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INTRODUCTION

The purpose of this paper is to give an outline of the issues that are involved in the
design of track alignment geometry, particularly as it applies to lines where the
intention is to maximize the velocity potential for the section. It is not intended to be a
definitive article, or even a ‘how to’ manual, but merely to try to give some
understanding of the issues involved, and how they interrelate. If you wish to know
more, there are numerous books and other articles on the subject that I would
recommend.

The maximum design velocity for a line is limited by several factors. These include
e comfort of passengers
o safety
e design track geometry
e signaling systems
e vehicle dynamics
e track structure and condition
e motive power

e local considerations

Surveyors traditionally are involved with the track geometry component of the design,
particularly when the tasks involves maximizing or maintaining the speed potential on
an existing track (where minor geometry changes are possible, but not a complete
rebuild), or where it is necessary to marry a design alignment with the physical location
on the ground. Generally, before commencing a realignment design, all the other
parameters (such as limits on comfort and vehicle dynamics) have been determined,
and the task of the geometry designer is to do the best that they can within the limits
that have been set. In assessing the design track geometry, comfort and safety are the
most significant considerations.

The comfort factor is usually the limiting one on high speed lines as there is always a
very high safety margin built in, and a train will stay on the rails long after the
passengers fall out of their seats.

COMFORT

Comfort is about forces that work on the human body. Passengers can be subject to
only so much force before they start to feel uncomfortable, and so reconsider their
travel options. These comfort limits are usually fairly empirical and determined by the
operator, rather than engineering considerations. For example, an operator attempting
to market a rail service as ‘comfortable’ would have a different comfort limit to one
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trying to market their service as ‘an alternative to flying’ (as aircraft subject their
passengers to much higher forces).

High school physics will tell you that F=ma

Thus there is a direct relationship between force and acceleration. It is often easier
then to think in terms of acceleration rather than force.

Not all acceleration is felt as a force experienced by the passenger. Sometimes, there
are things that can be done to counteract the effects of acceleration, and what we really
feel is ‘residual acceleration’. This is a useful tool in maximizing design velocity.

Comfort is usually only a factor for passenger traffic. Whilst there are some freight
commodities which need to be transported ‘carefully’ (such as petroleum), most freight
trains can be subject to much higher accelerations. However, this advantage is usually
offset by two factors. Firstly, there is not usually a demand from freight train customers
to run at the speeds required of passenger train customers (the exception to this is
where both freight and passenger trains share the same track, in which case it is
necessary for the freighters to run at similar speed to the passenger trains to avoid
slowing the later down) and secondly, freight wagons generally have a much higher
mass when compared with passenger carriages. For example, a typical loaded
passenger carriage would weigh in the order of 40 tonnes. A fully laden coal wagon is
100 to 150 tonnes. Thus a coal train, traveling at the same velocity as a passenger train,
can produce forces of 3 or more times that of the passenger train. This force can be
very significant, particularly with respect to the track structure, and its maintenance.

SAFETY

There is an absolute limit to the forces that can be applied to a railway carriage and still
have it behave in a safe and predictable manner. Again, these limits are usually
empirical, and probably derived from either historical data or manufactures
specifications. Whilst there is an element of risk associated with rail movement at any
speed, quite clearly the higher the velocity the more potential there is for an incident to
lead to injury or death. The main danger is for a train to leave the tracks. This can be
caused by a number of reasons, but the most likely ones are

* excessive speed on a curve causing a wheel flange to ride up and mount the high
rail.

e transition ramps that are too steep, not permitting the vehicle to ‘flex’
sufficiently.

® excessive curvature, such that the bogie is unable to remain radial to the rail.
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DESIGN TRACK GEOMETRY

In order to fully appreciate the effects of the various forces we must define our
reference system. The usual x,y,z, system is not really suitable for the task, and instead
should use a system based upon longitudinal, lateral and vertical axes. The longitudinal
axis being the vectors at work ‘along’ the track, and the lateral one the vectors ‘across’
the track. As a train moves along the track the absolute orientation of these axes change
continuously. If necessary, we could use the laws of circular motion to convert back to
an x,y,z system, but this is usually not necessary.

Design Track geometry consists of several components.

In the longitudinal direction these are
e straights
e circular curves
e transitions
e virtual transitions
e virtual curves (or bends)

In the vertical sense these are
e straights
e vertical curves
e virtual transitions

In the lateral sense there is
e cant or superelevation.

Except for straights, all of these components have some effects on maximum track
design velocity.

The whole purpose of high speed design is to maximize longitudinal velocity, and
minimize the residual acceleration vector- or at least limit it to an acceptable level.

Circular Curves and Cant

When a body is rotated in an arc, it is subject to centrifugal force, or lateral
acceleration. There is a direct relationship between longitudinal velocity and lateral
acceleration, using the laws of circular motion. In other words, increasing longitudinal
velocity will increase lateral acceleration, and it is this factor which generally limits the
maximum velocity around a curve. By inclining the plane of rotation (by introducing
cant or superelevation) we can use gravity to counteract this acceleration. In theory,
there is no limit to the amount of cant that we can apply, (as in the roller coaster at
Luna Park) but in practice it is limited by our inability to totally control the
longitudinal velocity of an individual train. It is possible to place so much cant on a
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track that a particular train forced to slow down or stop (due to a breakdown or
signaling) may actually topple off the tracks. This is rather an extreme case, but the
more common result, of damage to the low rail due to the excessive forces applied to it
as bending moment or friction, can add a significant burden to maintenance costs. It
can also occur that a slow moving train traversing a curve with high cant may
experience ‘negative’ centrifugal force that exceeds the comfort or even safety limit.

The physical limits on cant are generally determined by vehicle dynamics, but once
determined directly affect the maximum longitudinal velocity for a curve of given
radius.

For a given cant and radius there is a certain velocity where there effects of centrifugal
force equals the effects of gravity. This is known as the equilibrium cant, and
represents maximum comfort, but not maximum velocity. For high velocity trains it is
usual to retains some residual centrifugal force. This is known as deficiency ( or cant
deficiency ) and is usually expressed in millimetres ( of vertical separation of the two
rails), the same units as cant. Deficiency can be positive (for fast trains) or negative
(for slow moving trains) and the maximum permitted is usually a function of vehicle
dynamics. Note that cant itself is not a force - deficiency is the force. For a train
moving “in equilibrium’, there is no residual acceleration and blindfolded passengers
should not be able to detect the curve at all.

Tilt trains work on the principal of simulating an increase in cant to counteract
increased centrifugal force caused by an increase in speed around a curve. They do this
by increasing deficiency, which means that they subject the track structure to an
increased level of force, which in turn corresponds to a faster deterioration of track
condition or a higher maintenance standard. They are most suited to mixed traffic lines,
where they can run faster that other trains on curved track.

Transitions

The purpose of a transition is to provide a ramp between a straight and a circular curve
or two circular curves of significantly different radii (this case is usually called a
compound transition). The most common form used in NSW is the cubic parabola,
which approximates the clothoid, but was chosen historically due to its ability to be
expressed in tabular format. In the general case the cant is applied linearly, increasing
from the TP point (on the straight) to the TRS point (on the circular curve). Ramping in
cant (and deficiency) introduces a twist, which is an acceleration in the lateral/vertical
plane. The magnitude of the twist acceleration is a function of transition length and
deficiency on the circular curve, and this is usually limited by the comfort factor and
the vehicle dynamics. As well, there is a limit on the rate of application of cant which
is related to vehicle dynamics, and relates to just how quickly a wagon body can flex.
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Vertical Curves

Vertical curves are not generally as critical as horizontal curves, although they must
always be taken into account. In the case of vertical curves the effect they cause is
always limited to the vertical plane, and they have the effect of modifying the
perceived gravity. There is a direct relationship between longitudinal velocity, vertical
curve radius and vertical acceleration. Vertical curve lengths are usually defined by
setting a maximum value for vertical acceleration. Vertical curve lengths are often
significant on very high speed lines where momentum grades can be steep .

Virtual Transitions

When a vehicle moves from one track geometry component to another it automatically
ramps itself between the two of them. The length of this ramp is the bogie centres of
the vehicle, and is known as the virtual transition. Any track geometry components that
are shorter in length that the bogie centres will be absorbed by this virtual transition.
The virtual transition is often used to determine if a compound transition is required, or
a vertical curve between straight grades. At high speeds even the virtual transitions at
either end of a normal transition may need to be addressed, in effect producing a
transition into the transition. One way of doing this is to use a quadric or even pentic
parabola, and by not ramping the cant linearly through the transition (a common
practice on higher speed lines in Europe).

Virtual Curves (or bends)

Bends are something that exist in theory, but not in reality. In the design sense they
occur either as mathematical adjustments, or at physical locations such as turnout
joints. Traditionally, when straights were defined by physically setting up a theodolite
in the middle of the track and ‘lining out’, bends were often used as a way of linking
long straights - particularly so when there were fixed points (such as transom topped
bridges) on the straight.

On the ground, a continuous rail will turn a bend into a flat curve (the radius dependent
upon type of rail and magnitude of bend). Therefore, in evaluating the maximum speed
that can be permitted through a bend we can use a similar methodology to that of
virtual transitions above. The bend is converted to a curve of length equal to the bogie
centres of the nominated vehicle. Given the deflection angle of the bend, there is only
one radius that matches the bogie centres, and this figure is used to determine
maximum velocity, treating the bend as a curve. It is unusual for a bend to be a design
limit on maximum velocity - usually it can be replaced by a curve if it becomes
necessary.
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SIGNALING SYSTEMS

Signals are designed to control the movements of trains, and to tell the driver where it
is safe to enter the section of track ahead. If it is not safe, they must tell the driver in
sufficient time for the train to stop before it meets the unsafe condition. The higher the
velocity of the train, the longer it takes to stop. Eventually there may come a point
where the distance between signals (and the stopping distance required) may become
the limit of train velocity.

Another concern with signaling is road and pedestrian level crossings (or other
locations) that are protected by barriers and/or flashing lights. Where these occur there
is usually a signal circuit within the rails and an oncoming train trips the circuit and
sets off the warning lights. There must be a minimum period time allowed from the
time the circuit is tripped until the time the train arrives at the level crossing, otherwise
safety considerations will be compromised. This can be a significant consideration in
maximizing speed potential on existing lines.

VEHICLE DYNAMICS

Of all the factors that limit train velocity, vehicle dynamics is probably the most
significant, and the least changeable. Generally, the vehicle dynamics standards are
determined by the manufacturer, and imposed upon the operator. Some examples of
limits would include

e maximum speeds due to bogie construction
¢ maximum deficiency due to wagon suspension

® maximum twist due to rigidity of body

TRACK STRUCTURE AND CONDITION

Ideally, a track should be laid perfectly smooth and without dynamic movement. This
is not possible, there is always some minor irregularities in the alignment, and some
deflection under load. This produces forces, and these forces must be taken into
consideration when assessing a suitable velocity for the track. For example, concrete is
considered to be a better than timber for sleepers because it is heavier and more stable.
It is the job of the track maintainer to ensure that these irregularities are kept to within
predefined acceptable limits, or if this is not possible, to temporarily lower the speed
through the section.

Turnouts (where one track joins another) are difficult locations, both because of
increased maintenance needs, and also the complicated nature of the rails involved. As
there must be a cantless curve in a turnout this usually limits speed through the turnout



An Introduction to High Speed Railway Track Geometry 7

track. The only solution to this is to lengthen the turnout to flatten the curve, which
increases the maintenance problems.

Another factor this is important is the relationship between design geometry and the
physical shape and location of the track on the ground. There is no point in having a
superb design geometry, if this bears little or no relationship to how the track actually
lies. For a high speed track, it is highly probably that the track sits very close to its
design location, but at lower speeds, particularly on older lines, this is not always the
case. Where this happens, it is usually up to the field engineer or surveyor to determine
an appropriate speed for the track as it lies.

Allowances must be made for increased track instability caused by extremes of
temperature. On very hot days a continuously welded rail can build up significant
internal stress forces, and when these forced are added to the usual forces created by
the passage of a train (particularly at high velocity) then they may be of significant
magnitude to cause the track to move out of position. The usual solution to this
problem is to slow down trains during these periods.

MOTIVE POWER

The main consideration here is to ensure that trains can actually run at the velocity for
which the track has been designed. There are two main reasons why this might not be
so. In the case of lines that use overhead catenary for electric traction, the overhead
must be capable of delivering the current to the locomotive in sufficient quantities to
enable it to run to design speed, and do so safely. When current is passed through metal
the metal heats up, which means in the case of overhead wiring it expands and sags,
which can be a problem, particularly for older areas. The usual solution is to tension
the overhead wire (hence those heavy weights that can be seen hanging from stanchions
along some rail corridors) so that it doesn’t sag, and using an additional wire to provide
increased power (such as over the Blue Mountains). The downside of this is that the
increased complexity leads to increased maintenance requirements and greater potential
for failure.

The other problem for motive power relates to track grades. Generally dedicated high
velocity lines can be built with much steeper than usual grades, provided the grades are
not too long, as trains can use their considerable momentum in order to climb them.
However, a long steep grade may slow a train down. Similarly, a long steep decent may
cause braking problems for some trains.

LOCAL CONSIDERATIONS

There are other factors that will apply in specific situations. For example, there is little
point in maximizing the speed potential through a location, if all trains stop at that
location. Or maybe passenger trains stop, but freight trains do not. Another
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consideration is passenger platforms. The presence of substantial cant and curvature
can make it difficult for passengers to board or leave.

It is also necessary to consider the forces that are generated by two trains passing at
high speed in restricted locations (such as tunnels). These forces can be considerable
(enough to limit the velocity). The usual method of dealing with the problem is to
widen track centres.

It is often the case that at discrete restricted locations, infringements on the normal
comfort limits may be permitted. For example, it may be considered that there is less
impact on passengers by having higher forces apply through a particular curve, rather
than slowing trains down through the curve. This situation may be covered by having
‘normal’ and ‘exceptional’ limits within the comfort parameters.

The location of speedboards will also have some impact on the maximum design
velocity at a particular location. There are two factors at play here. Firstly, train length.
A passenger train may be up to 200 metres long. If it enters a speed restricted area, the
train cannot speed up until the whole of the train has passed the restriction, effectively
lengthening the lower speed area by the length of the train. Following on from this is
the frequency of speed boards. It is probable that every curve and transition may have a
different potential speed, which would equate to speedboards every 50 metres. This is
not desirable as it confuses the drivers and (due to train lengths) would be
unachievable. Instead there is usually a minimum distance between speedboards. Some
areas within each speed section may have a higher potential speed, but it is not used.
Where this happens it would be normal to adjust the applied cant to get it closer to the
equilibrium situation.

DESIGNING A NEW ALIGNMENT FOR HIGH SPEED TRAFFIC.

Before it is possible to come up with a new high speed track alignment it is necessary
to set the parameters. These are usually

* Maximum velocity of track: This will be determined by vehicle dynamics,
motive power and track structure. The absolute limit of a conventional railway
(what is referred to as ‘steel on steel technology’) is in the order of 350km/h.
At this speed it is the vehicle that fails, as it is not possible to stop it becoming
airborne at the slightest physical irregularity in the running surface.

® Maximum cant and deficiency: A dedicated high speed track will usually
have a higher maximum cant, as it doesn’t need to worry about the problem of
excessive cant for slower trains. For trains required to run on mixed lines such
as the XPT, the vehicles will probably be engineered in such a way as to be
able to tolerate high deficiencies. For example, in NSW the general limit of
deficiency is 75mm, but the XPT is allowed 110mm. When the tilt train was
running between Sydney and Canberra last year, it was allowed 160mm on
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timber and 180 on concrete sleepered track. Maximum cant, couple with
maximum velocity, will give a value for minimum radius. Also significant is
the way the cant is applied - the ramp rate. If it is applied steeply it will limit
the velocity.

e Maximum rate of change of deficiency: This is a function of transition
length, and is related to vehicle dynamics. For example, tilt trains require a
very low maximum rate of change of deficiency as each vehicle has to adjust
to each transition. For this reason they are unsuited to sharply twisting track
(such as the Blue Mountains).

e Maximum vertical acceleration: This will determine the length of vertical
curves. It is usually not a major problem.

¢ Maximum grade: This will be determined by the intended motive power.
Maximum grade is only a consideration if the length of the grade is
significant. The presence of a signal which may require a train to stop on the
grade should also be considered.

¢ Maximum residual acceleration: This is the comfort factor. It will include
an allowance for track condition and vehicle dynamics, and whatever is left
can be used to maximize longitudinal velocity. It may also include a range of
values, using such benchmarks as preferred, normal, exceptional and absolute.
At the higher end of the values, there may be some spill over into other areas,
such as a requirement for more intense track maintenance.

CONCLUSION

The parameters used in designing a track geometry for high speed trains will vary
depending upon the specific situation. In the case of a brand new line constructed with
few locational restraints, it is likely that the comfort factor will be by far the most
important, and be characterized by long flat curves and very low residual acceleration
vectors. At the other end of the scale is the situation of trying to squeeze the last km/h
out of an existing track, where safety and track structure considerations are likely to set
the limit. Often, the designer is forced to balance conflicting parameters, particularly in
the case where the line is used by many different types of trains needing to run at
different speeds.



