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ABSTRACT: In spite of the global financial crisispnsiderable investments are being made in raim@gstructure in the UK
and many countries around the world. Improvementké quality and capacity of current services @ueddevelopment of new
railway infrastructure are needed to meet the asirey demand for transferring more people and gagodsmore sustainable
way. In particular, the performance of the trackteyn is crucial to the successful and cost-effectiperation of the railway.
This has motivated much scientific research wite #im of better understanding the performance efrdilway system,
including both existing railway tracks and improvedcks for the future. Much current research dhlwey track focuses on
individual aspects of the design and performancg, &ack settlement, rail fatigue, ballast degtmda ride quality,
maintenance, and noise and vibration. However tdeae substantial advances in railway track desigis important to
consider all these aspects in an integrated wagn@s that can benefit one aspect should not beeadl to have a negative
impact on others. To facilitate this, a single telbuld be developed or the computational toolsdbasider individual aspects
of the design need to be integrated. The resultincan therefore be used to assess the behafioaitway tracks in a holistic
manner. A preliminary version of such a holistioltés presented here. In this version, fast runnimgdels and empirical
relationships are put together in order to caleuthe performance of a railway track with regardide quality, ground-borne
noise and vibration and rolling noise. Resultsgoactical case studies are presented and discuSkedpaper also highlights
the limitations of the preliminary version and faéure plans to achieve a reliable and comprehertsiol.

KEY WORDS: holistic approach; multi-criteria; ridguality; ground-borne noise and vibration; rollimgise; frequency
domain.

1 INTRODUCTION here. In 2000, Zhang et al [1] presented an intedré&rack

In a railway system, vehicles carrying passengegoods are degradation tool for the prediction of track beloavi and

supported and guided by the track through the vitesel performance (from a planning point of view) paserd rail
interface. Due to the weight of vehicles, highistédrces are Wear sleeper, ballast and sub-grade degradat®med as

applied to the railway track structure over a smualhtact (N€ interaction between those components. Resemctie
area. Moreover, imperfections on the running serfat the ©OPtimisation of railway track design based on agearof

wheel (irregularities, wheel flats etc.) and thit (iaints, head Parameters was considered by the European project,

wear, cracks etc.), along with the existence of -norr UROBALT, with the main focus being optimising tkeand
homogeneities (i.e. track stiffness variations) aather Vvehicle parameters to give improved track geometry
factors, give rise to high dynamic loading. behaviour and to minimise maintenance ac_tmnsl‘{@irkln_e

All of the above, as well as issues associated withvay et al. [3] also consider a multi-criteria optimisat, in this

structures, bring the necessity to understand Inewdtfferent Caseé Of embedded rail structure slab-track systetheir
components interact and affect the track structufer investigation was based on the influence of thektrdesign

example, reducing the stiffness of the rail pady nesult in  With varying train speeds considering the costcificy of
reduced ground vibration levels but could alsoease rolling e design, minimum noise emission and minimum
noise. If this behaviour is properly understoortiifferent deterioration at the whg_el_/rall mterface. In adsteonducted
countermeasures can be applied to mitigate forigeaes PY Suarez [4] a sensitivity analysis was conducedthe
arising and recommendations for future design pfores can ela§t|q properties of rail .veh|cle suspensions .w&gard to
be made. In order to understand the effect ofintlvidual  their influence on running safety, ride quality atmck
components of a railway track in a holistic wayset of fat|g_ue, but without taking into account the infhee of
indicators quantifying the overall behaviour of thgstem Varying track parameters. o

needs to be identified. The implementation of thesicators | e above studies are examples of work consideialg-

in a single tool, as proposed here, enables thessisent of criteria optimisation of track or vehicle design,osh

the impact of the variation in properties of thdiwidual parts cOmmonly based on a single parameter evaluation.
of the system, holistically. Nonetheless it is important when trying to achiepimal

Extensive literature exists with regard to investiing track design to consider the effect of all the paaters of the

individual aspects of railway track design and perfance Fra<_:k on aI_I indicators used to gv_aluate its pentmce. Suqh
but there is a lack of a more integrated approachraposed indicators include but are not limited to, tracktlsenent, rail



fatigue, ballast degradation, ride quality, maiaigre costs,
and noise and vibration.

In this work, a preliminary model is presented fbe
assessment of ride quality, ground-borne noise \amtion
and rolling noise emission from ballasted railwegcks. The
track design parameters considered are rail pdthess,
ballast stiffness and train speed. The resultsepted are
based on a generic inter-city vehicle and a typidglrailway
track. In the following sections, the preliminarpde! will be
firstly introduced, describing in brief the indioas considered
and the means by which they have been calculateeh The
parameters for the cases considered will be predeard the
numerical results will be discussed. Finally, thatemtial of
such a tool, its current limitations and plans fiaglure work
are discussed.

2 PRELIMINARY MODEL

A preliminary tool has been developed to show tifeiénce
of various track properties on ride quality, grotbwne noise
and vibration and rolling noise. The parameterduihe the
railpad stiffness, ballast stiffness and train eélo This tool
utilises previously developed tools and mathemhtivadels
as well as empirical relationships. In the follogiigections a
general overview of the process is given along \aitbrief
description of the individual aspects of the hadisbol.

21

For the assessment of ride quality and ground-boomne and
vibration, a frequency domain model has been deesldo
describe the dynamic behaviour of the railway Jehithe
track and the ground. Figure 1 depicts the railwelyicle and
track-form considered. For the vehicle, a 10 degode
freedom rigid-body vehicle model is considered actmng
for displacement and rotation of the car-body andiés, as
well as displacements of the wheels. The track fased for
this study is a ballasted railway track design. Ttaek is
modelled as a continuously supported beam on alayer-
support accounting for rail pads, sleepers andas@llThe
track is then further supported on an elastic bpiee through

General overview

stationary random process and described as a Papestral
Density (PSD) input. The theory of random vibratien
utilised in order to obtain the responses of thhicle and
ground. The parameters for the analysis used, durth
described in Tables 1-3, are taken so as to reprasgeneric
inter-city train running on a typical UK railwayaitk. In the
current approach, the vehicle is assumed to bmstay and
the irregularities to move with the equivalent aispeed in
the opposite direction (moving irregularity modelyhis
follows the modelling approach reported by Forassi Hunt
[6] in modelling vibration from underground railwayThe
model is intended to cover the frequency rangeo 60 Hz.
For the assessment of rolling noise, a higher f&aqy
range is required so a different model is usededbam the
TWINS software [7] which is further discussed ircen 2.5.
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The excitation of the system originates from irdagties on
the wheel-rail contact surfaces, described by tlamwer
Spectral Density. When the vehicle runs over irtagties
with a certain wavelength at a speed, the wheels and rails
are forced to move vertically relative to each othé the
frequencyf = v/A. Here, two combined idealised spectra are
used. The first is the ORE B176 high spectrum dlesdrin
[8] for the vertical profile of the rails. Due ttsilimitation in
describing smaller wavelengths (associated withhédrig
frequency excitation), it has been combined with TSI limit
spectrum for rail roughness [9], which has beenveaed
from a one-third octave spectrum to a PSD for theemt
purpose. The two spectra are combined by extrapglahe
two spectra into the wavelength range where they ramt
defined ¢ < 2.5m for ORE and > 0.25m for TSI) until they
coincide. The resulting combined spectrum is showkigure
2.

2.3 Ridequality

In order to assess the effect of the dynamic responthe rail
vehicle on the passengers, the methodology desciibéSO
2631 [10,11] will be used.

Excitation mechanism

a contact strip representing the breadth of thecktra Due to the fact that human response to motion saate

superstructure. The model used for the track-grosystem
follows the modelling approach reported by Sheng.€6].

Elastic half-space

Figure 1. 10-dof vehicle and track layout.

The excitation input results from the vehicle ruvniover
irregularities on the wheel-rail surface represgntes a

different frequencies, an appropriate weightingcfion needs
to be applied. 1SO 2631-1:1997 [10] gives a freqyen
weighting functions for the vibration of standingdaseated
persons in all three principal axes. The weighimgcfion W
is used, which is intended for the assessment aidstg
people. The frequency range of interest for thesssent of
ride comfort is 0.5-89 Hz.

For the assessment of ride quality, ISO 2631-1 f&Qlires
the evaluation of the weighted root-mean-squaren.$r)
acceleration at the vehicle-human interface, in taise taken
to be the floor. Thus, after obtaining the accdieraof the
required point in the vehicle for th® dctave band& ), and
applying the weighing function for each octave b#Wg,),
the weighted r.m.s. response is evaluated. Thé viifeation
value is then calculated as:

ay = JZ(Wk,iai,rrm)z

Approximate limits are given in [10] for the assassit of the
undesirable effects with regard to the weightedkkeration.

(1)



2.4  Ground-borne noise and vibration

Ground-borne noise and vibration are assessed fatianal
building located at some distance from the tradkcé the
vehicle is modelled as stationary (moving irregityamodel),
the response is calculated at a set of points ddcat the
desired distance from the track and an averagentaker the
length of the train. It has been shown in [12] ttheg models
based on a moving train produce results in goo@eagent
with those of the moving irregularity model, andughis
sufficient to be used in this application.

Once the forces applied to the ground due to #ia-track-
ground interaction are calculated, the vibratiooeteration of
the ground surface at the position of the buildsgalculated
initially, assuming no interaction with the buildinThis is
achieved by using Green'’s functions for an eldssil-space.
Once the acceleration of the ground at the fredaseris

computed through the frequency spectrum, an engbiric

procedure is used for evaluating the expected tithrdevel
in a building, according to Nelson [13].

In brief, the process for
transmission accounts for coupling
foundation, amplification of vibration due to flogstabs and
the attenuation expected due to vibration transorisffom
floor to floor. In Nelson [13], graphs are presehter a range
of probable values and building types based on area®ents
conducted by various researchers.

In order to determine the sound pressure lekgl ¢B re

2x10° Pa) generated by the vibrating floor in a roone t

Kurzweil formula as described by Thompson [14] &ed,
which reads:

L, =L,—27dB )
whereL, is the vibration velocity level in dB re $0n/s. Once
the sound pressure level is obtained at each hibadyverall
A-weighted level is determined.

In the next section, the parameters considereth@®model
will be given along with the results for the critespecified.

2.5

The module accounting for the rolling noise is lohese the
TWINS software, described by Thompson et al.
Components of noise radiated by the wheel, rail sladpers
are taken into account. The vehicle is represeatgy by its
wheels, with the sprung mass considered to havégitdg
effect. In the track model the ground stiffness erasidered
to have negligible effect on the wheel/track ragliahoise. It
is noted here that, for the rolling noise calcalas, the
irregularity input spectrum used accounts for btith rail
irregularities (using the TSI limit spectrum) aruktwheel
roughness (using a typical spectrum for disc-brakkdels).
As the wheel modes are important at high frequentiese
are calculated using a finite element model ofgcsl inter-
city wheel and input as a list of modal parametérse
wheel/rail interaction includes coupling in theelal as well
as the vertical direction. The rolling noise isess®d in terms
of the Sound Pressure Level (SPL) at 7.5 m fromttaek.
The effect of a partially reflecting ground surfasdncluded
in the model. The model operates with a fine freqye
resolution but the results are converted to onettbictave

Rolling noise

determining the vibration
losses due te th 107

[7].

bands for presentation and an overall A-weighteckellés
determined.

3 RESULTS AND DISCUSSION

In Figure 2, the frequency spectrum of the irregtyais
shown for the speed cases considered here, nad@liri/h
(nominal), 50 km/h and 200 km/h.
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Figure 2. Combined ORE (H) and TSI roughness spectr

The properties used in the analysis for the vehicdek and
ground are listed through Tables 1-3. In Tableh® track

hproperties correspond to two rails.

Table 1. Parameters of a generic inter-city train.

Parameter Value
Body massM, 21,400 kg
Body pitch inertia,), 8.3x10 kgn?
Bogie sprung mas#/, 2707 kg
Bogie pitch inertiaJ), 1.97x18 kgn?
Secondary stiffnesg, 0.81x16 N/m
Secondary damping, 7.4x1d Ns/m
Primary stiffnessky; 0.359x16 N/m
Primary damping¢,; 8.4x10 Ns/m
Pr. damper stiffnesgpy 14x10 N/m
Half bogie centre length, 8m
Half bogie wheelbase,, 1.3 m
Wheelset masd/,, 1375 kg
End-of-bogies spacing, 5m

Number of cars 4
Hertzian contact stiffnesk;, 1.2x16 MN/m

In order to investigate the effect of the tracKfistiss and
the train velocity, a nominal value for each of ttigee
parameters (pad stiffness, ballast stiffness aaid trelocity)
has been chosen. These values correspond to &rengtdiate
stiffness for the pads and ballast, and a traiooigl of 100
km/h. Based on these parameters, the effect ofngtie pad
stiffness, the ballast stiffness and velocity hasrbconsidered
with regard to the ride quality, ground-borne noiaed
vibration and rolling noise.



Table 2. Track properties.

Parameter Value
Rail bending stiffness 12.8 MN/m
Rail mass 120 kg/m
Rail loss factor 0.02
Rail-pad stiffness 77/369/1080 MNm
Rail-pad loss factor 0.15
Sleeper type Concrete monobloc
Sleeper mass 462 (370)
Sleeper spacing 0.65
Ballast stiffness 333/1000/3000 MNYm
Ballast loss factor 0.1
Ground contact width 2.7m

Table 3. Ground properties.

Parameter Value
Density 1800 kg/mh
P-wave velocity 240 m/s
S-wave velocity 120 m/s
Soil loss factor 0.1

3.1  Track maobility, vehicle mobility and force spectra
In Figure 3 the track mobility and phase is shown.
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Figure 3. Rail mobility (a) and phase (b) for tragikhout the
presence of the ground.

Equivalently, Figure 5 shows the mobilities of tiwbeels
and car-body. The resonances due to the suspefwidhe
parameters considered can be identified at a re@ow 5
Hz.
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Figure 4. Wheel and car-body mobilities (a) andseh@).

The force spectra at the wheel/rail interface due tunit
input roughness are shown in Figure 5. In thisrBga clear
peak is identified at about 70 Hz which correspotalghe
wheel/track resonance. This can also be identhigdboking
at the mobility of the rail (Figure 3) on top ofitrof the wheel

(Figure 4, solid line), where the two match at appmnately
75 Hz.

The frequency at which the wheel/track resonanairsc
will change with a change in the track stiffnessr & lower
overall stiffness, it will shift to the left (45 Hor softer pads
and 60 Hz for softer ballast) while for a higherecadl
stiffness it will shift to the right (80 Hz for ffier pads and 75
Hz for stiffer ballast).

Wheel/rail force (N)

10°

10’ 10'
Frequency (Hz)

Figure 5. Force spectra at wheel-rail interface

3.2 Ridequality

Figure 6 presents the acceleration spectrum (in-tloing
octave bands) of the vehicle car-body directly &bdkie
leading bogie. In Figure 6a, for the nominal cakere is a
peak around 1.25 Hz which can also be identifieimfrthe
force spectra in Figure 5. Beyond that frequenugtfiations
occur due to the effect of the wheelbase distantere the
wavelength of the irregularities is such that tlve bogies are
either in phase or out of phase. Considering desicay, these
frequencies are af,=v/(nLy) for a peak (in-phase) and
fou=2V/((2n+1)Ly) for a trough (out-of-phase).

o a) Nominal case b) Pad stiff. variation
10 10

Nominal|
- — — - Soft
- — - Stiff

4
05 125 315 8 20 50 05 125 315 8 20

c) Ballast stiff. variation d) Speed variation

— 100 km/h|
- - —-50km/h

—-—-=200 km/h|
N
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— - — - Soft
- — - Stiff

. 2
rms acceleration (m/s”)

\

107 10

—4
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Frequency (Hz)

05 125 315 8 20 50

Frequency (Hz)

Figure 6. Vehicle vertical acceleration at topedding bogie.

The effect of decreasing and increasing the tréiffkess can
be seen in Figure 6b,c where pad and ballast stiffrare
modified. In general, the track properties are exjiected to
affect the ride quality significantly, especiallgrffrequencies
below the wheel/track resonance. When the stiffrefsthe
track is decreased (softer pads or reduced balidfstess) the
wheel/track resonance is lowered and a slight as®ein



amplitude is observed. For the current parametées,pad
stiffness has a greater influence than the badtifébess. The

borne vibration resultsW, weighting could be applied),
whereas the A-weighting curve is applied for noise

exclusion of the ground model would have almost ncalculations. If one was to plot the insertion Idss the
influence on the vehicle cdiody for frequencies below the varying cases based on the nominal values, idénesalts

wheel-track resonance, as the track mobility is msimaller
than the vehicle mobility in this frequency range.

With regard to the effect of velocity on ride qtglithe
expected outcome is that ride discomfort increaséth
increase in velocity. When the speed is increaer system
experiences a larger dynamic excitation at the Vifzde
interface, although the spectra of the force cao @hange
due to the dynamics of the system. An overall iaseein
vibration is observed in Figure 6d but one can astice a
shift in the frequencies at which the peaks occlinis
phenomenon is due to the fact that the frequeratieghich
the bogies are in and out of phase, discussed qusglyi
depend on the speed and the wavelength. So, fonmgafor
a given wavelength at which all wheels are in phase
doubling in the speed would lead to a doubling e t
corresponding frequency.

The weighted total vibration received for the noahinase
is approximately 0.11 nfisThe effect of varying the track
properties on the total vibration is negligible.aBiging the
speed has a noticeable effect, giving a weighteglaation
of 0.05 m/$ for 50 km/hr and 0.16 nfi$or 200 km/hr. These
levels appear to be very small (1/3 of the limit domfortable
ride [10]) which can be attributed to the atternuatafforded
by the considered vehicle suspension parameters.

3.3

For the ground-borne noise and vibration, a sirfglaily
residence is selected, located at 20 m away fraantrdck.
Calculations are performed for the vibration at fingt floor
level. Figure 7 shows the relative vibration levéds the
above specified case.

Ground-borne noise and vibration
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Figure 7. Relative vibration level between ground eeceiver
(single family residence based on [13]).

Due to the fact that empirical relationships haeerbused to
convert the free field vibration to ground-borneiseoand
vibration, the conclusions drawn for the two caaes quite
similar. The differences between the results foisecand
vibration are a) vibration velocity is used for gnal-borne
noise whereas vibration acceleration is used foumu-borne
vibration and b) no weighting has been applied tougd-

would be found for ground-borne noise and vibration

Figures 8 and 9 show the vibration and ground-bowise
at the first floor level inside the building. Theordinant
frequency for the nominal case in both ground-banpnése
and vibration is identified at the 63 Hz band, whic
corresponds to the wheel/track resonance.

Decreasing the track stiffness, results in a gfithe wheel-
track resonance to a lower frequency as describéatda This
can be seen in Figures 8b,c and 9b,c where theomssp
increases at low frequencies for the lower stiffnémcks,
followed by a more rapid decay at higher frequesicie

a) Nominal case b) Pad stiff. variation
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Figure 8. Predictions of ground-borne vibratiorides
notional building.

Finally the effect of increasing speed in Figurdsa@d 9d is
to amplify the overall level of ground-borne nogevibration
experienced. It is noticed that the speed has @areffect at
the lower end of the frequency range presented\ibdl00
Hz) than at higher frequencies. The speed of thia gives
the largest variation for the parameters considered
a) Nominal case b) Pad stiff. variation
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Figure 9. Predictions of ground-borne noise insidonal
building.



34 Rolling noise

The results obtained for rolling noise are plotiedrigure 10
as total noise level arising from the wheel, raitl ssleeper
radiation. The sound pressure level is presenteddistance
of 7.5 m from the track centreline and a height @ m above
the top of rail. It is noted here, that the pararsefrom Table
2 for the rolling noise (especially ballast stifése and
damping) have been adjusted to allow for the ground

a) Nominal case b) Pad stiff. variation

12i 12i
Total Nominal
- - - - Ralil - -~ Soft
100 - - - Sleeper 100 - - Siff
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©
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[}
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@ Nominal — 100 km/h
a - - -~ Soft ----50 km/h
T 100 -— - Stiff 100 -~ =200 km/|
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Figure 10. Predicted rolling noise at 7.5 m froack in one
third octave bands.

In general, the sleeper radiation is higher tha tf the rail
at frequencies up to a few hundred Hertz [14]. Ha tnid-
frequency range (500 Hz — 2 kHz) the rail dominates
radiated noise while at higher frequencies the Wraiation
is most important. When the softer rail pads aedubken the
rail response increases significantly in the mahfrency
range. When stiffer pads are used, the rail respadnsps in
the low and mid-frequency range, while the sleapsponse
increases significantly at low frequencies. Tablgives the
overall A-weighted sound pressure levels for thBecdgnt
configurations.

Table 4. A-weighted sound pressure level for radiatoise.

Case Level (dBA re 2x10Pa)
Nominal 89.5
Soft pad 91.2
Stiff pad 88
Soft ballast 89.6
Stiff ballast 89.5
Lower speed 80.2
Higher speed 98

Changing the ballast stiffness mainly affects tasults at
low frequencies. A reduction in ballast stiffnesiveg an
increase in the sleeper response. As can be semnTiable 4,
the effect of ballast stiffness variation is neilg in the
overall sound pressure level.

An increase in speed leads to an increase in hests at
all frequencies. The effect is greatest at higlregdencies
(>630 Hz).

Comparing the effect of the track stiffness oninglinoise
and ground-borne vibration, it can be seen fronufed@ and
Figure 10 that a softer rail pad will result in eduction of

ground-borne vibration, but an increase in rollingise. A
reduction in ballast stiffness also decreases grdnamne
vibration, but the effect on rolling noise is nggtle. On the
other hand, the effect of velocity is similar fdr gredictions,
showing an increase in undesirable effects witlnarease in
velocity.

4  CONCLUSION

In this paper, an approach towards a holistic @ajivirack
design and assessment has been presented. Usioupled
vehicle/track/ground model developed in the fregqyen
domain and by combining different tools and empiric
equations a series of results were presented.

The outputs considered in the preliminary model réde
quality, ground-borne noise and vibration and ngllinoise.
The impact of changing the rail pad stiffness, dslktiffness
and train velocity on the above criteria was présg:nBased
on the indicators and parameters analysed, thetedfetrain
velocity has the higher influence on the overalbutts,
followed by the railpad stiffness. The ballast faks has
much less impact on the outputs specified. Theceftd
decreasing the track stiffness is to increase dlng noise
whilst reducing the ground-borne noise and vibratio

5 FUTURE WORK

In the current preliminary version of the holistiol, the ride
quality, ground-borne noise and vibration and ngilinoise
have been considered. In order to give a broadkcdtion of
the influence of track parameters, other criterédh to be
included such as, for example, rail fatigue, tratkesses,
settlement etc.

In addition, results were only presented here f& specific
type of track (ballasted track). Other track desjgsuch as
slab-track, booted-sleepers, ballast mats etc. Idhdue
considered. Other excitation mechanisms may neetheto
considered in some other cases.

A more detailed ground and building model can dso
used in order to improve the predictions of theppsed tool
and form a basis for a reliable tool to be usediasigning
railway tracks.

Although the current version has the above lintadi the
potential of such a holistic approach could pravuential on
how railway track design and assessment takes plhtlke
moment. For example, it was shown how reducing thée
stiffness to reduce ground-borne vibration can Itesuan
increase in rolling noise. Once developed and =tdid, this
tool can be used for both designing new tracks ass#ssing
existent railway lines. Also, the investigation wiitigation
measures would be possible by directly seeing teratl
effect of one measure to the whole system.

One negative aspect of the proposed model is thatder
to include all aspects as discussed, a computdiijona
demanding tool would have to be developed whichlsvoot
be practical for repeating computations. Two opjdties
based on this approach are to: a) develop a marplified
version of the tool which will be better used irrnts of
comparative design and b) develop an index basethmle
methodology according to the level of influencetdd various
parameters to the criteria specified. Then thesebeaeasily
used for the preliminary design stage and once the



specifications for the desired track design haveenbe
identified, the full model can be used for accuatedictions
and detailed suggestions on improving the trackop@ance.
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