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Lightweighting of railway axles for the
reduction of unsprung mass and track
access charges

PJ Mistry and MS Johnson

Abstract

The potential for lightweighting of railway axles was investigated to primarily reduce the unsprung mass of rail vehicles.

The reduction of unsprung mass equates to an overall lighter train, which will help to reduce track damage, energy

consumption and total operating costs. Two approaches were considered for the lightweighting of railway axles, which

include a hollow axle design and material substitution using advanced composite materials, to offer a more track-friendly

design. The first approach showed that if the outer diameter of a hollow axle is increased by 30% over that of the solid

axle diameter, a mass reduction of 56% is achievable for a hollow steel axle design. The second approach explored

further mass savings that could be achieved through material substitution of a hollow axle. A systematic approach to

material selection for the design requirements and constraints of a railway axle was considered to identify the candidate

materials for the application. The optimum material identified was a ‘bismaleimide matrixþ carbon fibre composite.’

A hollow axle manufactured from this composite material offered 64% savings in mass when compared to a hollow steel

axle, and 84% savings in mass when compared to a solid steel axle. Estimates for the cost savings of lightweighting of an

axle were quantified by utilising Network Rail’s variable usage charge calculator, to assess the track access charge savings

that can be achieved. For the scenario described in this paper, a potential £5.58 million per year could be saved for an

intercity 220/M Voyager train, in terms of variable usage charges, over the entire fleet of 34 trains (four carriages per

train) by implementing hollow composite axles. This is an example of a costing approach to support the decision making

of lightweighting of rail vehicles.
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Introduction

Today’s performance requirements for the global rail
industry demand that trains are more reliable, efficient
and accommodate an increased capacity for more
passengers. Reports from 2007 show trends in increas-
ing weight of UK rail transportation vehicles over the
last 30 years.1 This is primarily due to improvements
in passenger environments on board trains (for exam-
ple, heating, ventilation and air conditioning systems,
crashworthiness and improved accessibility) coupled
with a metallic construction.2

These heavier rail vehicles put a strain on the net-
work and result in3:

. Increased damage to the track, thereby resulting in
higher costs for infrastructure, maintenance and
renewal.

. Increased energy to operate, making them more
costly to run as well as increasing the probability

of higher CO2 emissions in the energy production
lifecycle. Not to mention the necessity for higher
rated traction and braking systems to facilitate the
duty cycles of trains.

The UK’s Rail Technical Strategy 20124 echoes the
European Rail Sector Sustainable Mobility Strategy
2010,5 which highlights the need for lighter and more
efficient trains to deliver improved rail capacity and
performance. In particular, it identifies lightweight
materials as a key enabler in reducing energy
consumption.

Composites Research Group, Faculty of Engineering, University of

Nottingham, Nottingham, UK

Corresponding author:

PJ Mistry, Composites Research Group, Faculty of Engineering,

University of Nottingham, Advanced Manufacturing Building, Jubilee

Campus, Nottingham, NG8 1BB, UK.

Email: preetum.mistry@nottingham.ac.uk

Proc IMechE Part F:

J Rail and Rapid Transit

0(0) 1–11

! IMechE 2019

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0954409719877774

journals.sagepub.com/home/pif

https://orcid.org/0000-0003-1891-0988
https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/0954409719877774
journals.sagepub.com/home/pif
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0954409719877774&domain=pdf&date_stamp=2019-09-26


Steel has long been used as a structural material for
rolling stock vehicles. Its good strength, formability
and weldability properties coupled with its relatively
low cost make it a versatile material option. However,
the desire to achieve a lightweight design and reduce
production costs are the two main driving forces
behind the introduction of new materials in railway
applications.6 Fibre-reinforced polymer (FRP) com-
posites are one such material system that meets
these aims. These materials feature a polymer matrix
with reinforcing fibres, and are favoured for their high
strength-to-weight ratio, corrosion resistance and fati-
gue resistance properties.

In comparison to the aerospace, automotive and
marine industries, the railway industry has been per-
ceived as slow to integrate lightweight materials (pri-
marily FRP composites) into their structures. The
main barrier to their widespread adoption has been
material cost. However, composite design can reduce
manufacturing costs (in terms of a life-cycle costing
perspective) by reducing the number of parts, assem-
bly steps and assembly time.7

As part of the modular urban guided rail systems
(MODURBAN) European rail project, the mass
breakdown of a typical six-car-set metro vehicle was
quantified. It concluded that the bogies are the largest
mass contributor for a typical passenger rail vehicle,
accounting for 41% of the total tare mass.8 They are
thus a prime candidate for lightweighting in rail
vehicles.

The bogies are the chassis that contain the wheel-
sets and support the rail vehicle body. Each wheelset
is formed of two wheels connected by an axle
(see Figure 1), which comprises the unsprung mass.
This is the mass that rests directly on the rails and
does most damage to the track.

There have been a few notable projects to light-
weight the bogie through a composite construction,
mainly focussing on the bogie frame. These are sum-
marised in chronological order as follows:

. Lightweight carbon fibre rail bogie frame devel-
oped by University of Huddersfield in conjunction
with ELG Carbon Fibre Ltd, Alstom Transport
and Magma Structures – 2018.

. Kawasaki efWING bogie with carbon fibre-rein-
forced plastic leaf springs – 2015.

. Research into carbon fibre-reinforced polymer
(CFRP) composite bogie frames by The Japanese
Railway Technical Research Institute – 2008.

. German intercity coach with FRP bogie frames
(developed by Messerschmitt-Bolkow-Blohm
(MBB) and AEG Westinghouse Transport-
Systeme) – 1988.

In terms of lightweighting of rail wheelsets, there
has only been one published project, led by British
Rail in the UK, addressing lightweighting of a rail
axle. British Rail investigated the use of CFRP

composites for rail vehicle axle tubes, during the
development of the advanced passenger train (APT).9

This paper aims to highlight the potential for light-
weighting of railway axles. A typical rail axle consti-
tutes one-third of the mass of a conventional wheelset.
The benefits of a hollow axle design and material sub-
stitution using FRP composite materials for the axle
will be investigated. Ultimately, the reduction of
unsprung mass correlates to an overall lighter train,
which will reduce track and infrastructure damage,
reduce energy consumption, reduce total operating
costs and possibly offer faster journey times.

Railway axles

A railway axle is a single rigid beam and is one of the
most design safety critical components of a bogie, in
which the design driver is fatigue strength. The axle
serves to transmit the driving torque to the wheels,
maintain the position of the wheels relative to each
other and supports the vehicle body. Railway axles
used on European rail networks are typically manu-
factured from vacuum-degassed steel grade EA1N,10

via open die forging or a rolling process. The surfaces
are then post machined to achieve a concentric and
balanced axle. Historically, axles used to be solid in
terms of their cross section, whereas increasingly,
hollow axles are being used for lightweighting of rail
vehicles. Furthermore, an axle is designed by inertial
loading and is therefore considered a prime candidate
for a composite solution.

There are two main design strategies for light-
weighting of railway axles as detailed below:

1. Alter the geometry of the axle by boring the middle
of a solid axle to form a hollow axle, or by reducing
the axle length. The length of the axle is constrained
by the track gauge length, and there is limited
potential to reduce the axle length with respect to
accommodating the axle box and other ancillary
components onto the axle to offer mass savings.

2. Alternative lightweight materials can be explored
to offer further potential mass savings for a
hollow axle.

Figure 1. Railway wheelset comprising an axle and press-

fitted wheels.
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These design strategies will be explored in this
paper and the potential cost savings for such a
design will be demonstrated through considerations
of track access charges.

Benefits of a hollow axle

The maximum bending stress occurs on the outer sur-
face of the axle, whereas the least stressed part of an
axle occurs in the centre region. The removal of this
material by hollowing out the axle can have a sub-
stantial effect on the strength–mass ratio of the axle.11

It is therefore the purpose of this section to consider
the mass reduction benefits of a solid axle, compared
to that of a hollow axle.

The analysis presented in this section compares the
mass reduction as a function of the diameter ratio of a
hollow axle to a solid axle, for constant maximum
bending stress. In addition to the diameter notations
specified in Figure 2, the following notations for mass,
m, and bending stress, s, are also used which relates
to the solid and hollow axles using subscripts, s, and
h, respectively.

An expression for the maximum bending stress of a
solid and hollow axle can be defined from Euler–
Bernoulli beam theory.12

Solid axle: �s / 1=D3
s

Hollow axle: �h / Do= D4
o �D4

i

� �
Thus, an expression for equal axle bending stresses

can be formulated by equating the two proportions.

1

D3
s

¼
Do

D4
o �D4

i

ð1Þ

Defining the diameter ratio, R¼Do/Ds, and substi-
tuting it into equation (1) yields an expression relating
the inner and outer diameters of a hollow axle.

Di

Do
¼ 1�

1

R3

� �1=4

ð2Þ

An expression for the mass of a solid, Ms, and
hollow axle, Mh, can be defined by volume consider-
ations, and since the material is unchanged, the dens-
ity remains constant.

Solid axle: Ms / D2
s

Hollow axle: Mh / D2
o �D2

i

Therefore, an expression for the ratio of masses can
be shown by equating the two proportions.

Mh

Ms
¼ R2 D

2
o �D2

i

D2
o

ð3Þ

Finally, an expression for the mass ratio as a func-
tion of the diameter ratio, R, can be achieved by

substituting equation (2) into equation (3).

Mh

Ms
¼ R2 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

1

R3

r !
ð4Þ

The mass ratio of a hollow to solid axle derived in
equation (4) is represented graphically in Figure 3 for
equal maximum bending stress. This shows that if the
outer diameter of the hollow axle is increased by 10%
over that of the solid axle diameter (R¼ 10%), then
there is a 40% reduction in the mass of a hollow axle.
The inner diameter of the hollow axle will increase
correspondingly to maintain the equal maximum
bending stress constraint, and thus the thickness of
the axle wall will be reduced.

A diameter ratio, R, of 30%, was chosen as a suit-
able realistic upper limit as shown in Figure 3, given
the space constraints of the wheelset. This represents
that if the outer diameter of the hollow axle is
increased by 30% over that of the solid axle diameter,
a mass saving of 56% is achievable for the hollow
axle. This design change yields a significant increase
in the strength–mass ratio of the axle. However, any
increase in the overall diameter of the axle will result
in the redesign of the axle press fitted components,
such as the wheels and axle boxes in the wheelset
assembly process. In addition, there will be a cost
associated with this redesign process. Despite this, it
is envisaged that the mass savings correlating to
reduced energy consumption will outweigh this from
a life cycle costing perspective.

Material selection for lightweighting of
axles

This section explores the potential for further reduc-
tion of axle mass through material substitution.
Alternative lightweight materials are to be explored
whilst meeting all known essential requirements and
constraints for the application of a railway axle. The
Cambridge engineering selector (CES) EduPack

Figure 2. Comparison of (a) solid and (b) hollow axle cross-

section. Where, Ds, refers to the diameter of a solid axle, Do

and Di, refers to the outer and inner diameters of a hollow axle

respectively.

Mistry and Johnson 3



software of Granta Design Limited13 was employed
for two main reasons:

1. It has a large database of possible material
options.

2. It allows the user to specify material constraints in
order to filter material choices based on only those
materials that fulfil the necessary requirements
specified.

The CES approach to material selection is well
described by Ashby12 and illustrated by Ashby and
Cebon.14 The approach can be summarised in the fol-
lowing five steps:

1. Problem definition
2. Definition of the objective function
3. Definition of the constraints
4. Implementation of the material selection using

material selection charts
5. Interpretation of the results

This approach is not directly relevant to the appli-
cation of railway axles since the functions, constraints
and geometry are not well defined. Therefore, for the
purpose of this study the axle will be modelled as a
uniform, thick-walled, cross-sectional beam to sim-
plify the material selection process.

At present, railway axles are most commonly made
of EA1N grade railway steel, which is a high-carbon
steel. The following analysis addresses the question if
there is an alternative material that would provide a
lighter solution at similar performance levels, using
the CES software in accordance with Ashby’s material
selection approach described above.8,12

Step one – problem definition

The material selection process for a railway axle is
defined in terms of the component function, the con-
straints and objectives, as stated in Table 1.

Step two – definition of the objective function

As stated previously, the objective of the material
selection exercise is to reduce the mass of the hollow
axle. Therefore, the objective function is expressed in
terms of the mass of a uniform, thick-walled, cross-
sectional axle.

m ¼ AL� ¼
�

4
D2

0 �D2
i

� �
L� ð5Þ

Figure 3. Reduction of the axle mass plotted as a function of an increasing diameter ratio for a hollow axle of equal maximum

bending stress to that in a solid axle.

Table 1. Material selection criteria for a railway axle in

accordance with the CES approach.

Function Single stiff and rigid beam that transmits the

driving torque to the wheels, maintains the

position of the wheels relative to each other

and supports the rail vehicle body

Constraints a. Length, L and a, specified (L, fixed by gauge

length of tracks and, a, fixed by wheelset

geometry as shown in Figure 4) and outer

diameter, Do, specified (Do, fixed by wheel-

set geometry as shown in Figure 2)

b. Must be sufficiently stiff to support the

weight of the vehicle

c. Must have adequate strength to resist fail-

ure by fatigue in bending

d. Must have adequate fire performance

Objectives Minimise mass
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where, m, is the mass of the axle, A is the cross-
sectional area of the axle, L is the length of the axle,
� is the density of the material from which the axle
is made, Do and Di are the outer and inner diameters
of the axle, respectively. In the subsequent analysis,
the overall objective is then to minimise the value of
equation (5).

Step three – definition of the constraints

In accordance with the CES approach, the constraints
of the axle design need to be defined in terms of ‘per-
formance indices’ and ‘attribute limits.’ Firstly, the
performance index can be defined by considering the
deflection of the axle under static loading conditions.
This is modelled as a beam in four-point bending as
shown in Figure 4.

The maximum deflection of a beam in four-point
bending occurs at the centre span.12

�max ¼
Pa

24EI
3L2 � 4a2
� �

ð6aÞ

where a is the distance between the centre line of the
load on the journal and the centre line of the reaction
of the wheel, P is the load or reaction force exerted on
the axle, L is the distance between the centre line of
the load on the journals, E is the Young’s modulus
of the material from which the axle is made and I is
the second moment of area of the axle.

The stiffness, S, of a beam in four-point bending
can be expressed as,

S ¼
P

�max
¼

24EI

3L2 � 4a2ð Þa
ð6bÞ

The second moment of area, I, for a thick-walled
hollow circular beam is as follows.12

I ¼
�

64
D4

o �D4
i

� �
ð7Þ

Variables, L, a and Do, are constraints that are
fixed. The beam stiffness, S, is undefined and varies
depending on axle load for each train. An expression
in terms of axle mass including beam stiffness can be
determined by substitution of equations (6b) and (7)
into equation (5).

m ¼
2SLa 3L2 � 4a2

� �
3 D2

o þD2
i

� �
 !

�

E

	 

ð8Þ

Hence, the mass, m, of the axle is minimised by
selecting materials with a smaller ratio of density
to Young’s modulus. The CES approach presents
the reciprocal of this ratio as the stiffness performance
index, M1. In this form, the objective is to maximise

the performance index when selecting materials to
minimise the axle mass, as shown in equation (9).

M1 �
E

�
ð9Þ

Alternative material choices are identified after
applying the constraints to the selection process, and
these are inputted as ‘attribute limits’ in the CES soft-
ware. Since the material, EA1N grade railway steel, is
not present in the CES database, the materials are
compared to ‘Carbon steel, AISI 1030, normalised’
as a benchmark, which is a close approximation to
the current steel composition. The attribute limits
are specified:

(a) Over a typical 30-year lifetime of a passenger rail
vehicle, it is envisaged that the railway axle will
experience fatigue cycles into the gigacycle regime
(109 cycles). However, the endurance limit
attribute in the CES software is defined as the
maximum applied cyclic stress amplitude for a
fatigue life of 107 cycles. Therefore, a suitable
minimum endurance limit of 250 MPa is specified
to account for the knockdown in fatigue strength.
For reference, the fatigue strength of the bench-
mark carbon steel has an endurance limit of
170–310MPa, based on the CES software data-
base. However, life cycle bending fatigue testing
would need to be conducted to verify the fatigue
strength of the materials.

(b) For the fire performance constraint, only mater-
ials with non-flammable ratings in the CES data-
base will be considered. Further tests need to be
carried out to assess the conformance of the
materials to the fire, smoke and toxicity (FST)
requirements specified in the British European
norm BS EN 45545-2, detailed under requirement
7, for bogie structure and parts.15

(c) An additional constraint on fracture toughness,
KIC, is specified (>20MPam1/2). This is to
screen out very brittle materials that clearly are
going to be unsuitable for the impact prone
application.

Figure 4. Outboard bearing configuration of a non-powered,

hollow axle, rail wheelset under static loading conditions,

modelled as a beam in four-point bending.
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For this analysis, cost is not considered as an attri-
bute limit. This is to ensure that all potential materials
that could be suitable for this application are pre-
sented and can be assessed in terms of their merits.

Step four – material selection

A material selection chart was constructed using the
CES software, by plotting Young’s modulus against
density on logarithmic axes, as shown in Figure 5.
Each of the ‘bubbles’ on the chart represents a par-
ticular material and some of these have been labelled.
Attribute limits have been imposed to filter out
unsuitable materials and identify potential candidate
materials that pass the requirements of all the
constraints collectively (i.e. stiffness, fatigue, fire and
fracture toughness combined). The objective is to
determine a material with a high Young’s modulus
and a low density in order to maximise the perform-
ance index, M1, shown in Figure 5 as a straight diag-
onal line of gradient 1. This line has been positioned
to pass through ‘Carbon steel, AISI 1030, normalised’
(EA1N grade railway steel equivalent) used as a
benchmark material. All the materials that lie on the
line perform equally well as a light, stiff axle. Those
above the line perform better and are of particular
interest as candidate lightweighting materials.

Of the materials identified in Figure 5, only the top
five best candidate material choices were chosen to
compare, and these are shown in Table 2. The key
properties of each material compared are: Young’s
modulus, E, density, �, fracture toughness, KIC,

price and fatigue strength at 107 cycles. These are
average property values calculated from the CES soft-
ware database for each material. The performance
index, M1, has been calculated using these average
values. The estimated mass saving for the implemen-
tation of each material is compared to ‘Carbon steel,
AISI 1030, normalised.’

Step five – interpretation of results

The final step in the CES material selection approach
is to assess the viability of the proposed solutions.
Interestingly, the five shortlisted candidates are all
advanced composite materials. The three best options
(i.e. those with the highest values of M1) include one
metal–matrix composite and two FRP composite
materials. These are the: ‘aluminium matrixþNextel
fibre composite,’ ‘bismaleimide matrixþ carbon fibre
composite’ and the ‘cyanate ester matrixþ carbon
fibre composite.’ The results indicate that hollow
axles manufactured from these materials would be
53%, 64% and 87% lighter by mass, respectively,
than a hollow steel axle. This is a significant mass
reduction and is due to the inherent high strength-
to-weight ratio of composite materials.

The ‘aluminium matrixþNextel fibre composite’ is
currently used in aerospace technology. It is the most
expensive material option out of the five selected, and
is 770 times more expensive per kilogram than the
current carbon steel. Its fracture toughness is also
lower than the steel, making it more brittle and poten-
tially unsuitable for the application of an axle, which

Figure 5. Combined CES material selection chart for the axle stiffness constraint showing only those materials that pass the

collective requirements of the: stiffness, fatigue, fire performance and fracture toughness constraints. Each of the ‘bubbles’ represents a

particular material.
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is prone to ballast impact. Overall, the cost premium
does not justify the mass savings for this material.

The ‘cyanate ester matrixþ carbon fibre composite’
provides the greatest mass savings out of all the
material options, at 87% mass savings compared to
the carbon steel. It is currently used for applications
including high-performance spacecraft, aircraft, mis-
siles, radomes and antennas. Its fracture toughness as
with the aluminium matrix composite is below that of
carbon steel, and hence poses issues with regard to
ballast impact. In terms of cost per kilogram, the
cyanate ester matrix composite is 334 times more
expensive than the carbon steel.

The ‘bismaleimide matrixþ carbon fibre compos-
ite’ is currently used in aerospace components where
elevated temperature performance is required,
including high-speed flight controls, engine inlets
and missile components. It is less expensive per kilo-
gram than the aluminium matrix composite; how-
ever, it is still 160 times more expensive than the
carbon steel. Moreover, it offers 64% mass savings
compared to the carbon steel at less of a cost pre-
mium. This material is a good choice in terms of a
trade-off between possible mass savings and cost,
whilst providing good fracture toughness and fatigue
strength.

Despite the attractive mass savings that these
advanced composite materials offer, the high material
cost premium tends to limit their use to high-perfor-
mance aerospace components. However, it can be
argued that for the application of mass production
composite railway axles, this high upfront material
cost is outweighed when considered from a life costing
perspective to include reduced track and infrastruc-
ture damage, reduced energy consumption and
reduced total operating costs.

From observation of Figure 5, a number of more
conventional materials that lie closer to the perform-
ance index line would provide viable alternatives to
carbon steel, although these options come with a
trade-off in terms of reduced mass savings.
A number of aluminium alloys and steels might pro-
vide similar performance levels at reduced cost.

There are various technical challenges that would
need to be overcome to be able to design and imple-
ment an axle manufactured from advanced composite
materials. The main challenges include conforming to
the stringent FST requirements specified for the rail
industry, satisfying the high-cycle fatigue strength
requirements and issues of ballast impact. In addition
to this, the high cost of advanced composite materials
discourages the uptake into rail vehicle design, which
has a relatively low annual volume production,
in comparison with automotive and aerospace indus-
tries. It is envisaged that the rising emphasis on envir-
onmental policy concerned with energy consumption
will motivate the lightweighting agenda in the rail
industry, and as demonstrated, advanced composite
materials cannot be ignored in this endeavour.

Track access charges

Network Rail are responsible for operating, refurbish-
ing and maintaining Britain’s railway network. Rail
operators pay various track access charges to
Network Rail. This includes variable usage charges
(VUCs), which Network Rail use to recover the
track, civil and signalling wear and tear costs, that
trains impose on the network. The VUCs are calcu-
lated on a pence per vehicle mile (p/vm) basis, and are
levied on a national average basis. Therefore, the rate
applicable to an individual vehicle is the same

Table 2. A selection of axle candidate materials that pass the combined requirements of the: stiffness, fatigue, fire performance and

fracture toughness constraints.

Material

Young’s

modulus,

E (GPa)

Density,

� (kg/m3)

Performance

index,

M1 (MPa m3/kg)

Fracture

toughness,

KIC (MPa m1/2)

Fatigue strength at

107 cycles (MPa)

Price

(£/kg)

Mass

saving

(%)

Carbon steel (EA1N grade railway

steel equivalent)

212.0 7850.0 27.0 60.0 278.0 0.5 0

Aluminium matrixþ silicon carbide

particulate reinforced composite

102.5 2855.0 35.9 18.0 646.0 196.5 25

Polyimide matrixþ high strength

carbon fibre composite, 0/90�

biaxial lamina

60.2 1610.0 37.4 48.8 499.0 115.5 28

Aluminium matrixþNextel fibre

composite

190.0 3325.0 57.1 38.5 945.0 385.0 53

Bismaleimide matrixþ high strength

carbon fibre composite, 0�

unidirectional lamina

120.0 1590.0 75.5 65.4 1035.5 79.9 64

Cyanate ester matrixþ high modu-

lus carbon fibre composite, 0�

unidirectional lamina

337.5 1645.0 205.2 53.7 1345.0 167.0 87
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irrespective of where on the network that vehicle
operates.16

An analysis is performed utilising Network Rail’s
VUC calculator for control period 5 (CP5).17 The
VUCs are calculated, based on 2017/2018 rates, for
different passenger rail vehicles for a solid steel (SS)
axle, hollow steel (HS) axle and hollow composite
(HC) axle configuration. Four common passenger
British rail vehicle classes were chosen to demonstrate
the trend in lightweighting of the axle and hence the
unsprung mass, on the VUCs, as shown in Table 3.
Passenger rail vehicles were analysed since franchised
passenger rail vehicle operators generate the most
VUCs per year.16 These rail vehicles feature two
bogies per carriage, and each bogie contains two rail
wheelsets. Moreover, only the motor vehicle variation
is compared for the electrical multiple units (EMUs)
to ensure a fair comparison to the diesel-electric
multiple units (DEMUs) and diesel multiple units
(DMUs), which do not feature separate trailer vehi-
cles. The chosen British rail vehicle classes include two
intercity trains: 390/M Pendolino EMU and 220/M
Voyager DEMU, one commuter train, 377/M

Electrostar EMU and one regional train, 171/M
Turbostar DMU.

For the HS axle, a diameter increase ratio, R,
of 30% will be assumed from the section ‘Benefits
of a hollow axle’ corresponding to a reduction in
axle mass of 56%, as compared to that of an
SS axle. For the HC axle, the ‘bismaleimide
matrixþ carbon fibre composite’ material will be
used, as identified in the material selection stage.
The HC axle is reduced by 64% in mass compared
to the HS axle as seen in Table 2, and is 84% lighter
than an SS axle.

Figure 6 compares the unsprung mass per axle for
each of the rail vehicle classes based on the three
different axle configurations. For the purposes of
this analysis, it is assumed that the SS axle contributes
to 35% of the mass of one rail wheelset.

The overall reduction in the unsprung mass as a
result of implementing a HS and HC can be observed
in Figure 6. There is a 20% reduction in the unsprung
mass for an HS axle, and a 29% reduction for a HC
axle, both as compared to a conventional SS axle. To
put this into context, the VUCs associated with each

Figure 6. Unsprung mass per axle for four British rail vehicle classes: 390/M, 220/M, 377/M and 171/M, that have the following axle

configurations: solid steel (SS), hollow steel (HS) and hollow composite (HC).

Table 3. Summary of selected British rail passenger vehicle classes and attributes.17

British rail class

Rail

vehicle

type

Tare

weight

(tonnes)

Axle load,

F (tonnes)

Maximum

speed,

Vmax (mph)

Operating

speed,

Vop (mph)

Unsprung

mass,

U (tonnes/axle)

2017/2018

VUC (p/vm)

390/M Pendolino EMU Intercity 54.38 13.60 125.00 80.90 1.84 15.79

220/M Voyager DEMU Intercity 52.88 13.22 125.00 68.71 1.34 12.09

171/M Turbostar DMU Regional 49.70 12.43 100.00 55.24 1.55 8.83

377/M Electrostar EMU Commuter 44.90 11.23 100.00 55.24 1.26 7.21
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of the configurations above were calculated and nor-
malised against the standard SS axle configuration.
This is represented in Figure 7, showing the percent-
age VUC savings.

A HC axle provides the optimal design solution for
lightweighting of an axle. A similar percentage saving
in terms of VUC is seen for all four British rail vehicle
classes, varying from 11% to 13%. The British rail
motor vehicle class 390, Pendelino intercity train,
and 171, Turbostar regional train, both offer 13%
VUC savings. However, due to the combination of

high unsprung mass and high speed of a Pendelino
the damage caused to the tracks is amplified.18

Therefore, lightweighting of the axle for this type of
heavy, high-speed rail vehicle tends to significantly
reduce the VUCs to rail operators, and hence results
in a more track-friendly design.

A calculation is presented to demonstrate the VUC
savings per year, for the British rail motor vehicle
class 220, Voyager DEMU, with HC axles per wheel-
set as shown in Figure 8. This rail vehicle class was
considered for this analysis since it demonstrated the

Figure 7. VUC savings for a hollow steel (HS) axle design and hollow composite (HC) axle design normalised against a solid steel

(SS) axle design, for four British rail vehicle classes: 390/M, 220/M, 377/M and 171/M.

Figure 8. Graphical representation of 2017/2018 variable usage charge (VUC) savings per year, for a British rail vehicle class 220/M

Super Voyager DEMU, with hollow composite (HC) axles, as opposed to the conventional solid steel (SS) axle configuration.
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lowest VUC savings per vehicle. This calculation is
based on the following assumptions:

. There is currently a fleet of 34 British rail vehicle
class, 220/M Voyager DEMU trains operated by
the Arriva Cross-Country service, each consisting
of four carriages per train.19

. The average mileage data for 2016/2017 period are
used for a 220/M Super Voyager DEMU train.
In 2016/2017, the total mileage for the entire fleet
of 220/M trains was 36,205,792 miles.20 This
equates to 1,064,876.24 miles travelled per (four
carriages) train in a year (36,205,792 miles/34
trains).

From Figure 8, it can be seen that a significant sum
of £5.58 million can be saved per year for a 220/M rail
vehicle in terms of VUCs, over the entire fleet of 34
trains (four carriages per train) by implementing HC
axles. A similar cost summation can be carried out for
the other British rail vehicle classes to show profound
VUC savings for the implementation of HC axles.
Moreover, the economic benefit of lightweighting of
the axle goes far beyond reducing the track access
charges. Energy consumption, maintenance costs and
operating costs will all tend to decrease for a lighter
axle design and hence reduce the unsprung mass of the
train, resulting in a more track-friendly train.

Conclusions

This paper has demonstrated the potential for light-
weighting of railway axles by (1) boring out the
middle of the axle to form a hollow axle and (2)
material substitution. It was shown that if the outer
diameter of the hollow axle is increased by 30% over
that of the solid axle diameter, a mass saving of 56%
is achievable for the hollow axle. It was demonstrated
that a hollow axle can further be lightweighted
through material substitution via a systematic
approach using the CES software. Although limita-
tions exist, the CES software proved to be a useful
tool for identifying lightweight candidate materials
for the axle. The candidate materials identified were
all advanced composite materials based on the stated
requirements, and the optimum material identified
was a ‘bismaleimide matrixþ carbon fibre composite.’
A hollow axle manufactured from this composite
material offered 64% savings in mass when compared
to an HS axle, and 84% savings in mass when com-
pared to an SS axle.

Through the application of VUCs developed by
Network Rail, the cost savings of a HC axle com-
pared to that of a SS axle configuration was quantified
for four common British rail vehicles classes discussed
in this paper. It was found that the British rail motor
vehicle class 390, Pendelino intercity train, offered
13% VUC savings with HC axles as opposed to SS
axles. This was due to a combination of high

unsprung mass and high speed of a Pendelino.
Moreover, for the scenario described in this paper a
potential £5.58 million could be saved per year for a
220/M Voyager rail vehicle in terms of VUCs, over
the entire fleet of 34 trains (four carriages per train) by
implementing HC axles. This is one example of a cost-
ing approach to support decision making with respect
to the benefits of lightweighting related to the design
of railway axles and reduction of unsprung mass.
Moreover, the reduction of unsprung mass not only
reduces VUCs, but also equates to an overall lighter
design, resulting in a more track-friendly train. This
helps to reduce track and infrastructure damage,
reduce energy consumption, reduce total operating
costs and possibly offer faster journey times.
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Appendix

Notation

A cross-sectional area (m2)
D diameter (m)
E Young’s modulus (GPa)
F axle load (tonnes)
I second moment of area (m4)
KIC fracture toughness (MPa m0.5)
L, a length (m)
m mass (kg)
M1 stiffness performance index

(MPa m3/kg)
P force (N)
S beam stiffness (N/m)
U unsprung mass (tonnes/axle)
V speed (mph)

� deflection (m)
� density (kg/m3)
� bending stress (MPa)

Subscripts

max maximum
op operating
s, h, i, o solid, hollow, inner and outer,

respectively
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