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Development of a new running gear for the Spectrum intermodal vehicle

P.Shackletony. Bezin D. CrosbeeP. Molyneux-BerryA. Kaushal
Institute of Railway Research, University of Hudslfezld, United Kingdom

ABSTRACT: The European Union (EU) Seventh Framework Programmi@ (#Bject Spectrumlp] set out to
develop a freight vehicle which would facilitate the exploitation of the lowitgersgh value (LDHV) goods
market. Key to the performance criteria for the vehicle were: increased speedhie mixed running with
passenger services; improved ride quality to avoid damage to the LDHV; gowtseduced track damage for
longevity and sustainability on increasingly stressed infrastructurep@péer presents aspects of the development
of a novel running gear arrangement for the Spectrum vehicle,sfagusn the dynamic performance of a
Vampire vehicle model and the steps to realising stable running. Finalygstimated performance of the
Spectrum vehicle concept is compared against calculations for a conventioglal Waigon with respect to
curving, vertical track forces and potential savings in track access shargaegh implementation of Network
Rail’s Variable Track Access Charge Calculator. It was found that the novel Spectrum concept could offer savings
in Variable Usage Charges of between 8% and 16% compared to the conventivadéegu

1. INTRODUCTION

The European Union (EU) Seventh Framework Programme (FP7) p8&gectrum 12] set out to develop a

freight vehicle which would facilitate the exploitation of the low densityh kigjue (LDHV) goods market. Key to

the performance criteria for the vehicle were: increased speed to enable mnirad) with passenger services;
improved ride quality to avoid damage to the LDHV goods; and redtreed damage for longevity and

sustainability on increasingly stressed infrastructure.

This paper presents aspects of the development of a novel runningrigeeyement for the Spectrum vehicle,
focussing on the dynamic performance of a Vampéehicle model and the steps to realising stable running.

2. BACKGROUND

The concept of choice for the Spectrum vehicle was to be a six-axle articulated \ceimgbeiging three two-axle
bogies and two decks) capable of carrying up to four 25 foogeshted swap-bodies (or containers) or two 45
foot refrigerated swap-bodies or combinations thereof. The vehicle wouldsfeairuniform axle loads, haviag
maximum 22.5 t axle load at the centre bogie and 17 t axle load at théagitsrand be capable of integrating
with passenger services at speeds of up to 160 km/h.

To achieve the requisite vehicle performance a bogie concept was envigdagedought inspiration from the
higher performance of passenger bogies, and the simple, cosivefadutions implemented on freight bogies.
The base concept was to feature viscous damped, coil sprung trailindoarthe primary suspension and a
standard UIC centre bowl and side-bearer arrangement at the secdrdaprimary suspension arrangement
would allow optimisation of the plan view suspension for curvirigile maintaining good vertical ride quality.
Utilising the standard UIC secondary suspension hoped to: minimiseutust $till providing adequate dynamic
characteristics); allow for potential retrofitting of the bogie to existing sitotke future; and to decouple the
counter dependency between the bogie and wagon design proceg$esawltoncurrently within a demanding
project time frame.

3. SUSPENSION CHARACTERISTICS

Initial values for the suspension parameters were calculated based on emgitieesiies, such as those for
railway vehicle dynamics [6], spring characteristics [5] and rutitssry [L0].



For example, to determine appropriate values for the trailing arm bush tehiatis a set of equations was
derived based on simple geometry. From these the contribution of the s&ffnafsthe trailing arm bush and
primary coil springs in the three prineifplan view directions (longitudinal X’; lateral — ‘Y’; and yaw — ‘W’) to
the overall primary yaw stiffness (PYS) could be determined.

For example, the influence of the trailing arm bush on the primary tfffimess KY) was found to be as shown in
Equations (1) and (2), where the suffi® indicates a parameter of the Trailing arm Bush, sifor Y indicates
the longitudinal and lateral directions respectivilis the lateral semi-spacing of the compon@&B) (K indicates
the stiffness of the given component in a given directiondareghresents the wheelset yaw angle.

KYrpx = Y’IgB'KTBX (1)
(Yr6)*
KYrpy = %- TBY (2)

Similarly the influence for the primary coil spring3@ was found as in Equations (3) and (4).

KYPCX = dx.Kpcx.YPC (3)

KYpcy = dy.Kpcy-Xra (4)

Here, the termdx anddy represent the longitudinal and lateral deflection across the coil spring, refudting
given wheelset yaw displacemen),(as defined in Equations (5) and (6), whi¢g indicates the length of the
trailing arm.

92
dx :XTA (1_7) _che_XTA (5)
2
dv = X0 _9 (6)
Yy = Xra0 +Ypc| 1 2 Ypc

The total effective primary yaw stiffness is then simply the sfithe contributions of the primary coil spring and
trailing arm bush stiffnesses in the longituding), (ateral {) and yaw (V) directions (Equation 7).

KY = Z(KYTB xrwy) + Z(KYPC(X,Y,W)) (7)

From studies on the relationship between track damage and primantiffaess [3] it is understood that a
primary yaw stiffness of around 12 MNm/rad represented an initiaevaulesign to, which would lead to
comparably good curving performance and low levels of wheetaihdamage. From the derived equations and
target PYS suitable trailing arm bush parameters were determined.

4. STABILITY ANALYSIS

A mathematical model of the concept vehicle and running gear watumed in the Vampire rail vehicle
dynamics simulation package, in order to optimise the suspensiangiara for stability, ride performance and
derailment resistance.

A parametric approach was employed to optimise parameters for staaligmeters which were included in the
variations were: trailing arm bush stiffness, damping and dynamferstif; secondary side-bearer friction
coefficient; side-bearer longitudinal stiffness and clearance; noméoaheiry (bogie wheelbase and trailing arm
length); the addition of anti-roll bars; the inclusion of viscous yawp#as; and the addition of novel controls and
constraints such as the control arm of the Infra-Radial project [8] (cb®ehin the EU FP7 Sustrail project [7]).
The vehicle stability was assessed against both speed and ceniditythe conicity being implemented via the
Vampire square root creep law, as opposed to using real wheel andfiigsptinear analyses, such as an Eigen
value analysis, were of limited validity for the Spectrum concept due fddtien elements used to represent the
UIC secondary suspension. A transient analysis was thereforeudedtify conditions of instability by exciting
the vehicle with an initial period of sharp irregularities followed by pesfexstiooth track. The decay (or lack of)



of wheelsetlateral motion following transition onto the smooth track provides an indication of the vehicle’s
stability [13].

Initially two modesof instability were noted for the articulated vehicle, instability at low conicity (around y =
0.025) ad at combined high speed (greater than approximately 35 m/s) and high conicity (around y = 0.2). These
observations are in line with current understanding of the different ilitgtady hunting modes (low speed
carbody instability and high speed wheelset instability).

The parametric study (varying parameters as mentioned above) was unabieve atable running for the
requisite range of conicities, speeds and load conditions. The investidatiodghat there was a coupling of the
bogie lateral modes and the yaw motion of the vehicle semi-body via thiatgcal stiffness of the UIC secondary
suspension (a metallic stiffness, as there is no designed complianceuplbeg these lateral modes by the
introduction of a much lower artificial stiffness at the centre bowl wasdfearsignificantly improve stability.
This observation is supported by Carter’s 1928 understanding of the instability of a locomotive [4] (discussed
more recently by Knothe and Bohm [9]), where the speed limit folestabning was shown to be dependent upon
the lateral bogie-body stiffness.

Figure 1 below shows a measure of the stability/instability for evergitpand speed combination assessed (20
cases) for each case of varying lateral stiffness (13 cases). The instabdisyire here takes the RMS of the
leading wheelset lateral displacement for each conicity and speed combinatifimaiynthe mean of those RMS
values is taken for each lateral stiffness. The figure shows that a stiffes below approximately 0.2 MN/m is
desirable to optimise the secondary lateral stiffness for stability, as besovatue there is little further reduction
in response and above this value the wheelset response increases dignifican
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A practical implementation of the low stiffness was devised, whereby tieedeowl (normally resting on the
bogie transom) is suspended by swing links from the tran3twn.swing links provide a lateral stiffness of
constant frequency (irrespective of payload), and the pivot pointedinks provide load dependent damping.
The notion of swing links to provide low lateral bogie-body stgBes a tested, cost effective solution, and has
been used on legacy passenger bogies and can be seen in variausmylesd sprung freight vehicles and on
some locomotives. The detail of the posed swing link arrangement can be seen in the cross-section of the
development CAD model in Figure 3, while the finalised bogie concept is shdviguire 4.

The swing links were modelled in detail in the Vampire vehicle modelsing a combination of Pinlink, Friction
and Bumpstop elements. The properties of the swing links (lengthjgmeter, friction etc.) were subsequently
optimised to achieve the requisite performance for a range of linear congjiesls and also for representative
wheel and rail profiles. The side-bearer arrangement was also sligidified to include lateral stops to prevent
damage from the lateral forces on the side-bearer, which do notairisast to the same extent) in the normal
configuration. The lateral friction and clearances associated with the sidesheareralso included in the vehicle
model.



Figure3 Cross section of the proposed swing link Figure4 The final CAD model of the Spectrum bogie
arrangement in the developing CAD model concept

5. PERFORMANCE EVALUATION

The dynamic performance of the final vehicle concept was assesseddrjaliing computer simulations using
the Vampire rail vehicle dynamics package, in the following areas: virtudbroosince to the assessment
requirements of EN 14363[2]; evaluation of the curving and verticBnmesaince, with respect to the degree of rail
and track damage which could be expected; and estimation of the cost lresafttag from improved curving
and vertical dynamic performance over a conventional freight vehicle. Thesesemalre presented in the
following sub-sections.

5.1. EN 14363 Assessments

The Spectrum vehicle was simulated through an artificial route developed to #atisfgnditions of the EN
14363 On Track Tests for a maximum running speed of 168 kmhich actually necessitates accounting for
10% over-speed and assessment up to 176 km/h. Three different $eadreae simulated: tare, part laden and
fully laden. For each vehicle load case the performance of the vehicle medesessed against the requirements

of the standard for: track shifting force&sY(.y); flange climb derailment risk (Y/Q); dynamic vertical wheel load

(Qayn); quasi-static vertical wheel load {&; quasi-static lateral wheel load £¥; maximum body lateral
acceleration (yna,); maximum body vertical acceleration{z); RMS of body lateral acceleration (y); RMS of
body vertical acceleration(z).

For some of the measures the limit value is dependent upon vehicle variableassaxle load, so to ease the
evaluation of the results each metric was normalised by the appromnidtealue. The performance of the vehicle
may then be expressed as a percentage of the limit value for each metdetd for each wheelset or semi-wagon
body end (i.e. leading end of the leading semi-body, trailing end of geadimi-body, leading end of trailing
semi-body etc.) was calculated as appropriate, and the results weratsbggthe EN 14363 test zone, where
Zone 1 is straight track and very large radius curves, Zone 2 is largs cadigs, Zone 3 is small radius curves
(400 m to 600 m) and Zone 4 is very small radius curvesri2&0400 m).

Figure 5, below shows an example of the output produced fomeeasure of the Standard assesskrthis case
the sum of the lateral wheel-rail forces for each axle (track shifirg$).

In addition to simulating the on-track tests from EN 14363, thi $&sts for safety against derailment were also
simulated.

For example, the vehicle model was simulated through a virtual laboratesf whloading test in tare, part, and
fully laden states. The upper subplot of Figure 6 shows the wheeldimdpfor the left and right contacts of the
leading and trailing wheelsets of the leading bogie. The lower subplsghe corresponding wheel lift applied.
The leading bogie is tested during the first 60 seconds of the simwdatidthe centre bogie (wheel lift not shown)
during the last 60 seconds. The wheel unloading limit imposed WABBB is 0.6 (that is a reduction of up to 60%
of the static wheel load). The Spectrum vehicle was found to conforre tehtbel unloading criteria in the tare,
part and fully laden conditions in all cases, the maximum wheel unloading experienced was at the leading
wheelset and was never more than 40%.

Similar analyses were also undertaken to prove conformance with tlia&tdéor the bogie rotational resistance
(X-factor) test and the flange climb resistance (Y/Q) test.
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calculated according to EN 14363

5.2. Curving Performance

The curving performance of the vehicle is assessed to a limited extdrd BNt14363 on track tests, where the
sum of the lateral wheel-rail forces (track shifting forces) is limitde purpose of this limit is to ensure vehicles
do not drive excessive track damage. An alternative measure of cpefifaymance is the evaluation of the
energy dissipated through the wheel-rail contact. This gives an indicatiba ofirving efficiency of the vehicle
and the level of rail damage (rolling contact fatigue (RCF) and wear) whiclvehicle can be expected to
generate. An assessment based on this energy dissipation forms partratkraccess charging scheme used in
the UK [1].

In idealised conditions an unconstrained wheelset will achieve a radial positioncuiveng, that is the axle
centre-line points to the centre of the curve. At a radial position tivegreadius difference between the left and
right contacts does not lead to any longitudinal force at the wheel-rail cohtad¢énario may be referred to as
perfect curving. In contrast, a wheelset which is constrained witlghiale or bogie is normally unable to achieve
a radial position. Consequently the rolling radius difference, couptadaw angle of attack (the angle between a
line normal to the axle centreline and the tangent of the curve), leads ¢ertheation of potentially high
wheel-rail contact forces. The magnitude of the contact forces iemuid by the plan view compliance of the
primary suspension system (often characterised by the primary yawssti(PYS)) and by the radius of the curve
and the installed cartor more precisely the degree of cant deficiency.

The energy dissipated at the wheel-rail contact may be calculated as the prturith@ential force ‘T’ and the
creep (or micraslip) ‘y’ that has occurred over a given distance. This product (force x distance) gives the work
done per unit distance of track, or in Sl units J/m. Studie& [3]1] have successfully correlated the magnitude of
the measure Ty with wear and with the propagation of RCF damage. The relationship between

Ty, wear and RCF is not linear but for the general case lower Ty values are favourable for maximising asset life of
wheels and rails and minimising energy consumption.

The Ty values were calculated for the leading bogie of the Spectrum wagon in tare, part laden and fully laden
conditions, for a range of curve radii (from straight track dowrb®r radius) and for a range of cant deficiencies
(from 100 mm cant excess to 200 mm cant deficiency), totalling 24/¢eare track cases for each vehicle.

To aid the comparison of the data the average Ty was taken for all the cant deficiency cases of each curve radius,

thus giving a more generalised indication of the performance for a range of conditions. The mean Ty values are
plotted against curve radius for the wheel-rail contacts of the leading wheslet outer and centre bogies of the
Spectrum vehicle in Figures 9 tor comparison the Ty values are also plotted for a generic Y-Series intermodal
freight wagon. The colours denote similar load conditions and allow comparfsthe Spectrum vehicle’s
performance, i.e. the black solid line (for the outer bogie of the Speastehicle in laden condition with 143 kN
axle load) and the black dot-dashed line (for the centre bogie of the Spegetrigte in laden condition with 197
kN axle load) are both below the red dotted line (for the Y-Series vehicle indadedition with 218 kN axle
load). The key to the Ty plots is shown in Figure 7, where the load in brackets is the axle load. The differing axle
loads are a consequence of configuring the articulated and conventianbd weddels with similar payload cases,
and it is acknowledged that they complicate comparisons between thehisiese

With some inspection it may be concluded from these results that, in the gersrathe Spectrum vehicle is
expected to generate less wheel and rail damage as a result of curvinghfamce¥tSeries vehicle.
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5.3. Vertical Performance

The EN 14363 on track tests include an assessment of the idyretical forces (@) to ensure that vehicles do
not generate excessive vertical track forces which would lead to disproptetievels of damage. In the UK a
more refined assessment of dynamic vertical forces forms part of tkeateess charging calculation for freight
vehicles. The assessment compares the standard deviation (SD) of the verticahivbaetiact forces against the
vertical SD of the track. A linear trend line through a data sefypfsRagainst track vertical SD provides a ride
force coefficient (from the gradient of the trend line) and a rideefopnstant (from the y-axis intercept of the
trend line).

A process similar to the UK access charging assessment was undeoralten $pectrum vehicle in tare, part
laden and fully laden load conditions. The track file used for this assetsaaethe same as that used for the EN
14363 ‘On track tests’ and is therefore representative of the range of track qualities expected when running at

160 km/h. For comparison a conventional Y-Series vehicle was also assefisedame track but at the normal
operating speed of 120 km/h.

The SD of the vertical wheel-rail contact forces were calculated for 208ckngections. The vertical SD of the
track was calculated for the same 200 m sections. To ensure a fair compbpsdormance the vertical force SD
was normalised by the vehicle’s axle load. The subplots in Figure 11 show the normalised vertical track forces
plotted against the SD of the vertical track alignment (blue circles) for the Spectnigie veodel (left column)
and the Y-Series vehicle model (right column). The linear trend line is shasetid red, and an additional line at
36 from the trend line is shown in dashed red. In all cases the vertical track forces per kN of axle load are generally
lower for the Spectrum vehicle than for the Y-Series. For the fully ladentbesdsference is less obvious as the
static axle load represents a more significant portion of the dynamic wheel load.

The data is shown in a different manner in Figitewhere the normalised vertical force SD is plotted against the
track section number. The mean of the force SDs is shown by tHasked line and the magnitude is indicated by
the text in each subplot. The differences between the vertical perforofahestwo vehicles can be clearly seen,



especially in the tare and part laden casagain in the fully laden case the difference a less apparent due to the
increasing influence of the static axle load. In the tare case the nib@nveftical force SDs is nearly 40% less for
the Spectrum vehicle than those for the Y-Series vehicle; in the part laden case tharSg#aes are over 60%

less than the Y-Series values; and for the laden case the difference redoeatttoly 20% less. The reader is
reminded that in this analysis the Spectrum vehicle was run &miB0while the Y-Series vehicle was run at 120
km/h.
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From this analysis of the vertical track forces it is apparent that the @pecthicle should generate significantly
lower vertical track forces compared to a conventional Y-Series vehicle. Coneaquetical track damage
should also be less.

5.4. VUC Calculations

The Spectrum vehicle has been designed to provide higher dynamic perfoomaapeged to conventional freight
vehicles. Primarily this was to achieve high speed running anduagmide quality for the LDHV goods. The
running gear components necessary for this improved pmafare have a penalty of being generally more
expensive than conventional freight bogie components. It is therefore lieglintentives would be required to
maximise the uptake of such novel technology and improve thedssstase for investment in the rolling stock.
As well as benefiting the customers and cargo, the improved performitiee Spectrum vehicle also has the
potential to benefit the infrastructure: in terms of lower vertical track forabeeainced curving forces, which will
reduce track degradation and rail damage and associated maintenance reondtdl Benefits of the novel
technology can therefore only be seen from a holistic view point.

In continental Europe no differentiation is made between freight velittiffering dynamic performance when

it comes to calculating track usage charges, despite the fact that some ypb&lsill contribute to rail and track
damage more than others. The track usage charges therefore @rquadiential route to incentivising higher
performing freight, by more fairly apportioning the maintenance costs based on a vehicle’s contribution to rail and
track damage.

In the UK a Variable Usage Charge (VUC) has been developgeatith is based on a vehicle’s vertical dynamic
performance and curving behaviour (amongst other factors).

To demonstrate how a VUC might benefit higher performing freightinofie a case-study was completed using
vehicle dynamics simulation output and Network Rail’s VUC calculators®. The case-study compared the discount

! The Network Rail calculators and documentation used in this case-stuitythe public domain and may be
freely downloaded from Network Rail’s website:
http://www.networkrail.co.uk/using-our-network/cp5-access-charges/



factors which would be applied to the Spectrum vehicle and to an equivahemiayY -Series vehicle. The process
is described in the following paragraphs.

The calculation of the discount factor is based upon the vehicle’s dynamic vertical ride forces obtained from
vehicle dynamics simulations. The ride forces are processed to provitte farce metric (RFC). The RFC is
calculated separately for tare and laden conditions, and is then converted tafdaspénsion Discount Factor.
A spreadsheet calculator developed by Network Rail is used to degetmaidiscount factor for a vehicle. For this
process, vehicles in their tare and laden conditions are run over a spackKioamed Track for Banding (TfB)
and respective Ride Force Constants and Coefficients (RFCC) are detefonieadh vehicle. The RFCC are
based on the correlation between the standard deviations of the vertical ride diodcéise track vertical
irregularities (as was presented in Section 5.3).

For the case-study the VUC calculation process was carried out f@p#etrum vehicle and for a generic

Y-Series vehicle which represented a 60° container flat. Table 1 below summarises the key vehicle parameters for
the analysis.

Table1 Vehicle Data

Vehicle Spectrum Y-Series

Type Freight wagon Freight wagon
Number of Axle 6 4

Tare Weight (in tonnes) 31.9 22.9

Laden Weight (in tonnes) 94.8 89.0

Unsprung Mass (in kg) 1402 1402

Freight commodity Domestic intermodal Domestic intermodal
No. 20’ containers (TEUs) 4 3

The Ty tables and suspension factors were input into the VTAC calculator fiorvbhicles in tare and laden
conditions to calculate the VUC in £/kGTM (pounds per thousand goosstles).
To allow comparison of the two vehicle types, which have different capatitiegosts were calculated:

e For the tare condition, the cost to transport a Twenty-foot Equivalent Unit (Tiglapacity 1000 miles
was calculated in £/kTEU.M (pounds per thousand twenty-foot alguitzunit miles)
Cost per TEU = (VUC x Tare Weight) / vehicle TEUpeity

e Forthe laden condition the cost to transport one ton of payload amatitomiles (E/kNT.M [pounds per
thousand net ton miles])

Cost of carrying payload = (VUC x Laden Weight)L.aflen Weight - Tare Weight)

The calculated costs are compared in Table 2 below and are summarised as jgetoshtaying in
Table 3.

Table 2: VUC and Cost calculations

Vehicles Spectrum Y-series

L oading Condition Tare Laden Tare Laden
VUC (in £/kGT.M) 1.3585 2.3847 1.5242 3.1745
TareCost (E/KTEU.M) 13.827 -- 14.988 --
Laden Cost (E/KNT.M) -- 3.595 -- 4.275

Table 3: Cost Benefit for Spectrum vehicle

Cost savingsfor Spectrum versusY-series (%)
TareVUC 10.9
Laden VUC 24.9
Tarevehicle per container (E/KTEU.M) 7.8
Carrying payload (E/KNT.M) 15.9

From Table 3 it can be seen that, in tare condition the Spectrum vehicle sostildpproximately 8% less per

twenty foot equivalent unit transported, and in laden condition the codtlwe approximately 16% less per ton of
payload carried.



6. CONCLUSIONS

A new suspension arrangement has been developed for the articulated Spetdromdal vehicle. The
arrangement combines viscous damped, coil sprung trailing arms and aedt@ bowl and side-beare
arrangement with the addition of lateral swing links at the centre bowtdrhponents of the suspension system,
while not being new in design, are applied in a novel arrangement and applicgtimviding dynamic
performance closer to that of passenger stock, while minimising ilecreast and complexity.

The research found that the high lateral stiffness present in the stali@asdcondary suspension arrangement
imposes limitation$o vehicle stability, which were exacerbated for the articulated Spectrum vehicle.pllegou
the lateral bogie modes via a reduced secondary lateral stiffness was founditaustynimprove stability.

The novel bogie design was assessed against the requirements of ENahd868k tests and for safety against
derailment). Additionally the curving performance and vertical trantefowere assessed through evaluation of
Ty values and the ride force constants and coefficients respectively. The Spectrum concept was founteto h
performance benefits when compared to a model of a conventionat fneigon with a Y-Series type bogie.

The benefits were quantified by applying Network Rail’s Variable Access Charge calculator for determining
discounts applicable for the Variable Usage Charge. The analysis found thatciorndition the Spectrum vehicle
would cost approximately 8% less per twenty foot equivalent unit trelespand in laden condition the ¢os
would be approximately 16% less per ton of payload carried.
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