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To investigate the stability and mechanical characteristics of a type of heavy haul coupler with restoring
bumpstop, the geometry and force states of couplers were analysed at different yaw angles and the
longitudinal forces. The structural characteristics of this coupler were summarised. To aid in the
investigation, a multi-body dynamics model with four heavy haul locomotives and three detailed
couplers was established to simulate the process of emergency braking. In addition, the coupler yaw
instability and lateral forces were tested in order to investigate the effect of relevant parameters on the
locomotive’s wheelset lateral forces. The results show that only when the bumpstop force exceeds half
of the coupler longitudinal compression force, can the follower be rotated and the yaw angle of the
coupler increase. The bumpstop preload is the most important stabilising factor. The coupler lateral
force is constant when the coupler longitudinal force is smaller than the critical values of 2000, 1400 and
1150 kN at coupler free angles of 7◦, 8◦ and 9◦, respectively, for operation on straight track. The coupler
free angle and the locomotive’s lateral clearance of the secondary stopper are important in decreasing
the wheelset lateral forces of the locomotive. It is advised that a smaller locomotive’s secondary lateral
suspension stiffness, a free clearance of 35 mm and an elastic clearance of 15 mm from the secondary
lateral stopper be selected. If the coupler’s free angle is less than the self-stabilising angle which is
5.5◦ for operation on straight track, the coupler is stable no matter how great the longitudinal force
is. The wheelset lateral forces are allowed at the coupler longitudinal force of 2500 kN when the free
angle is 6◦. These studies establish meaningful improvements for the stability of couplers and match
the heavy haul locomotive with its suspension parameters.

Keywords: heavy haul coupler; coupler lateral force; bumpstop; locomotive; derailment

1. Introduction

A larger coupler lateral force caused by emergency braking may lead to the derailment of the
locomotive located in the middle of a train. A smaller lateral force on a heavy haul coupler
is required as the train tonnage and speed increase. The repeated occurrence of train derail-
ment caused by emergency breaking is a clear indication that both production and operation
departments as well as academic institutions require a better understanding of how to prevent
these accidents.[1–4] Several researchers previously investigated the longitudinal dynam-
ics of a long train, and discussed the effects of buffer parameters on a train’s longitudinal
impact forces.[5–8] Cole and co-workers [9–11] conducted many studies on the derailment
issues involving heavy haul trains. These included longitudinal dynamics, wagon connection
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Vehicle System Dynamics 27

models, comfort, train management and driving practices. A comprehensive nonlinear model
was developed [4,6] to study severe braking conditions and minimise the tendency of train
derailment. These studies, however, did not consider the problem of decreased stability when
longitudinal compressive forces are applied to a coupler. The current understanding of heavy
haul train coupler stability and its effect on derailment is still rudimentary and needs to be
studied further.

In China, heavy haul locomotive couplers can currently be divided into two types according
to their structure. The first coupler type has an arc contact surface at its end. Wu et al. [12,13]
used a rotation joint to simulate the yoke key of this coupler, and postulated that friction torques
supplied by two end contact surfaces will stabilise the coupler by balancing the yaw moment
caused by the coupler’s yaw angle.Yao et al. [14] analysed the yaw stability of arc couplers with
the friction circle theory and illustrated the importance of the coupler’s arc friction coefficient
and the locomotive’s lateral suspension stiffness to the bearing capacity of this type of coupler.
The second coupler typesets an elastic bumpstop which can prevent a larger yaw angle and
provide lateral stability to the coupler. Ma et al. [15] studied the effects of this coupler and
buffer system on the dynamic performance of heavy haul locomotives to better understand
possible derailment issues during braking. In his study, the bumpstop function was simulated
by a simplified nonlinear stiffness. In this paper, the geometric and mechanical characteristics
of the second coupler type were investigated by formula calculations and a simulation of
locomotive breaking that used a model created based on actual component specifications. The
matching principle of the coupler with the secondary suspension parameters of a locomotive
was studied for reducing the wheelset lateral forces when the train was braking. These studies
have both theoretical and practical engineering value to help improve the bearing capacity of
this type of coupler.

2. The structural characteristics of the coupler with restoring bumpstop

2.1. The coupler structure and force analysis

A heavy haul locomotive coupler with restoring bumpstop is shown in Figure 1. It is composed
of a coupler yoke, rubber buffer, follower, bumpstop, yoke key and coupler. Note that the end
of the coupler has a shoulder which is used to limit its yaw angle by contacting the bumpstop.
The coupler and the coupler yoke are connected by a round yoke key. When the coupler

3 4 5 6 721

X

Y

Figure 1. The structure of a coupler with restoring bumpstop. (1) Coupler yoke, (2) Rubber buffer, (3) Follower,
(4) Bumpstop, (5) Shoulder, (6) Yoke key and (7) Coupler.
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28 Y. Yao et al.

Table 1. Parameter values.

Parameter Description Value

l Half of the coupler length (m) 0.712
b Lateral distance from bumpstop to yoke key (m) 0.135
c Half of the width of the coupler yoke (m) 0.150
lb Half of the bogie longitudinal distance (m) 5.075
lc Half of the longitudinal distance of coupler mounting seats (m) 17.652

Figure 2. The geometry and force analysis of coupler for operation on straight track.

is pulled, it pulls the yoke key and moves the coupler yoke, thus compressing the rubber
buffer and providing both traction stiffness and damping. When the coupler is compressed, it
pushes the yoke key and moves the coupler yoke to compress the follower and the buffer. This
coupler’s main feature is the adoption of bumpstops to prevent the increase in the yaw angle.
The coupler’s parameter values are shown in Table 1.

When the yaw angle of coupler is less than its free angle, the coupler can be seen as a
two-force rod. The coupler rotates under the longitudinal compressive force and is balanced
by the locomotive suspension. When the bumpstop is in contact with the shoulder as shown
in Figure 2, the yaw moment is greater than the restoring moment caused by the locomotive
suspension, and the yaw angle α increases to the free angle δ. At that moment, the end of
the coupler experiences the two longitudinal forces FX1, FX2 offered by the yoke key and the
bumpstop, respectively. These forces can be calculated according to the force equilibrium. In
addition, the follower experiences the longitudinal forces FGL and FGR offered by the both
sides of the coupler yoke. These are both equal to half of the coupler longitudinal force. Only
when the bumpstop force FX2 is greater than the longitudinal force FGL, can the follower be
rotated, further increasing the coupler’s yaw angle. Due to these circumstances, the bumpstop
preload is a very important factor for stabilising the coupler. There is a lateral force that occurs
when the coupler rotates under the compressive longitudinal force and the coupler’s lateral
force will increase the wheelset lateral forces of locomotive or even lead to derailment.

2.2. The geometry and force analysis of coupler for operation on straight track

According to the relationship between a coupler’s yaw angle and its free angle, the geometry
and force states of the coupler can be analysed with the following three cases when the
locomotive is for operation on straight track:
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Vehicle System Dynamics 29

(1) When the coupler yaw angle α is less than the free angle δ, the coupler can be seen as a
two-force rod. The coupler lateral force FY and the longitudinal compression force Fcx

have the following relationship:

FY = Fcx · tan α. (1)

When the locomotive’s lateral suspension causes a restoring force larger than the coupler’s
lateral force, FY, the coupler is stable and its yaw angle will not increase. Accordingly,
Fcx satisfies the following equation

Fcx ≤ kcyl cos α, (2)

where kcy = (lb/lc)2ks, kcy is the lateral equivalent stiffness of the coupler mounting seat;
ks is the lateral suspension stiffness of a single bogie which is a series stiffness of the
primary and secondary suspension; lb is half of the bogie longitudinal distance of the
locomotive; lc is half of the longitudinal distance of the coupler mounting seats and l is
half of the coupler length.

For this study, the longitudinal compressive force must be less than 270 kN to ensure
that the bumpstop could not be contacted.

(2) The coupler yaw angle α is equal to the free angle δ within a certain range of Fcx when
the longitudinal bumpstop forces FX2 and Fcx satisfy the following equation:

FX2 <
c

b + c
Fcx ≈ 0.5Fcx. (3)

At this moment, the coupler lateral force FY is proportional both to the yaw angle α and
the lateral equivalent stiffness of the coupler mounting seat kcy, while having nothing to
do with the longitudinal force Fcx

FY = kcyl sin α. (4)

The force equilibrium equations of coupler are as follows:

FX1 + FX2 = Fcx, (5)

FX12l sin α + FX2(2l sin α − 2b) − FY2l cos α = 0. (6)

Taking the nonlinear lateral suspension stiffness of the locomotive into account, the bump-
stop longitudinal forces at different yaw angles and the coupler longitudinal forces are
shown in Figure 3. The follower rotates if the bumpstop force is greater than half of the
coupler longitudinal force. The critical coupler forces of 2000, 1400 and 1150 kN will
rotate the follower at coupler yaw angles of 7◦, 8◦ and 9◦, respectively.

(3) If Equation (3) cannot be satisfied, the coupler yaw angle α is larger than the free angle δ

and their relationship is as follows:

α = δ + 2λ, (7)

where λ is the rotation angle of the follower and it is proportional to the bending stiffness of
the rubber buffer and the bumpstop force. When the coupler longitudinal force increases, so
too does the follower rotation angle and the coupler lateral force. It is needed to overcome
the longitudinal preload of the bumpstop (about half of the coupler longitudinal force) and
the restoring torque caused by the bending stiffness of the rubber buffer that the follower can
be rotated, which is advantageous to stabilise the coupler. At this moment, the coupler can be
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Figure 3. The longitudinal forces of the coupler and the bumpstop.

equivalent to a single-rod model with rotary stiffness at both of its ends with a force balance
equations of

Fcx2l sin α − Fcxb − krot(α − δ) − FY2l cos α = 0, (8)

where krot is the bending stiffness of the rubber buffer.
In Equation (8), the first term is the coupler yaw torque, the second term is the restoring

torque caused by bumpstop preload, the third term is the restoring torque caused by the buffer
and the final term is the restoring torque caused by lateral suspension of the locomotive. If the
coupler yaw angle α satisfies Equation (9), the sum of the first and the second terms equals 0,
and α is called the self-stabilising angle. Simply put, if the free angle of the coupler is smaller
than or equal to the self-stabilising angle, the coupler will be stable no matter how great the
longitudinal force is. In this study, the self-stabilising angle of the couplers used is 5.5◦ for
operation on straight track:

α = sin−1

(
b

2l

)
. (9)

The nonlinear static compressive stiffness of the rubber buffer is shown in Figure 4. As shown
in Figure 5, the coupler equilibrium yaw angle at different longitudinal forces and the free
angles can be calculated according to Equation (8). When the longitudinal force is greater than
the critical coupler force, the equilibrium angle and the lateral force of the coupler increase
with the longitudinal force. The maximum coupler yaw angle of 11.3◦ is dependent on the
lateral clearance of the secondary stopper and the length of the coupler, where there are 50
and 1424 mm, respectively.

2.3. The geometry and force analysis of coupler in curves

When the locomotive passes the curves, there is a yaw angle between the coupler and the front
or rear car body, both of which will be increased by the coupler longitudinal compressive force,
as shown in Figure 6. The small angles of η1 and η2 are the yaw angles of the front and rear
car body which can be ignored in the geometry analysis of the coupler. β is the coupler yaw
angle caused by the curve. α is the yaw angle caused by the coupler longitudinal compressive
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Figure 6. The yaw angle of coupler in curves.

force and α1 and α2 are the yaw angles of the coupler relative to the rear and front car body,
respectively. The angles of α1, α2, β and α have the following relationship:

α1 = α + β,

α2 = α − β.
(10)
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32 Y. Yao et al.

It is equivalent to

α1 = α2 + 2β,

α = 1
2 (α1 + α2).

(11)

The angle β is dependent on the longitudinal distance of the coupler mounting seat 2lc, the
length of coupler 2l and the curve radius R:

β ≈ sin−1

(
lc + l

R

)
. (12)

In this study, when R is 300, 800 and 1600 m, β is 1.8◦, 0.68◦ and 0.34◦, respectively. Since
β is positive, the yaw angle α1 relative to the rear car body is greater than α2 relative to the
front car body. This will cause the coupler angles to increase under the compressive force.
The leading coupler on the rear vehicle will rotate towards the direction of the curve (i.e. low
rail). This is more evident on curves of small or medium radii.

According to the relationship between the yaw angles at both ends of the coupler with the
coupler free angle, the geometry and force states of couplers in curves can be categorised with
the following four cases:

(1) δ > α1 > α2

The coupler is a two-force rod and the compound forces can be calculated as following
the assumption of small angles:

Fcx1 ≈ Fcx2, (13)

and

FY1

FY2
= Fc sin α1

Fc sin α2
≈ α1

α2
= α + β

α − β
. (14)

The lateral force at the rear end of the coupler is larger than that at the front end. This
means that the wheelset lateral forces on the front bogie caused by braking are greater
than those on the rear bogie in a same locomotive located in the middle of a train. This is
more evident on curves of small or medium radii.

In order to balance or stabilise a coupler under a huge compressive force, the sum of
the coupler lateral forces at the two ends must be less than or equal to the restoring force
caused by the locomotive’s lateral suspension:

FY1 + FY2 = Fcx · (sin α1 + sin α2) ≤ kcy · 2l sin a. (15)

It is the same as the analysis in the straight line that the longitudinal compressive force of
coupler must be less than 270 kN to ensure that the coupler yaw angle is smaller than the
free angle.

(2) α1 = δ, α2 = δ

In this case, the bumpstop is in contact with the shoulder at the rear end of the coupler
and the yaw angle of this end is equal to the free angle. The coupler yaw angle relative
to the front car body, however, is less than the free angle. Since the rear end experiences
two longitudinal forces of FX11 and FX12, the coupler is not a two-force rod. According to
the principle of moment equilibrium, the two forces of FX11 and FX12 are equivalent to a
force Fcx1(= FX11 + FX12) in the same direction, where the distance to the yoke key is a.
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Vehicle System Dynamics 33

Figure 7. The force state of the coupler with one end contact.

Table 2. The coupler forces in the critical deflection state of the rear follower.

α1 = δ, α2 = δ Longitudinal force (kN) Lateral force at the rear end (kN)

δ R300 R800 R1600 R300 R800 R1600
5 1682 685 609 67.1 27.3 24.3
6 719 550 538 41.2 31.5 30.8
7 555 521 514 41.5 38.9 38.4
8 523 500 500 48.2 46.5 46.1

The distance a is related to the ratio of the two forces and its maximum value is the width
of shoulder b. Figure 7 shows the force states of the coupler with one end contact:

a = FX12

FX11 + FX12
b. (16)

The points of action Fcx1 and Fcx2 at the both ends of the coupler form a line to transfer
the coupler force which is called as force line. The yaw angles of the force line relative to
the car body at the two ends are α1e and α2e, respectively, which can be obtained by the
following equation on the assumption of small angles:

αie ≈ αi − tan−1
( a

2l

)
, i = 1, 2. (17)

With the increase in the longitudinal force and yaw angle of coupler, the bumpstop force
FX12 increases and the longitudinal force of the yoke key FX11 decreases. If FX12 equals
FX11, the follower is in a critical rotated state in which a is equal to half of b. So, the
critical coupler longitudinal forces needed to rotate the follower at different free angles
can be calculated by the following equation on the condition that a equals half of b:

Fcx(sin α1e + sin α1e) − kcy2l sin α = 0. (18)

Due the assumption of small yaw angles, this equation can be simplified as

Fcx

(
2α1 − 2β − b

2l

)
− 2kcyl(α1 − β) = 0. (19)

Table 2 shows the coupler forces in the critical rotated state of the follower. With the
increase in the free angle, the allowed coupler longitudinal force decreases and the unde-
sirable lateral force increases in curves. The bigger the curve radius is, the smaller the
allowed coupler longitudinal force will be.

Based on Equation (19), if the coupler free angle is smaller than β + b/4l, the yaw
angle of the coupler cannot be increased no matter how great the longitudinal force is.

D
ow

nl
oa

de
d 

by
 [

Y
ua

n 
Y

ao
] 

at
 2

3:
09

 2
2 

D
ec

em
be

r 
20

13
 



34 Y. Yao et al.

Figure 8. The force states of coupler with the contact of both ends.

(3) α1 > δ, α2 = δ

In this case, the bumpstops are in contact with the shoulder at both ends of the coupler
and the yaw angle of the front end is equal to the free angle. The yaw angle of the
coupler relative to the rear car body, however, is larger than the free angle. According
to the principle of moment equilibrium, the two longitudinal forces FX21 and FX22 are
equivalent to the force Fcx2(= FX21 + FX22) in the same direction as shown in Figure 8.

When the distance of the point from the action Fcx2 to the yoke key in the front end
equals 0.5b, the front follower is in the critical rotated state. Additionally, the bumpstop
force FX12 is greater than FX11 in the rear end and the rotated angle of the follower in the
rear end equals β. The distance a1 can be calculated using the following equation:

a1 = b

2
+ krotβ

2Fcx1
. (20)

The yaw angles of the force line relative to the two car bodies are α1e and α2e, respectively,
which can be obtained by the following equation on the assumption of small yaw angles:

αie ≈ αi − tan−1

(
a1 + a2

2l

)
= αi − tan−1

(
b

2l
+ krotβ

4lFcx1

)
, i = 1, 2. (21)

The critical forces needed to rotate the front follower at different free angles can be
calculated by the following equation on the condition that a2 equals half of b:

2Fcx

(
α2 + β − b

2l
− krotβ

4lFcx1

)
− kcy2l sin α = 0. (22)

Table 3 shows the coupler forces in the critical rotated state of the front follower. With the
increase in the coupler free angle, the allowed coupler longitudinal force decreases and
the undesirable lateral force increases in curves. The bigger the curve radius is, the larger
the allowed coupler longitudinal force will be at a small free angle of 5–6◦. However, the
rule is opposite at a larger free angle of 7–8◦.

Based on Equation (22), if the free angle of a coupler is smaller than −β + b/2l, the
coupler has a self-stabilising characteristic.

(4) α1 > δ, α2 > δ

In this case, the bumpstops are in contact with the shoulder at both ends of the coupler
and the yaw angles at the two ends are greater than the free angle. According to the
principle of moment equilibrium, the forces at both ends can be simplified and the formed
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Vehicle System Dynamics 35

Table 3. The coupler forces in the critical deflection state of the front follower.

α1 = δ, α2 = δ Longitudinal force (kN) Lateral force at the rear end (kN)

δ R300 R800 R1600 R300 R800 R1600
5 2985 9452 ∞ 131 142 41.6
6 1912 2236 2492 104 62.7 48.4
7 1476 1439 1419 98.7 60.8 49.5
8 1239 1132 1084 98.9 64.8 55.1
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Figure 9. The required longitudinal stiffness of buffer for the coupler stability.

force line can be seen as a two-force rod. The force equilibrium equation is as follows:

2Fcx

(
α2 + β − b

2l
− krot(α2 + β − δ)

4lFcx

)
− kcy2l sin α = 0. (23)

Only when the bending stiffness of the rubber buffer in Equation (23) is satisfied can the
coupler be stabilised. According to the relationship between the bending and longitudinal
stiffness of the rubber buffer as shown in Equation (24), the required longitudinal stiffness
of the buffer needed to stabilise the coupler at different longitudinal forces is shown in
Figure 9. When the coupler longitudinal force reaches 3000 kN, the longitudinal stiffness
of the rubber buffer should be greater than 100 kN/mm:

krot ≥ 4l

α2 + β − δ

(
Fcx

(
α2 + β − b

2l

)
− kcyl(α2 + β)

)
, (24)

krot =8c2

3
kbx. (25)

2.4. Summary

(1) This type of coupler adopts the use of bumpstops to prevent the yaw angle increase when a
train is braking.When the coupler longitudinal force is greater than 270 kN in this study, the
lateral coupler force component cannot be balanced by the locomotive lateral suspension
and the yaw angle increases to the free angle allowed by the bumpstop. The bumpstop
force increases with the increase in the longitudinal force and the yaw angle of coupler.
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36 Y. Yao et al.

Only when the bumpstop force exceeds half of the coupler longitudinal compressive force
can the follower be rotated and the coupler yaw angle further increases. The bumpstop
preload is the most important stabilising factor and the free angle significantly affects the
stability.

(2) A larger coupler longitudinal force can lead to the derailment of a locomotive. This usually
occurs when the train is emergency braking for operation on straight track. Therefore, there
is more concern about the performance of couplers for operation on straight track. The
self-stabilising angle of the coupler is 5.5◦ for operation on straight track, meaning the
coupler will stabilise itself no matter how great the longitudinal force may be. If the
free angle is greater than the self-stabilising angle, however, this important feature is
lost.

(3) When the coupler longitudinal force is less than a certain value, the follower cannot be
rotated and the coupler yaw angle is equal to the free angle. At this moment, the coupler
lateral force is constant, and it has nothing to do with the coupler longitudinal force for
operation on straight track. Both a smaller lateral suspension stiffness and a smaller free
angle will help reduce the coupler lateral force. The critical values of 2000, 1400 and
1150 kN will rotate the follower at the coupler free angles of 7◦, 8◦ and 9◦, respectively. If
the coupler longitudinal force is greater than these values, the yaw angle and the coupler
lateral force increase with the coupler longitudinal force.

(4) When the yaw angle is smaller than the free angle, a larger lateral suspension stiffness of a
locomotive tends to reduce the yaw angle and the lateral force of coupler. The action of the
bumpstop, however, is a more prevalent occurrence, so a small lateral suspension stiffness
should be selected to reduce the coupler lateral force. The selection of an appropriate
lateral clearance of the locomotive’s secondary stopper is of importance that the too small
one lead to an increase in the lateral equivalent stiffness of locomotive suspension, and
the too larger one lead to an increase in the yaw angle of coupler. All of them cause a
larger coupler lateral force, something that should be avoided in engineering.

(5) The restoring stiffness supplied by the bumpstop is equivalent to the offset of the act point
of the coupler force which reduces the yaw angle of the force line for decreasing the
coupler lateral force. The lateral force at the rear end is larger than that at the front end
when the locomotive passes the curves and the coupler lateral force increases with the
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Figure 10. The coupler lateral force at different tracks.
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Vehicle System Dynamics 37

decrease in curve radius. As shown in Figure 10, the coupler lateral force increases with
the longitudinal force in curves. However, the lateral force is a constant within a range of
the longitudinal force for operation on straight track.

3. Multi-locomotive dynamic simulation model

In order to verify the theoretical analysis and accurately find the relationship between a cou-
pler’s bearing capacity and a locomotive’s secondary suspension parameters, the multi-body
dynamics software, SIMPACK, was used to build the locomotive and the detailed coupler
model. The simple train model which is composed of four locomotives can simulate the
processes of emergency braking and lateral coupler over turning forces with appropriate
boundary conditions. The main impact factors of the coupler’s bearing capacity and the
effect of the suspension parameters of the locomotive on the wheelset lateral forces had been
analysed.

3.1. The locomotive dynamics model

This locomotive model was established according to an actual heavy haul locomotive in
China, as shown in Table 4. The model consists of four locomotives and three couplers
as shown in Figure 11. The longitudinal forces F1 and F2 are applied to both ends of the
locomotives separately and the braking torques are applied to each wheelset to simulate the
longitudinal impulse caused by emergency braking. These studies focus on the middle two
locomotives.

Table 4. The main parameters of locomotive.

Axle arrangement Axle load (T) Wheel base (m) Bogie distance (m) Coupler seats distance (m)

2B0 27 2.6 10.15 17.652
Axle guidance stiffness Secondary suspension stiffness
(signal axlebox) (kN.mm−1) (one side in a bogie) (kN.mm−1)

Longitudinal Lateral Vertical Lateral Vertical
162.6 4.06 1.317 0.58 14

Figure 11. The simple train model composed of four locomotives and three couplers.
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38 Y. Yao et al.

Figure 12. The coupler dynamics model including 7 rigid bodies and 30 force elements.

3.2. The coupler dynamics model

According to the structure and size of the actual coupler, the multi-body dynamics model
of the coupler including 7 rigid bodies and 30 force elements is shown in Figure 12. The
follower has the freedom to yaw and move longitudinally. The coupler yoke has the freedom
to move longitudinally while the coupler can move longitudinally, pitch and yaw. The nonlinear
longitudinal stiffness of the buffer is shown in Figure 5 and nine component spring elements are
arranged discretely in the transverse direction to simulate the bending stiffness of the buffer.
The bumpstop is modelled by a nonlinear unilateral contact force element with clearance.
Similarly, the contact between the follower and coupler yoke is modelled by the unilateral
contact force element.

3.3. The boundary conditions and calculation conditions

To simulate the locomotives located in the middle of a 20,000 ton heavy haul train for operation
on straight track, the following boundary conditions were applied. The maximum coupler
longitudinal force was set at 2500 kN. The initial speed before breaking was 80 km/h. And
lastly, the braking force for a single locomotive was set as 255 kN. The track irregularity of
AAR5 [16] is used. The coupler force curve in the time domain is shown in Figure 13.

4. The simulation results of the locomotive dynamics

4.1. The wheelset lateral forces in the straight line

Larger coupler longitudinal forces which can lead to the derailment of locomotives usually
occur when a train is emergency braking for operation on straight track. This braking scenario
has been known to cause several derailment accidents. Therefore, there is more concern about
the performance of couplers for operation on straight track. According to the dynamics model
and the boundary conditions in Section 3, the wheelset lateral forces of locomotives were
simulated at different longitudinal forces and the coupler yaw angles. Figures 13 and 14 show
the coupler yaw angles and the wheelset lateral forces of locomotives at different longitudinal
forces. In these cases, the lateral clearance of the locomotive’s secondary stopper is composed
of the free clearance of 35 mm and the elastic clearance of 15 mm. When the coupler cannot
be stabilised by the locomotive’s lateral suspension, the coupler yaw angle suddenly increases
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Figure 13. The coupler longitudinal force curve in the time domain.

Figure 14. The coupler yaw angles at different longitudinal forces in the time domain.

to the free angle. In severe cases, there is a distinct impact on the follower and a moment on
the coupler. As shown in Figure 15, the maximum wheelset lateral forces occur at the moment
of coupler overturning due to the overshoot of the yaw angle. Meanwhile, the rim–rail contact
caused by the larger lateral force reduces the dynamic wheelset lateral force, which is even less
than the wheelset lateral force when the coupler force decreases. The lateral force of the rear
wheelset is larger than that on the front wheelset in the same bogie for operation on straight
track.

Figure 15 verifies the theoretical analysis in Section 2.2, in which the wheelset lateral force
is a constant and has nothing to do with the coupler longitudinal force at a small free angle. The
wheelset lateral forces increase with the free angle at the same coupler longitudinal force. Once
the follower rotates under a sufficient free angle and coupler longitudinal force, the wheelset
lateral forces increase as well. When the coupler free angle is less than 6◦, the wheelset lateral
forces of the locomotive under the maximal coupler longitudinal force of 2500 kN are less than
the allowable value of 98.3 kN calculated with the British standard of EN 14363 (Figure 16).
However, the wheelset lateral forces cannot meet the required maximal coupler force once the
free angle is larger than 7◦.

D
ow

nl
oa

de
d 

by
 [

Y
ua

n 
Y

ao
] 

at
 2

3:
09

 2
2 

D
ec

em
be

r 
20

13
 



40 Y. Yao et al.

500 1000 1500 2000 2500

50

100

150

200

250

1 1 1 1 12 2 2 2 23 3 3 3 34 4 4

4

4

5 5 5

5

5

6 6 6

6

6

7
7

7

7

7

W
he

el
se

t l
at

er
al

 fo
rc

es
 / 

kN

Coupler longitudinal force / kN

1 δ = 4 deg

2 δ = 5 deg

3 δ = 6 deg

4 δ = 7 deg

5 δ = 8 deg

6 δ = 9 deg

7 δ = 10 deg

ksyd 35+15 mm

98.3 kN
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Figure 16. The wheelset lateral forces in the time domain at the free angle of 6◦.

Table 5. The curve settings of the simulation.

Conditions Radius (m) Transition curve (m) Circle curve (m) Cant (mm) Speed (km/h)

1 300 80 300 120 60
2 800 120 400 130 80
3 1600 160 600 100 80

4.2. The wheelset lateral forces in curves

According to the force analysis of couplers in curves, there is an initial coupler yaw angle
before train braking which will lead to greater coupler lateral force. This is especially true in
tight curves. In order to verify the theoretical analysis and accurately calculate the wheelset
lateral forces of locomotives in curves, the dynamics model was simulated with curves of
different radii as shown in Table 5.
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Figure 17. The wheelset lateral forces in the curve of R800 m.
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Figure 18. The wheelset lateral forces at the coupler free angle of 6◦.

Figures 17 and 18 are the calculated wheelset lateral forces of locomotives in curves under
different longitudinal forces and coupler yaw angles. The results indicate the following:

(1) The wheelset lateral force increases with the increase in the coupler longitudinal force
especially in curves of medium or small radii.

(2) Reducing the free angle of the coupler will help decrease the wheelset lateral
forces.

(3) The leading coupler of the rear vehicle will rotate towards the direction of a curve (i.e.
low rail) when the coupler is under a compressive force especially in curves of small or
medium radii. This means that the wheelset lateral forces of the front bogie caused by
the train braking are greater than that those at the rear bogie located in the middle of the
train.

(4) When the coupler free angle is 6◦, the maximum allowable coupler longitudinal forces
are 900, 2000 and 2400 kN in the curves of R300, R800 and R1600 m, respectively. The
allowable longitudinal forces are 700, 1200 and 1800 kN in the curves of R300, R800 and
R1600 m, respectively, at the coupler free angle of 7◦.
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Figure 19. The wheelset lateral forces with different suspension parameters at the free angle of 6◦.
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Figure 20. The wheelset lateral forces with different suspension parameters at the free angle of 7◦.

4.3. The effect of the suspension parameters on the wheelset lateral forces

In order to analyse the influence of secondary suspension parameters on wheelset lateral
forces, the dynamics model was simulated with different secondary suspension parameters
and coupler yaw angles for operation on straight track. The results about the wheelset lateral
force are shown in Figures 19–21 at yaw angle of 6◦, 7◦ and 8◦, respectively. The number
above the histogram represents the free lateral clearance and the elastic lateral clearance of the
locomotive’s secondary stopper. The results show that the wheelset lateral force decreases with
the increase in lateral clearance of the secondary stopper at the maximum coupler longitudinal
force of 2500 kN when the coupler free angle is 6◦. However, a larger stopper clearance
increases the wheelset lateral force but reversing this trend at a larger longitudinal force once
the coupler free angle is more than 6◦. In addition, a smaller secondary lateral stiffness tends
to reduce the wheelset lateral forces. It is advised that a smaller secondary lateral stiffness
as well as a secondary stopper free clearance of 35 mm and elastic clearance of 15 mm be
selected so as to reduce the wheelset lateral force. The maximum value of 64.5 kN is reduced
by 16% compared to the initial parameters of 25 and 15 mm at the coupler longitudinal force of
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Figure 21. The wheelset lateral forces with different suspension parameters at the free angle of 8◦.

2500 kN. If the free angle is equal to 7◦, the wheelset lateral forces do not meet the requirement
at the maximum longitudinal force of 2500 kN no matter how many the lateral clearance of
the secondary stopper is.

5. Conclusions

(1) This type of draft gear assembly adopts the use of bumpstops to prevent the yaw angle
increase when a train is braking. In this study, when the coupler longitudinal force was
greater than 270 kN, the coupler could not be balanced by the locomotive lateral suspension
and its yaw angle increases to the free angle where the bumpstop works. The bumpstop
force increases with the increase in the longitudinal force and the coupler yaw angle.
Only when the bumpstop force exceeds half of the coupler longitudinal compressive force
can the follower be rotated and the coupler yaw angle increase. The bumpstop preload
equalling half of the coupler longitudinal force as well as the coupler free angle are the
two most important stabilising factors of the coupler.

(2) When the coupler force is less than a certain value, the follower does not rotate and the
coupler yaw angle is equal to the free angle.At this moment, the coupler lateral component
force is constant and has nothing to do with the coupler longitudinal force. The critical
values of 2000, 1400 and 1150 kN will move the follower at the coupler free angles of 7◦,
8◦ and 9◦, respectively, for operation on straight track. If the coupler longitudinal force
surpasses any of these values, the yaw angle and the coupler lateral force will increase
with the increase in the longitudinal force.

(3) A careful selection of the lateral clearance of the locomotive’s secondary stopper is impor-
tant. If it is too small, the lateral equivalent stiffness of a locomotive will increase. If it
is too large, the coupler yaw angle will increase. Both of these outcomes cause a larger
coupler lateral force which should be avoided in engineering. It is advised that a smaller
secondary lateral stiffness as well as the secondary stopper’s lateral free clearance of
35 mm and elastic clearance of 15 mm be selected.

(4) A larger coupler longitudinal force can lead to the derailment of a locomotive. This usually
occurs when the train is emergency breaking for operation on straight track. Therefore,
there is more concern about the performance of couplers for operation on straight track.
The self-stabilising angle of coupler is 5.5◦ for operation on straight track, which means
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the coupler will stabilise itself no matter how great the longitudinal force may be. The
increase in shoulder width and decrease in coupler length are conducive to an increase in
the self-stabilising angle. However, the simulation results show that the wheelset lateral
force can be met at the coupler longitudinal compressive force of 2500 kN when the free
angle is 6◦.

(5) The wheelset lateral force increases with the increase in the coupler longitudinal force
in curves. The leading coupler of the rear vehicle will rotate towards the direction of a
curve (i.e. low rail) when the coupler is under a compressive force. This is more evident
on curves of small or medium radii. This means that the wheelset lateral forces of the
front bogie caused by train braking are greater than those of the rear bogie located in the
middle of the train. When the coupler free angle is 6◦, the maximum allowable coupler
longitudinal forces are 900, 2000 and 2400 kN in the curves of R300, R800 and R1600 m,
respectively.
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