

wheel-rail interaction.

1. Introduction

Turnout is one of the most important equipment in railway lines, and plays a key role

in transportation organization. Cross-sections of the switch and the frog rails change
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with the increasing distance from the toe of the switch, especially the harmful space in
the frog area, which intensifies the wheel-rail interaction and raises the derailment
risk of the operating trains [1]. According to the statistics of more than 130
derailments in the UK over the last 15 years, the accidents that happened in turnout
areas account for about 35% of the total [2]. In practice, the railway operators pay
much attention on the running safety of vehicles running through turnout branch, and
neglect the risk of trains passing straight through turnout. During the actual operation
of heavy-haul railways, the train operator would take no additional protective
measures in locomotive control when the trains cross straight through turnout.
However, the derailment accidents have occurred persistently in railway turnouts,
which has gradually attracted much attention on the running safety of trains passing
straight through turnout. Therefore, it is of great significance to investigate the
dynamic derailment behavior of trains passing straight through turnout.

To evaluate the risk of wheel flange climb derailment, Nadal proposed the
well-known single-wheel L/V limit criterion in 1896 [3]. The derailment coefficient
(the ratio of lateral wheel-rail force to vertical force) is first introduced for assessment
of wheel derailment safety. The subsequent field tests and simulations have proved
that wheel flange climb derailments would only occur when the L/V ratio limit has
been exceeded for a certain distance limit or time duration limit [1]. To perfect the
derailment criterion, Weinstock proposed a less conservative wheel flange climb
criterion by summing the absolute values of L/V on the two wheels on the same axle,

known as the “axle sum L/V” ratio [4]. The criteria based on time duration and wheel
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climb distance duration were proposed and adopted by Japanese National Railway
(JNR), the Association of American Railroad (AAR) and many other scholars [5-8].
For example, Zhai [9] suggested a 35ms time duration limit for derailment criterion
based on derailment coefficient and ratio of wheel unloading. Besides, a new
derailment evaluation criterion based on wheel lift was also proposed [10].

The development of computer simulation technology greatly promotes the
studies on derailment mechanism. Zeng et al. [11, 12] conducted a series of researches
on train derailment based on random energy analysis theory. Barbosa [13] derived an
extended three-dimensional formula for the railway wheel flange climb derailment
process and simulated the derailment phenomenon of single wheelset. Zeng et al. [14,
15] studied the mechanism of wheel flange climb derailment based on theoretical
analysis and a single-wheelset test rig. It is revealed that the large lateral wheel-rail
force and reduced vertical force were responsible for the wheel climb derailment.
Ling et al. [16] investigated the dynamic behavior and derailment mechanisms of
trains under lateral impact based on a fully nonlinear three-dimensional dynamic
model.

Focus on specific problems in turnout area, a lot of researches by means of
simulation and field test have been carried out. Based on analysis of frequent flange
climb derailments in sharp curves or curves within turnout subsequent to wheel
turning, the condition of the turned wheel surface is supposed to be responsible. By
means of experiments and numerical simulations, the relationship between the

running safety of vehicles and its surface condition was investigated, and the
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lubrication just after turning is proposed to reduce flange climb derailment [17]. Xu et
al. [18] established an elasticity positioning wheelset model based on a coupled finite
element method and multi-body dynamics and studied the dynamic wheel-rail
interaction during a wheel flange climbs on the turnout rails. Besides, the influence of
rail wear on wheel-rail interaction in turnout area was investigated in Ref. [19]. Sun et
al. [20] simulated the wheel impact forces due to the interaction between vehicle and
a turnout in VAMPIRE environment. Dos et al. [21] modelled the wagons and the
characteristics of the track geometry using NUCARS. The influences of side bearing
clearance and wheel profile on vehicle dynamic behaviors were simulated, and the
field test data was employed to validate it. Ren [22, 23] developed a comprehensive
vehicle/turnout system coupling dynamic model considering wheel-rail multi-point
contacts and studied the characteristic of vehicle-turnout system. Kassa et al. [24]
conducted field tests on dynamic interaction between train and railway turnout and
established a dynamic train-turnout interaction model in GENSYS environment. The
influences of train speed and moving direction on the vertical and lateral contact
forces were investigated.

The previous research on train derailment in turnout area mainly based on a
single wheelset (or vehicle) model without considering the interaction between the
adjacent vehicles of a long heavy-haul train. The longitudinal coupler forces are
proved to have great influence on the derailment of vehicles [25-28]. Based on the
field investigation of a derailment accident in turnout area, this paper presents a

detailed dynamic derailment simulation of an empty wagon passing straight through a

URL: http://mc.manuscriptcentral.com/nvsd email: nvsd-peerreview@journals.tandf.co.uk



oNOYTULT D WN =

Vehicle System Dynamics

turnout. Firstly, the potential risks of wheel-rail interaction in turnout area are
analyzed based on the field investigation result. Secondly, a detailed dynamic model
of wagon-turnout interaction is established by considering the non-uniform
cross-sections of rails and longitudinal interaction of adjacent wagons, and the field
test data is employed to validate this model. Then, the characteristic of wheel-rail
interaction in turnout area is investigated based on the model. Finally, the influences
of coupler force, wheel-rail friction coefficient as well as running speed on the
derailment of an empty wagon in turnout area are studied. This study could provide

theoretical guidance for enhancing the running safety of heavy-haul trains in turnout.

2 Potential factors inducing train derailment in turnout area

According to the field investigation results, this section presents a deep analysis on
the potential factors that inducing train derailment in turnout area from track system
and train system aspects.

2.1 The track system

Differing from the main track rails, the cross-sections of the rails in turnout area
change in the longitudinal direction from the toe of switch. Figure 1 shows the
configuration of a typical heavy-haul turnout. The turnout is mainly composed of a
switch rail and a fixed frog. The top width and height of the switch rails gradually
increase from the switch blade towards the frog as shown in figure 1 (a). It can be
seen in Figure 1 (b), there exists harmful space (discontinuity of rail cross-sections) at

the transition area between the tongue rail and the through rail. The non-uniform
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cross-sections of rail produce an intrinsic track irregularity, which intensify the
wheel-rail interaction. Figure 2 shows the typical geometrical contact between wheel
and rail in turnout area. Both the contact points on the stock rail and the switch rail (or
on the wing rail and the through rail) have a narrow distribution. Due to the large gap
between the concentrated contact areas, the contact points will jump under the effect
of large lateral wheelset force. Besides, the transition between the stock rail and
switch rail (or between the tongue rail and the through rail) will cause the jump of
contact points either, which will lead to severe wheel-rail impact vibrations.
Furthermore, the initial top heights of switch rail and through rail are low. The
growing cross-sections produce a gentle inclined surface in longitudinal direction.
Under the effect of large lateral force, the wheel flange approaches the rail, and the

wheel is more likely to climb onto the rail top.

(a) side view
switch blade top view
== e |
Ve e g
wing'rail o

Figure 1. The structure scheme of a typical heavy-haul turnout: (a) the switch rail; (b)

the fixed frog.
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Figure 2. Typical geometrical contact between wheel and rail in turnout area: (a)
switch rail with top width of 20mm, (b) frog rail with top width of 20mm.

2.2 The train system

Comparing to the track system, the situation of the train system is more complicated.
The performance degradation of key components, the interaction of adjacent wagons
(or locomotives) as well as the loads and train speed have significant effects on the
train running safety.

It can be seen in Figure 3 (a) that the employed K6-type bogie is a typical
three-piece bogie with a simple suspension system. The primary suspensions adopt
the rubber blankets mounted on the adapters. The secondary suspensions are
composed of coil groups with two-stage stiffness and wedge friction dampers. Besides,
a cross-sustaining device is equipped to enhance the diamond-resistant rigidity and
hunting stability. The vibration energy of the wagon system is mainly dissipated by
means of frictional resistance provided by wedge friction dampers. Due to the wear of
long-term service, the damping performance of the wedge friction damper will
degrade rapidly, which affects the dynamic performance of wagons significantly.

Moreover, the condition of wheel-rail contact surface has a decisive influence on the
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running safety of trains. Figure 3 (b) shows the wheel tread and flange of a derailed
wagon. It is seen that the cutting traces of re-profiling are still obvious after a period
of service, which is an abnormal phenomenon for an in-service wagon. The rough
wheel surface will increase the wheel-rail friction coefficient and contribute to the
wheel climb [17]. The evident wear marks in flange area indicates the intensive
flange-rail interaction during the wheel climbing. Figure 3 (c) exhibits the conditions
of coupler shank and coupler yoke of the accidental wagon. Since the maximum
dynamic braking force of the accidental train is around 800kN, which is much less
than the permitted coupler force, it is reasonable to speculate that the intensive lateral
interaction between the coupler shank and coupler yoke during derailment caused the
fracture of the coupler shank. The free yaw angle of this type of coupler is 13 degrees.
The field test results indicate that the maximal coupler yaw angles of the empty
wagons are usually no more than 4 degrees under normal operating conditions. With a
comprehensive consideration of the severe wear in flange area in Figure 3 (b) and
wheel moving trace on switch rail in Figure 3 (d), it is deduced that an original yaw
angle led to a large lateral component of coupler force, which made the wheel flange
approach the rail. Under the effect of continuous large lateral force, the wheel climbed
onto the rail top along the growing switch rail, and the coupler yaw angle further
increased to the limited angle. The violent collisions between coupler shank and
coupler yoke happened during the post-derailment process, which caused the cracks
on the coupler yoke and the fracture of coupler shank eventually. The coupler force

and the coupler yaw angle are speculated as the critical influence factors to the
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running safety of the empty wagons. Moreover, the loads and running speed affect the
running safety of the wagon as well. In comparison to the fully loaded wagon, the
empty wagon has higher wheel unloading rates and derailment coefficients when the
same external excitation is applied, and the empty wagons require less lateral force for
wheel climb derailment. The running speed influences the wheel-rail contact state

remarkably and further affects the wheel-rail interaction.

I
\

(a)

lof cop]el' shak

Wheel moving trace

o e
LY g oo A
ORZGIET
P Cracks on coupler yoke
L . i T S LR bR,

R

Figure 3. Damaged components in a derailment scene: (a) the accidental wagons, (b)

wheel tread and flange, (c) coupling devices and (d) the turnout structure.

3. Wagon-turnout interaction model

To simulate the dynamic behavior of empty wagons in turnout area, a wagon-turnout

interaction model was established using SIMPACK, as shown in Figure 4. The model
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is mainly composed of two wagons, two drawbar-buffer systems, one dummy wagon
and a railway turnout system. A force with initial yaw angle is applied on the car body

of the front wagon (the wagon No. 1) to simulate the coupler force.

Traveling direction ———»

Turnout—

MT-2 buffer RFC-type drawbar

Front follower  Carbody;
1

Figure 4. Wagon-turnout interaction model.

3.1 Wagon model

A single wagon model is composed of a car body, two K6-type bogies, and has 74
degree of freedoms (DOFs) in total. The Chinese LM-type wheels are adopted. Each
car body, the side frame and the wheel set have 6 DOFs. The adapter is mounted on
the axle with only one rotation DOF about Y-axis. The enlarged view in lower-left
corner of Figure 4 shows the wedge suspension system model. The column wear plate
is treated as part of the side frame. The bolster has two DOFs to move vertically and
to yaw, and the wedge has one DOF to move vertically. The dummy wagon has only
one DOF to move longitudinally. The interaction of sliding surfaces (such as the side
bearings, the center plates, the bolsters, the wedges and the column wear plate) are

modelled with Coulomb friction law.
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0 |vr|=0
F = VV_T|'ﬂ0'FN'Sign(VT) |VT|SVeps
eps
Uy - Fy -sign(vy) |vT| > Vs

(1

where y is the friction coefficient between the contact surfaces; Fy is the normal

contact force; vr is the relative tangential velocity; vep is the limit velocity between

regularized friction and slipping Coulomb friction. The main parameters of a wagon

are listed in Table 1.

Table 1. Main parameters of C80-type wagon.

Item Value Unit

Axle load 25000 kg

Mass of car body (empty/loaded) 10297/90297 kg

Mass of bogie 4800 kg

Mass of wheelset 1171 kg

Wheelbase 1.83 m

Bogie distance 8.2 m

Wheelset radius 0.42 m

Length over pulling faces of couplers 12 m
Longitudinal 13 MN/m

Primary suspension stiffness
Lateral 11 MN/m
(empty/loaded)
vertical 160 MN/m
Longitudinal 1.818/3.127 MN/m
Secondary suspension stiffness
Lateral 1.818/3.127 MN/m
(empty/loaded)

vertical 2.233/4.235 MN/m
Axial stiffness of the cross-sustaining device 14.8 MN/m

Pre-pressure of side bearings 19.8 kN
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3.2 Inter-vehicle connection model

The enlarged view in the lower-right corner of Figure 4 shows the model of
RFC/MT-2 drawbar/buffer system. The system consists of a RFC-type drawbar,
coupler yokes, front followers and buffers. The drawbar has four DOFs, including
rotation DOFs about X-, Y- and Z-axis as well as linear movement along X-axis. The
front follower has one DOF to move longitudinally. The coupler yoke is modelled as

a nonlinear torsional spring. The restoring moment Tr is described as [27]:

_ { 0 |a| < g )

l[a—aﬁee -sign(oz):|~Ktr |a| > Qe

where « is the rotation angle; oge.. is the maximal free rotation angle; / is the distance
between the two pin holes of the drawbar; K, is the angular stiffness of the torsional
spring, which has a value of 108N/rad. The interaction between the drawbar tail and
the follower is modelled as a unilateral contact force in X-axis and rotational friction
forces about X-, Y- and Z-axis. The buffer is modelled as a nonlinear spring with
hysteresis characteristic, as shown in Figure 5. The buffer impedance force F(x, Av)
is described as [30, 31]:
%I:fl (x)+f, (x):|+%[fl(x)—fu(x)]»sign(Av) AV > v,
Ent 1 Av ®)
E[fl (x)+f, (x):|+5[f, (x)- 1, (x)]-v—fsign(Av) AV > v,
where x is the buffer stroke; Av is the change rate of buffer stroke; v¢ is the switch
speed between the loading and unloading conditions; fi(x) and f,(x) represent the

loading and unloading forces of the buffer, respectively.
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Figure 5. The nonlinear hysteresis of the buffer.

3.3 Turnout model

The employed turnout in this paper is the Chinese No. 12 turnout specially designed
for heavy haul railway, as shown in Figure 6. The turnout length is about 35m, while
the switch length is 14.211m and the frog length is 5.992m. The permissible
maximum passing speed of this type of turnout is 90km/h. To model the variable rail
profiles along the track, the rail cross sections are extracted from the CAD drawings.
To enhance the smooth transition of adjacent profiles, the profiles are provided about
every centimeter along the track, and the variable profiles between the various
profiles in longitudinal direction are interpolated by Bézier curves. The sub-graphs (1)
~ (3) in Figure 6 show the variable rail profiles of switch, check rail and frog area,
respectively. It should be noted that only the potential contact areas of rails are taken
into account when modelling the turnout. Furthermore, the stock rail is neglected

when the switch rail grows to a rail with full width.
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1 front of turnout (2) check rail rear of turnout

(1) switch

Figure 6. Model of the Chinese No. 12 heavy-haul railway turnout.

3.4 Wheel-rail contact model

A multiple-point contact model is employed to model the complex wheel-rail contact
relationship. The normal force is calculated by a penetration method based on the
Hertzian nonlinear elastic contact theory, which allows a realistic simulation of wheel
lift and regain of contact [32]. The tangential force is calculated using the FASTSIM
algorithm [33].

3.5 Model validation

To validate the simulation model, the field test results were employed to compare
with the simulation results. The test train consists of 2 double-unit SS4-type
locomotives and 108 empty C80-type gondolas. The first wagon following the
locomotives was selected as the test wagon. The displacement sensors were installed
on the side frame to measure the dynamic relative displacements between the side

frame and the car body, as shown in Figure 7. The test train passed straight through a
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turnout at a speed of 40km/h under coasting condition. Figure 7 (a) and (b) show the
comparisons of the simulation and test results of the vertical and lateral relative
displacement, respectively. It can be seen that the overall tendency of vertical and
lateral displacement obtained by simulation accords with the test results. Both the
vertical and lateral displacements increased sharply at the frog area. The vertical
displacements fluctuated within 4mm, and the maximum lateral displacement was
about 2mm. As the actual rail wear of the test turnout is complicated, the differences
between the simulation and the test results are inevitable. Based on the above analysis,
the proposed model can simulate the dynamic behavior of the wagon passing the

turnout reasonably.
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Figure 7. Comparison of tested and simulated results: (a) vertical and (b) lateral

relative displacements between the side frame and car body.
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4 Characteristics of wheel-rail interaction in turnout area

Based on the validated simulation model reported in Section3, the dynamic behavior
of an empty wagon under coasting condition was simulated. As the maximum speed
of the empty wagon is usually controlled below 80km/h in realistic operation, the
simulation speeds were set as 80km/h. According to the simulation results, the
distribution of wheel/rail contact points in turnout area is presented. Moreover, the
locations of wheel-rail impact areas are determined, and the characteristics of
wheel-rail interaction is discussed in this section.

Figure 8 shows the distribution of contact points on wheel and rail profiles. It
is seen that the jumps of contact points occur at x = 3m, 4.75m, 14.05m, 29.75m,
31.5m and 34.6m, respectively. The jumps are caused by the change of the rail
profiles when the wheel-rail contact points transit from stock rail to switch rail at
about x = 3m and transit from wing rail to through rail at about x = 31.5m. Moreover,

the wheel-rail separations happen at around x = 30m, 31.5m and 34.6m.

70

301 :

| x=4.75m | x=14.05m x=30m . =31.5m x=34.6m

i 4

Contact position on wheel (mm)

T T — T T T T —r = T T
0 5 10 15 20 25 30 35 40 45

Distance to the switch point (m)
P x=34.6m
_H/
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Figure 8. The distribution of contact points on wheel and rail profiles in turnout area.

Figures 9 (a) and (b) show the vertical and lateral wheel-rail forces in time
domain, respectively. It is seen that the wheel-rail interaction is gentle in switch area.
The vertical and lateral wheel-rail forces fluctuate slightly when the wheel transfers
from stock rail to switch rail. The maximal vertical wheel-rail force is about 32kN,
and the lateral wheel-rail force is within 4kN. As the wheel travels into the frog area,
the wheel-rail interaction is much fiercer than that in switch area. There exist three
main wheel-rail impact areas located at front of the frog, the frog nose tip around and
the rear of the frog, respectively, which are consistent with three change areas of rail
profiles. Among which, the wheel-rail impact about 0.5m behind the frog nose tip is
most severe, and the wheel rail instantaneous separation occurs several times, where
the wheel transfers from wing rail to the through rail. The maximum vertical
wheel-rail force attains 96.88kN, which is almost 4 times of the quasi-static level
(about 25kN). The maximum lateral wheel-rail force is about 11kN. The duration of
wheel-rail separation is within 15ms. Figures 9 (c) and (d) show the wheel lift and
lateral wheelset displacement in time domain, respectively. The wheel lift changes a
lot in switch and frog areas, and the range of the wheel lift is within -2 to 2 mm. It is
seen that the change rate of wheel lift in frog area is apparently larger than that in
switch area, which is consistent with the severer wheel-rail interaction in frog area.
The non-uniform cross-sections of rail provoke the hunting motion with long
wavelength of the wheelset. The lateral wheelset displacement changes steady along

the track, and the maximum lateral wheelset displacement is about 8mm.
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Figure 9. Dynamic wheel-rail interaction of an empty wagon in turnout under coasting
condition: (a) vertical wheel-rail force, (b) lateral wheel-rail force, (c) wheel lift, and

(d) lateral wheelset displacement.

5 Dynamic derailment simulation of empty wagons in turnout area

Focusing on the derailment of an empty wagon passing a straight through turnout, the
influences of several critical factors on the wheel climb derailment behavior are
studied in this section. According to the analysis in the second section, the lateral
coupler force, the wheel-rail friction coefficient as well as the train running speed are
chosen for further analysis. The lateral coupler force is determined by coupler yaw
angle and longitudinal coupler force. To simplify the analysis process, the coupler
yaw angle is set to be constant in simulation. The limit value of coupler yaw angle for
locomotives is 6 degrees in Chinese railway while the limit value for wagons is not
specified. Since the maximum coupler force appears at the first coupler behind the
locomotive during dynamic braking while the coupler of wagon is connected to the

coupler of locomotive, the coupler yaw angle is fixed as 6 degrees in the simulation
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model. Furthermore, the wheel climb derailment generally happens in low-speed
range, and the length of the turnout is short, thus the speed of the train can be assumed
to be constant. It should be noted that the random track irregularity is not applied in
the simulations due to its effect is limited at the turnout zone.

5.1 Derailment critical state

To further analyze the influences of the critical factors on wheel climb derailment, the
derailment critical state is determined by simulation. The experimental study
conducted by Japanese researchers indicates that the wheel-rail friction coefficient is
about 0.3~0.5 under the condition of low velocity and dry environment [34]. The
running speed was set to be 40km/h and the friction coefficient was set to be 0.35
during critical state analysis. According to a large number of simulations, when the
coupler force attains 696kN (its lateral component is 72.75kN), the wheel climbs onto
the switch rail top and drops off the rail soon. When the coupler force is 695kN (the
lateral component is about 72.65kN), the wheel climb does not happen. Thus, the
derailment critical coupler force can be determined as 696kN.

The distributions of wheel-rail contact points under critical states are shown in
Figures 10 (a) and (b), respectively. Under the effect of continuous lateral force
originating from coupler force, the wheel flange contacts with the switch rail since the
initial position. The distributions of contact points under safe and derailment critical
state do not differ a lot at the front of the switch rail. The bifurcation point locates at
the position about 3m from the switch rail point, where the width of the switch rail is

about 35mm and top of the switch rail is about 3mm lower than that of stock rail.
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With the further movement of the wagons, the wheel under derailment critical state
climbs up along the growing switch rail and reaches the rail top at the position about
5.5m from the switch rail point. The wheel continues to move forward on the rail head
about 1m before dropping off the rail. For the safety critical state, the distributions of

wheel-rail contact points keep steady, and the wheel gradually transits to the rail with

full width.
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Figure 10. Comparison of dynamic interactions under safe and derailment critical

states: (a) distribution of wheel contact points and (b) distribution of rail contact
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points, (¢) vertical wheel-rail force, (d) lateral wheel-rail force, (¢) derailment

coefficient and (f) wheel lift.

Figures 10 (c) ~ (f) show the comparison of dynamic wheel-rail interactions
under safe and derailment critical states. When the distances of the wheels to the
switch rail point are less than 3m, the difference of the wheel-rail dynamic interaction
between the safe and derailment critical states is small. As the wheels move forward,
the difference becomes more pronounced. For the safe critical state, the vertical
wheel-rail force fluctuates sharply affected by the changing cross section of rail while
the lateral wheel-rail force changes in a narrow range, and the derailment coefficient
fluctuates a lot accordingly. The maximum vertical wheel-rail force attains 86.50kN,
and the maximum derailment coefficient exceeds 1.3. For the derailment critical state,
both the vertical and lateral wheel-rail forces keep steady during the climbing phase.
Similarly, the derailment coefficient does not change a lot. At the position about 5.5m
from the switch rail point, the lateral wheel-rail force decreases abruptly from about
34kN to 15kN and stays for a distance, while the vertical wheel-rail force still keeps
steady. When the wheel moves to the position about 6.5m away from the switch rail
point, the vertical wheel-rail force drops sharply from about 40kN to 8kN, and then
raises a little before decreasing to zeros. The lateral wheel-rail force and derailment
coefficient decrease to zero till the wheel drops off the rail. It can be seen in Figure 10
(f) that the wheel lift increases gradually to about 27mm first and then drops sharply
under derailment critical state. For the safe critical state, the wheel lift increases to
about 10mm at the position around 2.5m from switch rail point, and then decreases to

a low level.
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5.2 Effect of Coupler force

According to the above analysis, the coupler force under derailment critical state is
696kN. Moreover, the maximum dynamic braking force of the locomotives is about
800kN. To further analyze the influences of coupler force on wheel climb derailment,
the coupler force was set to be 700, 750 and 800kN while the wheel-rail friction
coefficient was set to be 0.35 and the running speed was set to be 40km/h.

It is observed in Figure 11 (a) that the contact points on wheel surface are
concentrated in flange area, and the lateral distance between the contact point and the
running circle increases with the increasing coupler force. The distributions of contact
points on rail head in Figure 11 (b) indicate that the wheel climb is more likely to
happen under the cases of large coupler forces. The larger the coupler force is applied,
the earlier the derailment happens. Moreover, the wheel will separate from the rail for
a short time when the contact point transits from the switch rail to the stock rail, and
the transition position moves towards the switch rail point with the increasing coupler
force. It can be seen in Figures 11 (a) and (b) that the lateral wheel-rail forces start to
gradually decrease as the wheels move on the switch rail top, while the vertical
wheel-rail forces still keep steady for a short distance. When the wheels move across
the highest point of the rail, the vertical wheel-rail forces begin to decrease. Besides,
the re-contact of wheel-rail after instantaneous separation will cause severe wheel-rail
impacts. It can be seen that both the maximum vertical and lateral wheel-rail forces
decrease as the coupler forces increase. It is shown in Figure 11 (d) that although the

wheel lifts increase with increasing coupler forces, the heights of wheel-rail
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separations increase with the increasing distances from the separation locations to the

switch rail point. This can explain the change law of wheel-rail impact force with

oNOYTULT D WN =

9 coupler force. The overall tendency of derailment coefficient is basically in accord

12 with that of wheel-rail force, as shown in Figure 11 (e).
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According to the above analysis, it can be concluded that the large lateral

coupler force promotes the wheel climb derailment significantly.

5.3 Effect of Wheel-rail friction coefficient

The wheel-rail friction coefficient is regarded as one of the most important factors for
wheel climb derailment. To analyze the influence of wheel-rail friction coefficient on
wheel climb derailment, the friction coefficient was set to be 0.2, 0.3, 0.4 and 0.5, the
coupler for is set to be 696kN, and the running speed was set to be 40km/h.

Figures 12 (a) and (b) show the distributions of wheel-rail contact points under
the conditions of different wheel-rail friction coefficients. It is seen that the contact
areas on rail transit from the stock rail to switch rail at the position about 2.3m from
the switch rail point when the friction coefficient is 0.2 while the contact areas on
wheel transit from the tread to the flange, and the wheel climb does not occur. When
the friction coefficient is 0.3, the wheel flange contacts with the switch rail since the
initial position. As the wheel moves to the position about 2.25m from the switch rail
point, the contact areas move to wheel tread and the stock rail in a short distance, and
then return to the wheel flange and switch rail. Similarly, the wheel climb derailment
does not appear. When the friction coefficient is increased to 0.4 and 0.5, the wheel
flange contacts with the switch rail since the initial position and gradually climbs onto
the switch rail top along the growing cross sections under effect of continuous lateral
forces. The wheel-rail instantaneous separations happen when the contact points
transit from the switch rail to stock rail. Furthermore, the wheel climb derailment

happens a little earlier when the friction coefficient is set to be a higher one. When the
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wheel moves on the rail top, the friction force between the wheel and rail prevents the
further relative movement between the wheel and rail. Therefore, the position of
wheel dropping the rail is closer to the switch rail point under the condition of a low

wheel-rail friction coefficient.
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Figure 12. Comparison of dynamic interactions under the condition of different

wheel-rail friction coefficients: (a) distribution of wheel contact points and (b)

distribution of rail contact points, (c) vertical wheel-rail force, (d) lateral wheel-rail

force, (e) derailment coefficient and (f) wheel lift.

Figures 12 (c) ~ (f) show the wheel-rail dynamic interactions under different
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friction coefficients. When the friction coefficient is set to be 0.2 and 0.3, both the
vertical and lateral wheel-rail forces stay around S50kN, and the derailment
coefficients change around 1. The large fluctuations of these indexes only occur at the
transition areas of contact points between the switch rail and stock rail. When the
friction coefficients are increased to 0.4 and 0.5, the wheel-rail forces keep steady
before the wheels climb onto the rail top. Meanwhile, the derailment coefficients
fluctuate slightly around 0.8. Since the wheels climb up along the growing switch rail,
the lateral wheel-rail forces decrease immediately, and the vertical wheel-rail forces
start to decrease only after the wheels move across the highest point of the rail. The
wheel-rail forces decrease to zero as the wheels separate with the switch rail. When
the wheels contact with the stock rail, the wheel-rail contact surface provokes severe
impact. The maximum vertical wheel-rail force attains 190kN while the maximum
lateral wheel-rail force exceeds 210kN. Moreover, the vertical forces do not differ a
lot, but the lateral force with the friction coefficient of 0.5 is larger than that with the
friction coefficient of 0.4. Correspondingly the simulation condition with a higher
friction coefficient has a larger derailment coefficient. It can be seen in Figure 12 (d)
that the wheel lifts increase significantly with the increasing wheel-rail friction
coefficients. Under the condition of friction coefficient of 0.2, the wheel lift is

minimal before the wheel contacts with the switch rail. Since the contact points move

onto the switch rail, the wheel lift rises slowly with the increasing height of switch rail.

When the friction coefficients attain or exceed 0.3, the initial wheel lift is large

because the wheels contact with switch rail since the initial position. When the
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friction coefficient is 0.3, the wheel lift rises to about 6mm firstly, then descends
gradually to the same level of that with friction coefficient of 0.2. Under the
conditions of friction coefficients of 0.4 and 0.5, the wheel lifts rise steadily first as
the wheels climb onto the switch rail top and then descend gradually since the wheels
move across the highest point of the rail. Furthermore, the wheel lift with a smaller
friction coefficient descends earlier than that with a larger friction coefficient.

It can be concluded that a low wheel-rail friction coefficient can prevent the
wheel climb effectively, and a high friction coefficient can prevent the further
movement of the wheel on the rail top as well.

5.4 Effect of running speed

Since the wheel flange derailments generally occur at low-speed condition, the
running speed in the simulations was set to be 30km/h, 40km/h and 50km/h for
further analysis. The coupler force was set to be 696kN and the wheel-rail friction
coefficient was set to be 0.35.

It is seen in Figures 13 (a) and (b) that the distributions of contact points on
wheel and rail surfaces change a little and the wheel will not climb onto the rail top
when the running speed is 50km/h. As the running speed is decreased to 30km/h or
40km/h, the wheels climb onto the rail top along the growing switch rail and derail
soon under the effect of continuous lateral coupler force. Moreover, the wheel climb
derailment happens earlier at a lower running speed. Figures 13 (c) and (d) show that
the vertical and lateral wheel-rail forces increase with the increasing running speed

before the wheel climb. The change of vertical and lateral forces is steady when the
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wheels move forward on the rail top. It can be seen in Figure 13 (e) that the intense
impact only occurs at the transition area between the switch rail and the stock rail.

The derailment coefficient fluctuates a lot under the speed of 50km/h, and the

maximum value of it reaches 1.37. When the running speeds are 30km/h and 40km/h,
the derailment coefficients keep below 1.1. The wheel lifts increase significantly with
the decreasing running speed, as shown in Figure 13 (f). The maximum wheel lift is

about 5.6mm under the speed of 50km/h. When the speeds are 30km/h and 40km/h,

the wheel lifts increase gradually to about 27mm first and then drop.
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Figure 13. Comparison of dynamic interactions under the condition of different
running speeds: (a) distribution of wheel contact points and (b) distribution of rail
contact points, (c) vertical wheel-rail force, (d) lateral wheel-rail force, (e) derailment

coefficient and (f) wheel lift.

Based on the simulation results, the risk of wheel climb derailment increases
with the decrease of running speed at low speed range when the empty wagon passing

straight through a turnout.

6. Conclusions

This paper presented a study on the dynamic derailment of an empty wagon passing
straight through a turnout. The potential factors that inducing train derailment in
turnout area were analyzed firstly based on the field investigation. A dynamic model
for the wagon-turnout interaction was established. By means of simulation, the
characteristics of wheel-rail interaction in turnout area were investigated, and the key
influencing factors related to the derailment of train wagons in turnout were discussed.
The following conclusions are drawn from this study:

(1) For an empty wagon passing straight through a turnout, the growing
inclined surface of switch rail, the harmful space of frog, the condition of wheel-rail
interface, the lateral coupler force as well as the train speed are recognized to be key
factors to derailment.

(2) The coupler force promotes the risk of wheel climb derailment in turnout
area significantly under the condition of a large coupler yaw angle. The large lateral

component of the coupler force makes the wheel climb the switch rail. The larger the
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coupler force is applied, the earlier the wheel climb derailment happens. The
possibility of wheel climb derailment can be reduced by decreasing coupler force.

(3) Wheel-rail friction coefficient has a great influence on the possibility of
wheel climb derailment in turnout area. A small wheel-rail friction coefficient can
effectively prevent the wheel climb when the flange contacts with the rail. The rail
lubrication could be an effective measurement for preventing wheel climb in turnout
area.

(4) At low-speed range, the risk of wheel climb derailment increases with the
decrease of running speed when the empty wagon passing straight through a turnout,
and the large braking force should be avoided.

It should be noted that the employed turnout in this study is a perfect turnout
without any abrasions. In actual conditions, the rail wear in turnout area is extremely
serious, especially in heavy-haul line. The running safety of vehicles in turnout area

considering the complicated wheel/rail wear conditions is worthy of further studies.
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