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Abstract: The structural feasibility of using a pultrusion of carbon-fibre-reinforced polymers (CFRP)
for the lightweight design of a mast for overhead line railway electrification was investigated and
simulated. Material characterisation was undertaken using three-point bending and finite element
analysis to identify the orthotropic properties of the pultruded tubes designed for a composite mast
for overhead electrification. An innovative design of the mast was proposed and verified using a
simulation that compared the deflection and stress levels under wind and inertial load. From the
simulation results, it was concluded that the proposed composite structure design complies with the
mechanical performance requirements for its implementation and benefits the application with a
weight reduction of more than 80% with respect to the current steel mast design.

Keywords: pultruded composites; overhead line electrification; finite element analysis; CFRP;
three-point bend test

1. Introduction

There is an increasing demand from stakeholders and consumers for a more sustain-
able future with lower emissions. The UK rail network needs to adopt a more proactive,
cost effective, and environmentally friendly strategy whilst addressing the increasing ca-
pacity demand. Rail offers a sustainable mass transport solution with low emissions on
electrified railways. They have one of the lowest emissions per passenger when compared
with competing transport modes; in addition, there is also a 76% emission reduction for rail
freight compared with the road alternative [1]. According to the Railway Industry Associa-
tion, a battery pack storing the equivalent energy of a diesel locomotive would double the
weight of the rail vehicle, and the space required to store the hydrogen in a passenger train
would take up a quarter of its interior space. In the case of a freight locomotive, storing
the hydrogen would take up more space than the locomotive itself [2]. Therefore, further
sustainable development of the overhead line electrification (OLE) infrastructure is crucial
for both practicality, efficiency, and wider environmental benefits.

Existing railway OHL infrastructure has significant pitfalls in terms of not being
economical with the structural requirements produced by the heavy steel mast having a
significant impact on the total cost of electrification [3]. RIA Electrification Cost Challenge
2019 highlighted that the current contribution of the OLE to the total cost can be as high
as 45% due to the raw material, the installation of the structure, and the foundations [4].
Considering the Great Western Electrification Programme as reference, the cost for the OLE
represents 30% of the total costs and it is also affected by operation and maintenance [3].
Further evidence in similar projects has shown that electrification can be delivered at be-
tween 33% and 50% of the costs previously predicted (£2 m and £2.5 m/STK), now at £750 k
to £1 m/STK for more complex projects not expected to normally exceed £1.5 m/STK [4].
Furthermore, in terms of long-term economic benefits, electric trains are approximately
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30% cheaper to maintain than a diesel train and approximately 50% cheaper than a diesel
bimode train [5]. It is estimated that 32% of initial capital expenditure will be recouped
over the 90-year appraisal period because of reduced operating expenditure and increased
passenger revenue [1].

Structurally, the OLE must hold the wires in the required position under the dynamic
load generated by the pantographs on the trains, wind forces, and the vibration from the
ground. Moreover, the system must be able to withstand the thermomechanical stresses
caused in the catenary generated by the high voltage, up to 10 MVA per train. Additionally,
brief losses in contact by the contact wire can induce electrical arcing which can have
significant effects on the longevity of the catenary system [6,7].

The components of the OLE must be able to support the catenary fixing the vertical
position and allow fixing of the horizontal position by means of a registration arm. As well
as this, due to the difference in the static and dynamic actions on different railway lines,
the design of the OLE structure can vary in complexity and geometry; it can have a single
or double cantilever, twin track cantilever, portals, head spans, and span wire portals. In all
these configurations, four main loading conditions are considered:

dead loads (equipment weight and tension),

live loads (dynamic load from the pantographs, wind, ice, and snow),
accidental loads (temporary situation),

construction loads (staff working on the structure and installation equipment).

Additionally, situations are more complex in nature due to the OLE being an exposed
system, which is subject to weather variables, wildlife, atmospheric pollution, and, regret-
tably, vandalism. The conventional design of the mast is currently based on galvanised
steel or weathering steel, which is heavy and, when compared to more modern materials
such as carbon-fibre-reinforced polymers, has inferior mechanical, chemical, and physical
properties [8]. CFRP is exceptional in dealing with severe environmental conditions and
fatigue loading [9]. The existing OLE infrastructure also implies a major carbon input at the
time of manufacture; the use of zinc in the coating when smelted produces large amounts
of sulphur dioxide and cadmium vapour [10].

In order to meet the mechanical properties required for the overhead line electrifica-
tion (OLE) infrastructure (with objectives driven towards reductions in carbon footprint),
overall weight and costs, a redesign of the initial manufacturing methods, raw material
used, and method of final implantation are crucial. Pultrusion manufacturing is a highly
automated continuous fibre laminating process producing high-fibre volume profiles with a
constant cross-section; it is one of the most cost-effective and energy-efficient manufacturing
processes to produce high strength to weight ratio profiles [11]. Numerous different applica-
tions of pultruded FRPs have been explored and implemented, from high-fatigue-resistant
CFRP supports in bridge construction, to extremely high-volume fraction CFRP fibres for
impact-resistant car bumpers in the automotive sector [12,13]. Although significantly more
scarce, applications using pultrusion manufacturing in specific railway applications are
already being investigated [14-16]. Juan Tang et al. investigated the structural feasibility of
pultruded GFRP railway vehicle mobile panels and reported that it not only complies with
the mechanical requirements for its implementation, but also implies a weight reduction of
35.5% with respect to the traditional steel panel design [17]. Each individual task demands
a profile requiring a unique geometry; the shape of the final product is dictated by the
shape of the cross of the dies and the shape can be circular, rectangular, square, I-shaped, or
H-shaped. Fibres provide sufficient strength and stiffness along the development direction
of components, whereas the polymer transfers loads between the fibres and provides a bar-
rier against environmental attack (e.g., thermal oxidation, hygrothermal ageing, chemicals,
etc.). Various polymers have been investigated in the literature; it has been found that vinyl
ester resin is less vulnerable to hydrolytic reactions than polyester [18]. Epoxies have high
electrical insulation and chemical resistance, and due to a low shrinkage during the curing
process, has a minimal risk of residual stresses [19]. The mechanical and chemical proper-
ties required for the application dictate the selection of the most suitable geometry, matrix,
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and fibres systems. The replacement of traditional materials, combined with progressive
optimisation on structural designs on CFRP key components, have been reported to allow
the weight reduction ratio of key components to reach up to 61.1% [20].

A wide range of the literature deals with the most common failure modes of pultruded
composites such as delamination, fibre breakage, matrix cracking, and buckling [21]. Pul-
truded parts can contain small amounts of fillers, additives, and sometimes embedded
air, also known as void, that may be difficult to detect because it is not visible from the
surface. Pultruded materials can also present various other challenges when it comes to
direct characterisation because of their anisotropic response. The properties of a pultruded
material can vary along its length and across its cross-section due to variations in fibre
content, resin distribution, and processing conditions [22,23]; this makes it difficult to
obtain representative samples for testing.

Numerous failure prediction models and analyses have been suggested in the liter-
ature [24,25]. Fatigue life models offer a fatigue failure criterion based on S-N curves
without accounting for actual degradation mechanisms [11]. Even when modelled and
tested accurately, the properties of a small coupon when tested may not accurately reflect
the properties of a large structural component, typically produced in long continuous
lengths, and the properties of the material can vary depending on the scale of the testing,
also known as the scale effect [26,27]. Lastly, pultruded materials can be sensitive to environ-
mental conditions such as temperature, humidity, and UV exposure which can affect their
mechanical properties over time [28,29]. The literature has also highlighted environmental
conditions having synergistic effects which cause combinations of degradation mechanisms
which results in accelerating the damage mechanisms and time taken to occur [30], adding
even further complexity to the direct characterisation of pultruded composites.

Material characterisation and numerical simulation were used to identify the material
properties of the pultruded tubes used for the finite element analysis of the innovative
design of the mast. This study used a steel beam type HEB 200 as a benchmark and the
deflection and stress levels experienced by the proposed design were compared against it.
The contributions of this study include:

1.  Aninnovative design of a pultruded composite mast design for railway overhead
line structures.

2. The use of a combined numerical and experimental approach to identify the material
properties of pultruded profiles.

3. A weight saving of around 80% of the pultruded carbon composite design compared
to the steel design.

4. The assessment of the stress level achieved in the composite mast using a multistep
analysis which includes the preload from bolted joints.

2. Material Calibration

To perform the structural optimisation and assess the suitability of the pultruded
composite profiles for the redesign of the OHL mast, the material properties to define the
orthotropic properties were required. Material characterisation must include the manufac-
turing process, and the material selected was manufactured via pultrusion in tubing and
plate shapes. It was not possible to test the tubing and plates in the transversal direction
due to the curvature of the tubing and the width of the plate being much smaller than the
minimum gauge length. Moreover, it was not possible to test samples under shear and so a
different approach was adopted.

The approach proposed in this work was to combine mechanical testing and numerical
simulation to identify the material properties. Three-point bending was performed on
tubes with three different outer diameters, and force displacement response together with
strain measurements were recorded during the test. The experimental values were used in
combination with a finite element model (FEM), implemented in Ansys APDL, to correlate
deflection and strain values with the orthotropic properties of the tubes. The optimum
material properties were derived with an iterative approach where the properties were
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tuned to match the experimental results using as a starting value the modulus provided
by the manufacturer. Tubing type, inner and outer diameter, length of each sample,
and number of samples are listed in Table 1. Three different tubing’s diameters were
studied; 58 mm, 54 mm, and 51 mm outer diameters with 2 mm thickness for the 58 mm
and 1.5 mm thickness for 54 mm and 51 mm. For diameters of 51 mm and 58 mm, the
commercially available materials HS-Carbon fibre, E-glass fibre, and Vinyl ester Resin
tubing designated as Universal Carbon Tubing from Exel (Mantyharju, Finland) were used.
These tubes are manufactured using pull winding manufacturing with a reinforcement
structure that includes two layers of unidirectional fibres with a layer of cross-wound glass
fibres in between, a glass mat layer (75 & 3 w-%), and a surface layer of nonwoven material
(Exelens) [31]. Additionally, tubing was procured with a 54 mm diameter designated as
CXTEL Tubing, also created by pull winding manufacturing a reinforcement structure that
includes two layers of unidirectional carbon fibres with a layer of cross-wound carbon fibres
in between a carbon tissue layer (75 & 3 w-%), with the same surface finish of Exelens [32].

Table 1. Universal Carbon Fibre and CXTEL Tubes 2018 Dimensions.

Tube Type Quterllnner Tube Length Number of Weight
Diameter (mm) (mm) Samples (g/m)
Universal Carbon Fibre 1 58/54 415 3 565
Universal Carbon Fibre 2 51/47 415 3 495
CXTEL Tubes 2018 54/51 415 3 390

The three-point bending tests were conducted with an 8800 Series Servo hydraulic
Test System equipped with a 100 kN load cell and the three-point bend test fixture from
Instron (Figure 1) with a 100 mm diameter upper anvil and two 50 mm diameter lower
anvils, which were adjustable to accommodate specimens of different spans.

Figure 1. Three-point bend test fixture.

The deflection of the specimen was measured through crosshead displacement and
three different types of supports, one per each outer diameter. These were made of Acryloni-
trile Butadiene Styrene (ABS) and manufactured using 3D printing and were used to reduce
the localised contact stress between the tube and the rollers. Strain gauges with a resistance
of 120 ohm from HBM were bonded onto the outer surface of each tube to measure the
maximum bending strain produced on the midplane, and a National Instruments Compact-
DAQ running a LabVIEW 5.0 software was used for the acquisition. Load-displacement
plots were obtained for each specimen and tested under displacement control (2 mm/min),
and the results from the flexural tests are shown in Figure 2.
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Figure 2. Load—deflection curves from the three-point bend tests indicating the relative stiffness of
each tube.

The tubing which demonstrated the highest bending stiffness (3.41 kN /mm) values
was the OD58, which also had the highest average maximum load (12.6 kN), whilst the
tubing which demonstrated the lowest values of bending stiffness (2.27 kN/mm) and
maximum load (6.65 kN) was OD54. The tubing OD51 had an intermediate behaviour
with an average bending stiffness value of 2.83 kN/mm and an average maximum load of
9.47 kN.

An image of the representative failure mode demonstrates the midplane bending
moment causing transverse cracking that started in the central section and continued to
propagate through the longitudinal direction until failure was experienced by the OD58
type of tubing; the specimen after failure is illustrated in Figure 3.

Figure 3. Typical failure mode observed during the three-point bend tests (OD58-1).

The failure modes experienced by the tubes of the three different diameters were of a
similar pattern to the transverse cracking that started in the central section and propagated
through the longitudinal direction. The bending moment in the midplane produced elastic
strain up to the point where the vertical load produced significant ovalisation of the cross-
section followed by cracking through the wall of the tube.

The force deflection and strain data from the mechanical testing were used with the
numerical model implemented in Ansys APDL to identify the material properties of the
pultruded composite tubes. The numerical model uses shell element (shell181) for the
pultruded tube and the rollers, while solid elements (Solid185) are used for the supports
in 3D-printed ABS. The linear elastic material model was used for every component, with
the pultruded tube modelled using orthotropic properties. The interaction between parts
was accounted for by frictional contacts and a small strain large deflection assumption was
used in the implementation of the simulation method. Moreover, there were two planes of
loading and geometrical symmetry that allowed for the modelling of a quarter of the full
model, as shown in Figure 4.
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Figure 4. Symmetry planes used for the quarter model used in Ansys.

The ranges used for the elastic modulus in the longitudinal and transverse directions
to the fibre (Eq, E,), the Poisson’s ratio (v13), and the shear modulus (Gq,) for the three
tubes (OD51, OD54, and OD58) are reported in Table 2. The Poisson’s ratio was adjusted
for every configuration depending on the ratio between the longitudinal and transverse
directions modulus values.

Table 2. Ranges used for the material properties.

OD51 OD54 OD58
E; (MPa) 80,000-90,000 130,000-150,000 80,000-90,000
E; = E3 (MPa) 1000 - 3000 1000 - 3000 1000 = 3000
G1p (MPa) 10,000 + 30,000 10,000 + 30,000 10,000 -+ 30,000
V12 0.28 0.28 0.28

The values of axial strain and vertical deflection from the numerical simulations were
compared to the experimental results within the elastic range up to a value of force of 6 kN.
The comparison between the elastic response predicted by the numerical model and the
data from the tests are shown for each tubing in Figure 5a—c. The response from the finite
element model is limited to the elastic range, represented by a straight line (dashed line).
The bending stress is estimated using Equation (2) with M as the internal bending moment
because of the applied load P, I as the second moment of area of the circular cross-section,
and D as the diameter of the tubes.

o =

o M

MD
T

The stress—strain curves in the elastic range for the OD51, OD54, and OD58 tubes are
shown in Figure 5d—f with the linear response from the simulation shown as a dashed line.

The material property values obtained from the simulations and used for the stress
analysis of the new mast design are reported in Table 3. The tubing has a different price
depending on the fibre fraction and the type of resin as well as the use of additional layers
to improve surface finish. An estimate of the cost normalised with the most expensive
tubing (OD54) is also reported in Table 3.

Table 3. Material parameter values from the numerical simulation.

OD51 OD54 OD58
E; (GPa) 82 140 89
E, = E; (GPa) 1 1 15
Gy (GPa) 12 225 25
Vi 0.28 0.28 0.28

Normalised Price 0.48 1 0.43
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Figure 5. Load-displacement curve from the mechanical tests and the linear elastic response from the
FEA for (a) OD51, (b) OD54, and (c) OD58. Stress-strain from the mechanical testing compared with
the response from simulation for (d) OD51, (e) OD54, and (f) OD58 showing the correlation in results

of the mechanical testing and FEA.

The material properties reported in Table 3 have been used for the simulation of the
new mast design. For the unidirectional pultruded plates adopted in the design of the
mast, the properties reported in Table 4 have been assumed, since it has not been possible
to perform testing on this particular material.
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Table 4. Material properties used for the unidirectional plate.

UD Plate
E; (GPa) 160
E2 = E3 (GPa) 1
G12 (GPa) 30
V12 0.28

3. Numerical Model of the Current Steel Mast Design

The overhead line equipment is composed of many components used to keep the
contact wire in position and ensure the continuous contact with the pantograph when the
train is running on the line. When there are only one or two tracks, the contact wire is
supported by a cantilever bolted onto a mast, typically made of H-section steel, on the side
of the track. The catenary cable and the pull/push-off arms supporting the contact wire are
attached to the ends of the cantilever. The contact wire is supported with vertical cables
called droppers and suspended to the catenary (Figure 6). Where the masts and cantilevers
meet, insulators are required to separate the electrically live elements. The catenary and
contact wire span between the support structures that are normally spaced approximately
50 m apart [33]. The wires themselves are normally about 1500 m long and tensioned at
either end. To ensure no loss of power to the pantograph, adjoining sections of wire overlap
for about 180 m.

~ 50m
< >

OLE Supports

T T

Contact Wire (25,000 V) ; Pantograph

Figure 6. OLE layout.

A schematic model of a 7.5 m steel mast with a cantilever and base plate is shown in
Figure 7.

The weight for the steel mast is 458.9 kg, whilst the weight for the cantilever is 150 kg.
For the steel mast, considering the geometrical properties and the material constants
reported in Table 5, the bending stiffness was calculated with Equation (2) assuming the
mast as a cantilever beam. The bending stiffness of the mast alone is 83.44 N/mm and
29.34 N/mm considering the two symmetry planes of the HEB beam.

K="% @)

Table 5. Geometrical and material properties of the current steel mast.

Iyy (cm?) Iz7 (cm?) A (mm?) E (MPa) v L (mm)

5696 2003 7810 206,000 0.29 7500

A new design using pultruded composite profiles has been developed considering the
same geometry and material for the cantilever and redesigning the geometry of the mast
to achieve the same stiffness of the steel mast. In order to guide the design, a numerical
model of the steel mast has been implemented in Ansys APDL to capture the stress flow
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and the structural response of the mast. The numerical model (Figure 7) is composed
of the steel mast, the cantilever, and the base plate. The steel mast was discretised with
tetrahedral elements (solid 185) with an average dimension of 5 mm, and a linear elastic
material model (Table 5) was used. The cantilever was discretised with beam elements
(beam188) linked with the flanges that were bolted onto the mast (Figure 8). The articulation
between the tubular profiles of the cantilever and the flanges bolted onto the mast was
implemented using constraint equations that allow for a realistic degree of freedom to
simulate the hinges.

4.8m

7.5m

Figure 7. 3D model of the mast including the cantilever and the base plate.

1.7m

Figure 8. Detailed view of the flanges bolted onto the steel mast.

The 30 mm thick base plate that represents the interface between the mast and the
foundation pile was discretised with shell elements (shell 181) with an average dimension
of 1 mm. The base plate was constrained at each slot (Figure 9a) with a rigid region using a
master node in the centre of the slot that replicated the bolted joint with which the base
plate was fixed onto the foundation pile (Figure 9b). The steel mast was constrained to the
base plate using rigid connections to model the welded connections.
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(@) (b)

Figure 9. Rigid connections defined to model the rigid connection to the foundation (a) and the
treaded bars used on the top of the pile foundation (b).

The loading configurations used to assess the deflection and the maximum stress in
the mast are the wind load (9.0 x 10~% MPa), applied orthogonally to the surface of the
mast acting in the two directions along and across the track, the vertical and lateral load
corresponding to the catenary, the wire conductor, and the returning conductor (RC), as
shown in Figure 10. The wind load along the track was also applied orthogonally to the
plane defined by the cantilever acting in the same direction as that defined on the mast.

1.4kN

0.6kN RC load applied at
7.4m from the ground
1
Weight of ! Weight of the
Zeeuponant ! cantilever = 1.5 kN
appliedas Jqm o m 4 me e o = .
inertal load | 4 | Weight of the Mast

included

Wind load included in

the lateral load of the

catenary, conductor
and RC

Wind load 9*104 MPa
applied orthogonal to
the surface of the
mast.

Figure 10. Schematic view of the simplified loading configuration used for the simulations.

4. Results and Discussion of the Current Steel Mast Design

The maximum deflection in the three directions, namely vertical, across-the-track, and
along-the-track, are reported in Table 6.

Table 6. Deflection values from the simulation for the steel mast.

Deflection (XDirection) Deflection (Y-Direction) Deflection (Z-Direction)
21.4 mm 18.5 mm —23.7 mm




Designs 2023,7,77 11 of 18

The resultant forces and moments measured at the based plate are reported in Table 7.
The maximum principal stress (Figure 11) experienced was as expected, which was a result
of the combined effect of the bending moment about the x-axis and the y-axis.

Table 7. Reaction forces and moments at the base plate for the steel mast.

Fx (kN) Fy (kN) Fz (kN) My (kNm) My (kNm) Mz (kNm)
0.45 1.33 9.08 7.35 —6.1 0
z
) ~7.93029
~1.65271
4.62488
10.9025
17.18
23.4576
29.7352
36.0128
42.2904
48.568

(@) (b)

Figure 11. Maximum principal stress in the assembly of the mast, base plate, and cantilever (a),
detailed view of the maximum principal stress field at the base of the steel mast (b).

The stress induced in the mast was dominated by the bending moments, with the
maximum tensile stress experienced at the base of the mast where it was welded to the base
plate (Figure 11). The only section that experienced significant shear was the one between
the two flanges of the cantilever, as shown in Figure 12, which was affected by the in-plane
shear produced by the two horizontal forces transferred by the cantilever to the mast.

-21.0009
-17.0779
-13.1548
-9.23178
-5.30874
-1.38569
2.53735
6.46039
10.3834

14.3065

Figure 12. Detailed view of shear stress contour plot in the mast demonstrating the maximum shear
applied to the flanges of the cantilever beam.
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5. Pultruded Composite Mast Design

The design of the pultruded composite solution was performed considering the target
stiffness of 83.44 N/mm and 29.34 N/mm, referring to the major and minor second moment
of area, respectively, and the stress distribution in the steel mast. The starting point was
the envelope of the steel mast which had a cross-section of 200 x 200 mm and a length of
7.5 m. In order to meet the stiffness target, the pultruded composite tubes were spaced in
the cross-section along the longitudinal direction of the mast and tangent to the external
faces. This arrangement leveraged the axial stiffness of the tubes and the plates due to
the unidirectional carbon fibre arrangement to withstand the bending moment produced
across and along the track. The tubes were arranged as shown in the top view reported
in Figure 13. Three tubes along two parallel lines in the direction along the track were
equally spaced at 80 mm between the centres, and the two lines of tubes were spaced at
160 mm and placed symmetrically in respect to the centre of the composite mast. The tubes
were bonded with structural adhesive to 10 mm thick unidirectional carbon fibre pultruded
plates with the fibre direction of the plates aligned with the longitudinal axis of the tubes
and the longitudinal axis of the mast.

IQ— 160mm —bl

\ /

Figure 13. Arrangement of the tubes in the cross-section.

The tubes and the unidirectional plates bonded onto the outer surface of the mast
were reinforced transversally with 10 mm thick woven carbon plates spaced along the
longitudinal direction of the mast at every 440 mm (Figure 14). The numerical model
included the flanges and bolts used to connect the cantilever and a bonded contact was
used to connect the cantilever to the mast (Figure 15).

Transversal Plates

Figure 14. Detail of the pultruded composite mast with the transversal plates.
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Transversal

plates

(b)

Figure 15. Finite element model of the mast (a) with a detailed view of some of the transversal
plates (b).

6. Results and Discussion of the Pultruded Composite Mast Design

The stress analysis carried out on the design of the mast using the three tubes was
assessed in terms of maximum deflection of the assembly, deflection of the point in corre-
spondence of the contact wire, and the major principal stress induced in the composite mast.

The maximum deflection values reported in Table 8 are in the global coordinate system
with the Z-axis as the vertical direction, the X-axis as the across-the-track direction, and the
Y-axis as the along-the-track direction. The vertical load due to the weight of the catenary
and the contact wire together with the wind load are responsible for the higher deflection
in the X direction. The deflection for OD54 is lower than the other two diameter tubes since
the modulus is much higher: 140 GPa for OD54 compared to 82 GPa and 89 GPa for OD51
and OD58, respectively. However, the maximum difference between the three tubes is 5%,
and in terms of stiffness this makes them comparable. The deflection is not only affected by
the tubing but also by the unidirectional pultruded plates bonded onto the outer surfaces.

Table 8. Deflection of the pultruded composite mast design from the simulation.

Pultruded Composite Mast Design

Deflection X (mm) Deflection Y (mm) Deflection Z (mm)
OD51 42.6 15.2 —44.86
OD54 40.8 16.5 —43.1
OD58 423 16.9 —44.4

The envelope of the existing steel mast in terms of cross-section (200 x 200 mm) and
length (7500 mm) was used as reference to design the composite mast. The reaction forces
acting on the proposed design are reported in Table 9 for the three designs. The values of
forces and moments are very close to those reported in Table 7 for the steel mast. However,
the effect of the rounded corners reduces the resultant force which in turns reduces the
x and y components of the reaction forces. Moreover, the weight of the composite mast
design is much lower than the steel mast and this results in a reduction of the vertical
load F,.
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Table 9. Reaction forces and moments at the base plate from the simulation.
Fx (kN) Fy (kN) F, (kN) My (kN/m) My (kN/m) M; (kN/m)
OD51 0.359 1.294 4.52 13 2.45 0
OD54 0.359 1.285 4.47 1.72 2.97 0
OD58 0.359 1.272 4.54 1.36 2.58 0

The three composite mast designs achieve a reduction in weight of 82% for the OD51,
83% for the OD54, and 81% for the OD58 compared to the weight of the steel mast (470 kg).
Moreover, the deflection of the pull/push-off arms measured in correspondence with the
conductor wire is 19.42 mm for the steel mast compared to 32.6 mm for the OD51, 31.2 mm
for the OD54, and 32.2 mm for the OD58. The greater deflection of the three composite
designs related to a lower bending stiffness of the mast; it is still within the maximum
allowable deflection prescribed for the design of the mast for overhead line equipment.
In particular, the NR/L2/CIV /073 “Design of overhead line structures” from Network
Rail prescribes a maximum horizontal displacement across-track of the structure alone at
a contact wire height of 50 mm, and a maximum horizontal displacement along-track of
the structure alone at a contact wire height of 100 mm. The deflection values in Table 8
demonstrate that the current design is within these limits even if the loading conditions
considered do not account for the load due to ice. However, considering that weight saving
is on average 82%, there is room to increase the stiffness and reduce the deflection, which is
critical in enabling stable contact between the pantograph and the contact wire.

In terms of maximum principal stress, the design with OD51 tubes reaches 238 MPa at
the base plate (Figure 16), the design with OD54 tubes reaches a peak value of 139 MPa in
the same region, and the design using the OD58 tubes reaches a maximum of 150 MPa at
the base of the composite mast close to the base plate. However, the region of maximum
stress is very localised and most of the mast is under a much lower stress level. For instance,
the stress experienced by the mast designed with OD51 is below 40 MPa (Figure 16).

-17.1997
11.2393
39.6782
€8.1172
96.5562
124.995
153.434

181.873

210.312

238.751

Figure 16. Maximum principal stress in the composite mast with OD51 tubing showing the maximum
stress at the base of the mast.

The region between the flanges of the cantilever undergoes shear stress in the pan-
els aligned with the across-the-track direction, whilst the panels aligned along the track
experience tensile and compressive stress due to the bending moment produced by the
wind and inertial loads. In Figure 17, the vectorial plot of the principal stresses in one of
the two panels aligned to the across-the-track direction are shown. Due to the bending
moment across the track, the principal stresses are oriented at +45° closer to the midplane,
whilst the tensile and compressive stresses tend to align to the vertical direction further
from the midplane.
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Figure 17. Vectorial plot of the principal stress in the panel aligned to the across-the-track direc-
tion showing the steel mast (a) and composite mast (b) in the region between the flanges of the
cantilever beam.

The transversal plates experience an in-plane stress dominated by shear stress due
to the load transfer between the external plates and the tubes. The vectorial plot of the
principal stresses shown in Figure 18a demonstrates that the highest biaxial stress is around
the tubes, with the part of the plate closer to the midplane experiencing almost no stress. A
change is noticed in correspondence with the flanges of the cantilever (Figure 18b), where
the minor principal stress is dominant and shows a stress flow dominated by compressive
stresses to the localised action of the flanges transferring the load to the composite mast.

Figure 18. Vectorial plot of the principal stress in the transversal plate (a) close to the flange and
(b) in between the two flanges.

The minor principal stress field induced by a preload of 60 kN applied to the four
bolts of the top and bottom flange was calculated using the same model implemented for
the static structural analysis without the other external loads. The contour plot of the minor
principal stress is shown in Figure 19, where it can be assessed that the effect of the preload
is localised to the section of the mast in contact with the flanges, and the maximum stress
value is around 80 MPa, well below the strength of the composite plates and tubes. The
compressive stress produced by the preload from the bolts is used to initialise the model
before the external loading is applied so that the maximum stress accounts for it.
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=230.094
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Figure 19. Minor principal stress induced by the preload of the bolts showing regions of high
stress concentrations.

7. Conclusions

The pultruded composite structure design proposed as an alternative to the steel mast
currently adopted not only complies with the mechanical requirements for its implementa-
tion, but also implies a weight reduction of more than 80% with respect to the original steel
design. The simulations implemented in Ansys APDL were used to complement data from
three-point bend testing to identify the material properties of the tubing used for the lighter
design. Moreover, numerical simulation of the full structure including mast, cantilever, and
base plate was used to prove that the weight of the mast can be significantly reduced whilst
still remaining within the deflection limits prescribed by the standard, and with stress
values comparable to those experienced by the steel mast and well below the admissible
stress values for the material of the tubing and the unidirectional plates. The stress flow
experienced by the composite mast was discussed, confirming that the transversal plates
experienced mainly shear stress, whilst the external plates experienced uniaxial stress flow
due to the overturning bending moment. Moreover, the transversal plates close to the
flanges used to bolt the cantilever onto the mast experienced uniaxial compression due
to the local load transfer, confirming the expected behaviour. These results demonstrate
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that pultruded composite OHL masts are an excellent method for achieving sustainable
rail electrification.

The commercial case for electrification of rail networks has, in the past, been compro-
mised by the high up-front cost of wiring. The composite mast option holds out the real
prospect of reducing this barrier significantly. It will also allow the more rapid installation
of the electrification equipment as the masts are lighter and easier to deliver to site. This
will minimise the impact caused by the transition to electrification by reducing the need for
track and route occupation as this work is undertaken. It will also allow the delivery of rail
electrified services with all their associated benefits to be much quicker. These are cardinal
advantages that reinforce the commercial case for widespread electrification and the use of
the new masts.

The composite masts will also reduce the associated carbon impact during manufacture
and installation. Mast foundations will be less complex and less deep, allowing projects to
be delivered in shorter time frames. The composite masts will also last longer in service
than their metal equivalent and are capable of withstanding extreme climatic conditions.

The composite masts are an innovative and credible means to an end by making rail
services, both passenger and freight, more attractive, competitive, and cost-effective as well
as contributing to long-term emission reductions.
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