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An innovative structure for a heavy haul coupler with an arc surface contact and restoring bumpstop
is proposed. This coupler has a small lateral force at a small yaw angle and a limitable yaw angle to
ensure an allowable coupler lateral force under intense compressive force. The main structural char-
acteristic of the combined contact coupler is a lateral movable follower with an appropriate friction
coefficient of 0.06–0.08 and a slide block with a single freedom of longitudinal movement. In order
to verify and simulate the performances, a multi-body dynamics model with four heavy haul loco-
motives and three detailed couplers was established to simulate the process of emergency braking. In
addition, the coupler yaw instability and wheel set lateral forces were tested in order to investigate the
effect of relevant parameters on the coupler performances. The combined contact coupler is suitable
for heavy haul train for a good dynamic performance.

Keywords: heavy haul train; coupler stability; structure; locomotive; derailment; wheel set lateral
force

1. Introduction

A large lateral force on a coupler caused by emergency braking may lead to the derailment
of the locomotive 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 braking 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 dynamics
of a long train and discussed the effects of buffer parameters on a train’s longitudinal impact
forces.[5–8] Cole [9–11] conducted many studies on the derailment issues involving heavy
haul trains. These included longitudinal dynamics, wagon connection models, comfort, train
management, and driving practices. A comprehensive nonlinear model was developed [4,6]
to study severe braking conditions and minimise the tendency for train derailment. These
studies, however, did not consider the problem of decreased stability when longitudinal com-
pressive 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.
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Vehicle System Dynamics 1289

Currently, heavy haul couplers in the world can be divided into two types according to
their stability principle. The first type of coupler has an arc contact surface at its end.[12] Wu
[13,14] used a rotate joint to simulate the yoke key of the 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 [15] analysed the stability of arc surface
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 type of coupler sets an elastic bumpstop which can prevent
a larger yaw angle on the coupler. Ma [16] studied the effects of the bumpstop 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. Yao [17] analysed the geometric and mechanical char-
acteristics of the bumpstop coupler and proposed a matching principle of the coupler with
the secondary suspension parameters of the locomotive to reduce the wheel set lateral forces
when the train was braking. Both the couplers have their own characteristics for stabilisation
and reducing lateral component force, as well as their own matching principle with the loco-
motive’s suspension. In this study, an innovative structure that integrates the merits of both
types of couplers was proposed and the dynamic performances were simulated to verify the
feasibility.

2. The structure and mechanical characteristics of coupler

2.1. The coupler structure

The first type of coupler adopts an arc surface at its end to achieve the lateral offset of contact
points when the coupler rotates. The two unequal radius arc surfaces and flat yoke key are the
key characteristics shown in Figure 1. The follower has only a single freedom of longitudinal
motion and the rotation centre of the coupler is the contact point at each moment. Thus, it
uses the flat yoke key to accommodate the offset of the arc centre at the coupler’s end. The flat
yoke key transfers the coupler’s pull force and the push force is transferred by the arc surface
contact. Because the yaw angle of the factual transfer force line through the contact points
at either end of the coupler is less than the coupler’s yaw angle, the coupler lateral force is
reduced and the coupler has a self-stabilisation characteristic within certain yaw angles. How-
ever, the arc surface coupler requires a larger locomotive’s lateral suspension stiffness to keep
stable for a small yaw angle. The coupler stability was improved significantly by improving
the secondary structure. When the maximum coupler longitudinal compressive force reaches
2500 kN, the required friction coefficient is reduced from 0.6 to 0.35 relative to the original
locomotive.[15] But the increased stiffness of lateral suspensions should affect the vehicle lat-
eral dynamics, such as the ride quality with lateral irregularities and the behaviour on curves
or switches. The second type of coupler adopts a bumpstop to limit its yaw angle and its yoke
key is round. The rotation centre of the coupler is the rounded yoke key at each moment for
the moment equilibrium as shown in Figure 1. The round key transfers the coupler’s pull and
push force. In the author’s studies,[17] 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 to match the coupler for a small lateral force. The selection of the loco-
motive’s secondary lateral stiffness is different for the two types of couplers. The bumpstop
coupler does not have a higher requirement for the suspension stiffness relative to the arc
surface coupler.
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1290 Y. Yao et al.

Figure 1. The structure and principle of the two types of coupler.

Figure 2. The structure of diesel-electric locomotive coupler with arc surface contact. (1) Coupler yoke, (2) Rubber
buffer, (3) Front plate, (4) Slide block, (5) Friction pad, (6) Bumpstop, (7) Follower, (8) Shoulder, (9)Yoke key, and
(10) Coupler.

For the first type of coupler, the advantage is that the coupler lateral forces are small,
which is conducive to reducing the side wear of rim. The potential coupler instability, how-
ever, can cause serious accidents because there is no mechanism to limit the increased yaw
angle. A larger secondary lateral stiffness and a high friction coefficient on the arc surfaces
are required to ensure the stability of the combined contact coupler. For the second type
of coupler, there is a larger lateral component force when the train is braking because the
coupler will yaw to one side until the bumpstop contacts easily under a larger longitudinal
compression force. The generated wheel set lateral forces cause some undesirable issues such
as uneven wear on wheel and rail side wear. However, the bumpstop ensures the safety of the
locomotive.

Based on the merits of the two types of couplers, an innovative structure is proposed in this
paper to achieve a small coupler lateral force and assured security. The two yoke keys have
different functions, but their functions of compensation lateral mobility and as a rotation
centre are conflicting. To resolve this conflict is the key problem. The proposed coupler’s
structure is shown in Figure 2. It is composed of a coupler yoke, rubber buffer, front plate,
slide block, follower, bumpstop, round yoke key, and coupler. The slide block, bumpstop,
friction pad, and follower are set sequentially from the front plate to the coupler’s end. The
slide block has a single freedom of longitudinal mobility and the follower can move laterally.
The bumpstop passes the slide block to transfer the longitudinal force from the shoulder to
the front plate. The friction pad is used to change the follower’s friction coefficient. Note that
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Vehicle System Dynamics 1291

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 slide block (m) 0.150
R Arc radius of follower (m) 0.150
r Arc radius of coupler’s end (m) 0.130
lb Half of the bogie longitudinal distance (m) 5.075
lc Half of the longitudinal distance of coupler mounting seats (m) 17.652

the end of the coupler has a shoulder in contact with the bumpstop which is used to limit
the coupler yaw angle, and the arc surface’s contact achieves a small coupler lateral force.
The coupler and the coupler yoke are connected by a round yoke key. When the coupler 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, the yoke
key cannot transfer the longitudinal compressive force and instead, it is transferred by the arc
surface contact to compress the rubber buffer. The combined contact coupler’s main feature
is the adoption of a movable lateral follower to achieve ideal movement of the arc surface
contact. The combined contact coupler does not have as high a requirement for the suspension
stiffness as the arc surface coupler. The coupler’s parameter values are shown in Table 1.

2.2. The contact analysis of arc surfaces and its stability mechanism

The contact analysis of the end arc surface and the lateral mobilisable follower is shown in
Figure 3. The contact is a line of contact because of the two arc’s different radii. When the
coupler rotates and the yaw angle is α, the position of the contact point moves along the arc
because of the tangential friction force. The angle between the centre line of the follower
and the contact point (called the contact angle) is β. The coupler rotates around the yoke
key and the tangential friction force moves the follower laterally with the displacement s.
Assuming that the friction of the contact surfaces is not saturated, the two arc contact surfaces
experience pure rolling. The angles of α and β and the lateral displacement s satisfy the
following relationship:

β = r

R − r
α, (1)

s = (R − r) · sinβ. (2)

During braking, the coupler experiences the longitudinal compressive force, Q, and the
yaw moment, M, when the coupler has a certain yaw angle. M is equivalent to Q translated
in the lateral direction for a distance L, where L = M/Q. The moved force line is the actual
transfer force line and it passes through the contact point. According to the friction circle
theory, a friction circle with a radius ρ is drawn in the circle centre of the arc surface in the
coupler end as shown in Figure 3. The ρ and friction coefficient μ of the arc surface have the
following relationship:

ρ = r · sin(tan−1μ). (3)

When L is smaller than ρ, the friction does not reach saturation and the contact is in a
pure rolling state. When L is equal to ρ, the contact is in critical state and the force line is
at a tangent to the friction circle. When L is larger than ρ, the two arc surfaces slide. The
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1292 Y. Yao et al.

Figure 3. Contact analysis of the end arc surfaces.

Table 2. The geometry parameters of the coupler at different
arc friction coefficients.

μ ρ (mm) Ybc (mm) γmax (°)

0.20 25.50 51.00 2.05
0.30 37.36 74.72 3.01
0.40 48.28 96.56 3.89
0.50 58.14 116.3 4.68

coupler experiences the tangent friction and the normal support force at the contact point.
The structure is symmetric when the two couplers are connected. The force line is located on
the inner common tangent line of the two friction circles at the two ends. The direction of
the force line is parallel with the track at a small coupler yaw angle, where the arc friction
is not saturated and the coupler lateral force does not occur. In the case of the large coupler
yaw angle, the coupler’s lateral forces are reduced because the yaw angle of the force line is
less than the coupler’s actual yaw angle. The maximum difference of the two angles, γmax, is
proportional to the arc friction coefficient. The larger the arc friction coefficient is, the smaller
the yaw angle of force line will be. The relationship between coupler’s and force line’s yaw
angles is shown in Equation (4). The lateral relative displacement, Ybc, between the two car
bodies connected by a coupler is defined as the car body critical lateral relative displacement.
If the lateral relative displacement of the two car bodies is less than Ybc, there is no coupler
lateral force. The geometry parameters of the coupler at different arc friction coefficients are
shown in Table 2.

αie ≈ αi − sin−1
(ρ

l

)
, i = 1, 2. (4)

If the friction of arc contact reaches saturation or the yaw angle of force line is larger
than the self-locking angle of follower ψ , the coupler will become susceptible to instability
easily. Therefore, the selection of an appropriate friction coefficient between the slide block
and follower is of importance because if it is too small, it can lead to coupler instability, and
if it is too large, the follower cannot move laterally. The non-free lateral movement of the
follower causes non-ideal arc surfaces contact. Table 3 shows the yaw angles of the force line
at different coupler yaw angles and friction coefficients. The self-locking angle of follower
ψ must be greater than the maximum force line’s yaw angle. If the coupler’s free angle is
6° and the arc friction coefficient is 0.2, the yaw angle of force line is 3.95 and the friction
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Vehicle System Dynamics 1293

Table 3. The yaw angles of force line at different coupler yaw angles and friction
coefficients.

αmax (°)

αmax (°) μ = 0.2 μ = 0.4 μ = 0.3 μ = 0.5

5 2.95 1.99 1.11 0.32
6 3.95 2.99 2.11 1.32
7 4.95 3.99 3.11 2.32

coefficient of the follower should be larger than 0.07.

μf ≥ tan−1αe max. (5)

The coupler’s lateral forces are balanced by the locomotive’s suspension. These lateral
forces are transferred to the bogie and increase the wheel set lateral forces. Once the coupler’s
lateral forces cannot be balanced, the coupler instability causes an instant increase in yaw
angle, which would cause derailment. So, the heavy haul trains conservatively use the coupler
with restoring bumpstop to limit the maximum coupler yaw angle, but the bumpstop coupler
does not have the arc contact coupler’s advantages of a small lateral force.

2.3. The mechanical characteristics of coupler with restoring bumpstop

When the coupler yaw angle is greater than or equal to its free angle, the one-sided bumpstop
experiences a larger coupler longitudinal force and the ideal arc surface contact is destroyed,
as shown in Figure 4. Ignoring the arc surface’s friction force, a commensurate longitudi-
nal force applied in the coupler end is transferred to the yoke key. The end of the coupler
experiences two longitudinal forces FX11 and FX12 offered by the yoke key and bumpstop,
respectively. According to the principle of moment equilibrium, the two forces of FX11 and
FX12 at the rear end are equivalent to a force Fcx1( = FX11 + FX12) in the same direction,
where the distance to the yoke key is a1. The distance a1 is related to the ratio of the two
forces as shown in Equation (5) and its maximum value is the width of shoulder b. Likewise,
the two forces of coupler’s front end are equivalent to a force Fcx2 with the distance to the
yoke key of a2. Figure 4 shows the force states of the coupler with shoulder contact in both
ends. The action points of Fcx1 and Fcx2 at both ends form a line to transfer the coupler force
which is known as the force line. The yaw angles of the force line relative to the car body
at the two ends are α1e and α2e, respectively, and can be obtained by Equation (6) under the
assumption of a small angle. With the same function as the arc surface contact, the reduced
yaw angle of the force line decreases the coupler lateral force.

ai = FXi2

FXi1 + FXi2
b, i = 1, 2, (6)

αie ≈ αi − tan−1

(
a1 + a2

2l

)
, i = 1, 2. (7)

The front plate experiences two-sided distributed force and it is in a balanced state when
the coupler is compressed. Because the slide block has only a freedom of longitudinal move-
ment, the distributed force on one side of the front plate will decrease if the front plate tends
to rotate. When the bumpstop force increases, the front plate tends to rotate, and the force
analysis of critical rotate state is shown in Figure 5. The critical bumpstop force FX2 is calcu-
lated by Equation (7) and its value is 0.4Fcx in the case that the lateral distance from bumpstop
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1294 Y. Yao et al.

Figure 4. The geometry and force analysis of the coupler.

F
X1

= F
cx F

X1 F
X2

2c 2c
2b

(a) (b)

Initial state Critical state

F
X1

+ F
X2

= F
cx

Figure 5. The force analysis of front plate in critical rotate state.

to yoke key b is equal to half of the width of slide block c. This means that only when the
bumpstop force is larger than the preload of 0.4Fcx can the front plate rotate and the cou-
pler’s yaw angle increase. Within a larger range of coupler longitudinal forces, the front plate
cannot be rotated and the coupler’s yaw angle equals the free angle. In this case, the coupler
lateral force is calculated by Equation (8) for straight track. It is constant and has nothing to
do with the coupler longitudinal force. Reducing the coupler free angle and the locomotive’s
secondary lateral stiffness tends to reduce the coupler lateral force. The preload of bumpstop
is an important factor for limiting the coupler yaw angle. In order to achieve this function, the
follower cannot be rotated. This is the reason for setting the slide block with a single freedom
of longitudinal movement. Once the front plate rotates, the restoring torque from the rubber
buffer prevents increases in the coupler yaw angle. The bend stiffness of the rubber buffer
needs to be increased non-linearly with the increase in coupler compressive force. According
to the relationship between the bend and longitudinal stiffness of the rubber buffer, when the
coupler longitudinal force reaches 2500 kN, the longitudinal stiffness of the rubber buffer
should be greater than 100 kN/mm.

FX2 = 4

3b
/

c + 7
Fcx ≈ 2

5
Fcx, (8)

Fcx = kcyl cosα, (9)

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.
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Figure 6. The coupler lateral forces at different tracks.

The restoring torque supplied by the bumpstop is equivalent to the offset of the action
points of the coupler force which reduces the yaw angle of the force line for decreasing the
coupler lateral force. The coupler lateral force increases with the decrease in curve radius.
As shown in Figure 6, 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 in a straight
line.

2.4. The geometry and stability analysis of coupler during train braking

When the locomotive passes the curves, there is a yaw angle α1 (α2) 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 7. 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.
φ is the coupler yaw angle caused by the curve. ϕ is the yaw angle caused by the coupler
longitudinal compressive 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, φ, and ϕ have the following
relationship:

α1 = ϕ + φ,

α2 = ϕ − φ.
(10)

It is equivalent to

α1 = α2 + 2φ,

ϕ = 1
2 (α1 + α2).

(11)

The angle φ is dependent on the longitudinal distance of the coupler mounting seat 2lc, the
length of coupler 2l, and the curve radius Rt.

β ≈ sin−1
(

lc + l

Rt

)
. (12)
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1296 Y. Yao et al.

Figure 7. The yaw angle of coupler in curves.

In this study, when Rt is 300, 800, and 1600 m, φ is 1.8°, 0.68°, and 0.34°, respectively. Since
φ 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 to rotate towards the direction of the curve extend-
ing under the compressive force. This is especially true on curves with small or medium
radii.

According to the stability mechanism and force analysis of the two types of couplers,
the reduced yaw angle of actual transfer force line helps to reduce the coupler lateral force.
The yaw angles of the two coupler’s force line can be calculated by Equations (4) and (6),
respectively. 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 · (sinα1e + sinα2e) ≤ kcy · 2l sinϕ. (13)

2.5. Summary

(1) The arc contact coupler adopts the method of reducing the yaw angle of the actual transfer
force line to reduce the coupler lateral force. The arc contact coupler has an advantage of
small lateral force and self-stabilisation at a small yaw angle. Increasing the locomotive’s
secondary suspension stiffness and the coupler friction coefficient is an effective measure
to improve the bearing capacity of this type of coupler. The bumpstop coupler adopts the
bumpstops to prevent the yaw angle increase. The coupler’s yaw angle easily increases to
the free angle where the bumpstop contacts when the coupler is compressed. The preload
of the bumpstop force needs to be overcome, which is an important factor for limiting
the coupler yaw angle. This way the coupler has an advantage to ensure the safety of a
locomotive derailed by a huge longitudinal compressive force.

(2) An innovative structure for a heavy haul coupler was proposed in this paper, in which
the advantages of the two proposed couplers are combined. The main structural charac-
teristic of the combined contact coupler is a lateral movable follower with an appropriate
friction coefficient and a slide block with a single freedom of longitudinal motion. The
lateral freedom of the follower ensures ideal movement of the arc’s contact points in the
coupler’s end, and the single longitudinal freedom of the slide block ensures the preload
of bumpstop to prevent the increase in coupler yaw angle. The combined contact cou-
pler has a small lateral force in the condition of normal train emergency braking and a
limitable coupler yaw angle to ensure an allowable coupler lateral force under a huge
coupler compressive force.
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3. Multi-locomotive dynamic simulation model

In order to verify the theoretical analysis and accurately calculate the locomotive’s wheel
set lateral forces with different coupler parameters, the multi-body dynamics software, SIM-
PACK, was used to build the locomotive and the detailed coupler model. The simple train
model composed of four locomotives and three detailed couplers can simulate the processes
of emergency braking and coupler overturn 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 wheel set lateral forces have 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 8. The longitudinal forces F1 and F2 are applied to both ends of the loco-
motives separately, and the braking torques are applied to each wheel set to simulate the
longitudinal impulse caused by emergency braking. These studies focus on the middle two
locomotives.

Table 4. The main parameters of locomotives.

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 8. The simple train model composed of four locomotives and three couplers.
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Figure 9. The coupler longitudinal force curve in the time domain.

3.2. The coupler dynamics model

The multi-body dynamics model of the coupler includes 9 rigid bodies and 14 degrees of
freedom. The follower has the freedom to move longitudinally and laterally. The front plate
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 bumpstop is
modelled by a nonlinear unilateral contact force element with clearance. Similarly, the contact
between the follower and the front plate 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 in a
straight line, the following boundary conditions were applied. The maximum coupler longi-
tudinal force was set at 2500 kN. The initial speed before braking was 80 km/h. Additionally,
the braking force for a single locomotive was set at 255 kN. The track irregularity of AAR5
is used. The coupler force curve in the time domain is shown in Figure 9.

4. The simulation results of the locomotive dynamics

4.1. The wheel set lateral forces in the straight line

Larger coupler longitudinal compressive forces which can lead to the derailment of locomo-
tives, especially in the middle of the train, usually occur when a train is emergency braking.
This braking scenario has been known to cause several derailment accidents in a straight
line. Therefore, there is more concern about the performance of couplers in a straight line.
According to the dynamics model and the boundary conditions in Section 3, the wheel set
lateral forces of locomotives were simulated at different arc surface friction coefficients. Fig-
ures 10 and 11 show the coupler yaw angles and the wheel set lateral forces of locomotives
at the coupler longitudinal force of 2500 kN. When the friction coefficient is greater than 0.4,
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the coupler can be stabilised by the locomotive’s lateral suspension through the arc surface
contact. Once the coupler cannot be stabilised, the coupler yaw angle suddenly increases to
the free angle. There is a distinct impact on the follower at the moment of coupler overturn-
ing, which can lead to an instant overshoot of the coupler yaw angle. As shown in Figure 11,
the maximum wheel set lateral forces occur at the moment of coupler overturning due to the
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Figure 10. The coupler yaw angle at different arc surface’s friction coefficients.
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Figure 11. The wheel set lateral force at different arc surface’s friction coefficients.
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overshoot of the yaw angle. When the coupler longitudinal force or free angle increases, the
coupler yaw angle cannot be limited at the free angle because the bumpstop force is greater
than the preload of 0.4 times the coupler longitudinal force, and the front plate rotates. At that
moment, a large bend stiffness of the rubber buffer is required to limit the coupler yaw angle.
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Figure 12. The wheel set lateral forces at different coupler forces and follower’s friction coefficients.
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Figure 13. The wheel set lateral forces with different coupler forces at the free angle of 5° .
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4.2. The effect of the follower’s friction coefficient on the wheel set lateral forces

According to force analysis, the selection of an appropriate follower friction coefficient is
of importance since one that is too small may lead to coupler instability, and one that is too
larger does not allow the follower to move laterally. The self-locking angle of the follower
must be greater than the maximum force line’s yaw angle. The friction coefficient should
satisfy Equation (5). Figure 12 shows the simulation results of the wheel set lateral forces at
different coupler forces and follower’s friction coefficient. The optimal value of 0.06–0.08
is consistent with the theoretical analysis. When the coupler can be stabilised by the arc
contacts, the effect of coupler longitudinal forces on the locomotive’s wheel set lateral forces
is not obvious.

4.3. The effect of the free angle and arc surface’s friction coefficient on the wheel set
lateral forces

The arc surface the friction coefficient and the free angle of the two types of couplers are
important parameters. The former affects the coupler stability and the latter affects the lateral
force. Figures 13–15 show the simulation results of the effect of the coupler free angle and
arc surface’s friction coefficient on the wheel set lateral forces. When the maximum coupler
longitudinal forces are 500, 1000, less than 2000, and 2500 kN, the friction coefficient of 0.1,
0.2, 0.3, and 0.4 can stabilise the coupler through the arc surface contact. The wheel set lateral
force is small and it is proportional to the coupler longitudinal force if the coupler is stabilised,
which cannot lead to abnormal wear of wheel and rail. The coupler yaw angle is limited by
bumpstop once the coupler is unstable. The coupler yaw angle is greater than the free angle at
a larger longitudinal force or free angle. The simulation results verify the theoretical analysis
in Section 2.3, in which the wheel set lateral force is a constant and has nothing to do with
the coupler longitudinal force if the coupler yaw angle is equal to the free angle. The wheel
set lateral forces increase with the free angle at the same coupler longitudinal force. Once
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Figure 14. The wheel set lateral forces with different coupler forces at the free angle of 6° .
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Figure 15. The wheel set lateral forces with different coupler forces at the free angle of 7°.

the follower rotates under a sufficient free angle and coupler longitudinal force, the wheel
set lateral forces increase as well. When the coupler free angle is less than 6°, the wheel set
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.
However, the wheel set lateral forces cannot meet the required maximal coupler force once
the free angle is larger than 7°. It is recommended that the arc surface’s friction coefficient
is kept greater than 0.4 and the free angle less than 6° under the potential maximum coupler
longitudinal compressive force of 2500 kN.

5. Conclusions

(1) An innovative structure of a heavy haul coupler was proposed in this paper, in which
the advantages of the two types of couplers are combined. The main structural character-
istic of the combined contact coupler is a lateral movable follower with an appropriate
friction coefficient and a slide block with a single freedom of longitudinal motion. The
lateral freedom of the follower ensures the ideal movement of arc’s contact points in the
coupler’s end, and the single longitudinal freedom of the slide block ensures the preload
on the bumpstop to prevent the increase in the coupler yaw angle. The combined contact
coupler has a small lateral force in the condition of normal train emergency braking and
a limitable yaw angle to ensure an allowable coupler lateral force under a large coupler
compressive force.

(2) The combined contact coupler exhibits self-stabilisation tendencies at a small yaw angle.
The yaw angle of the force line is less than the coupler’s actual yaw angle, which helps to
reduce the coupler lateral force. The friction coefficient of the arc contact surface needs
to be increased as the longitudinal compressive force of the coupler increases. When
the maximum coupler longitudinal forces are 500, 1000, less than 2000, and 2500 kN,
the friction coefficient of 0.1, 0.2, 0.3, and 0.4 can stabilise the coupler through the arc
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surface contact. If the coupler is stable, the wheel set lateral force is small, which prevents
abnormal wear of wheels and rails.

(3) The combined contact coupler adopts the bumpstops to prevent the yaw angle increase
once the coupler is unstable. The bumpstop force increases with the increase in the lon-
gitudinal force and the coupler yaw angle. Only when the bumpstop force exceeds the
preload of 0.4 times the coupler longitudinal force can the front plate be rotated and the
coupler yaw angle increased continually. The wheel set lateral force is a constant and
has nothing to do with the coupler longitudinal force if the coupler yaw angle is equal to
the free angle. The wheel set lateral forces increase with the free angle at the same cou-
pler longitudinal force. When the coupler free angle is less than 6°, the wheel set lateral
forces of the locomotive under the maximal coupler’s longitudinal force of 2500 kN are
less than the allowable value.
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