

    

        


        
        
                        
                
            
                    


        
            	
                    zaher2012
                
	
                    
                        Home
                    
                
	
                    
                        Comments
                    
                


        


        
    
        
            
                

                    
                        

                            
                                
                                    
















































                                

                            


                        

                    

                

            

        

    






    
                    
            


    
        
        
            
            of 48

            
        

        

        
        
            
            Embed
        
        
    

    





        

            

        
            
                
                    
                        
                            Home
                        

                        
                                            


                    
                        Chapter_6 - Railway Track Design

                        Jun 02, 2018

                        
                                                                                        Download
                                                        Report
                        


                        
                            Category:
                            
                                Documents
                            

                        


                                                    
                                Author:
                                zaher2012
                            

                        

                        

                        
                    



                    

                                    

            




            
                
                    
                                                    Welcome
                        
                                                    
                                Comments
                            
                        
                                            




                                            
                            Welcome message from author

                            This document is posted to help you gain knowledge. Please leave a comment to let me know what you think about it! Share it to your friends and learn new things together.
                        

                    

                                            
                                                            
                            
                            

                        

                    

                                    

            

        


                    
                
                    
                        Transcript

                        
                            	
8/10/2019 Chapter_6 - Railway Track Design

1/48

6666----1111

AMERICAN RAILWAY ENGINEERING ANDMAINTENANCE OF WAY
ASSOCIATION

Practical Guide to Railway Engineering

Railway Track

Design

Chapter

2003 AREMA


	
8/10/2019 Chapter_6 - Railway Track Design

2/48

6666----2222

A R E M A C O M M I T T E E 2 4 - E D U C A T I O N & T R A
I N I N G

Railway Track Design

Brian Lindamood, P.E.

Hanson-Wilson, Inc.Fort Worth, TX
[email protected]

James C. Strong, P.E.

Parsons Transportation GroupMartinex, CA 94553-1845

[email protected]

James McLeod, P. Eng.

UMA Inc.

Edmonton, AB. T5S 1G3

[email protected]

2003 AREMA


	
8/10/2019 Chapter_6 - Railway Track Design

3/48

C H A P T E R 6 R A I L W A Y T R A C K D E S I G N

6666----3333

Railway Track Design

Basic considerations and guidelines to be used in the

establishment of railway horizontal and vertical alignments.

he route upon which a train travels and the track is constructed
is defined as analignment. An alignment is defined in two fashions.
First, the horizontalalignment defines physically where the route
or track goes (mathematically the

XY plane). The second component is a vertical alignment, which
defines the elevation,rise and fall (the Z component).

Alignment considerations weigh more heavily on railway design
versus highway designfor several reasons. First, unlike most other
transportation modes, the operator of atrain has no control over
horizontal movements (i.e. steering). The guidancemechanism for
railway vehicles is defined almost exclusively by track location
and thusthe track alignment. The operator only has direct control
over longitudinal aspects oftrain movement over an alignment
defined by the track, such as speed and

forward/reverse direction. Secondly, the relative power
available for locomotionrelative to the mass to be moved is
significantly less than for other forms oftransportation, such as
air or highway vehicles. (See Table 6-1) Finally, the
physicaldimension of the vehicular unit (the train) is extremely
long and thin, sometimesapproaching two miles in length. This
compares, for example, with a barge tow, whichmay encompass 2-3
full trains, but may only be 1200 feet in length.

These factors result in much more limited constraints to the
designer when consideringalignments of small terminal and yard
facilities as well as new routes between distantlocations.

The designer MUST take into account the type of train traffic
(freight, passenger, lightrail, length, etc.), volume of traffic
(number of vehicles per day, week, year, life cycle)and speed when
establishing alignments. The design criteria for a new coal
routeacross the prairie handling 15,000 ton coal trains a mile and
a half long ten times perday will be significantly different than
the extension of a light rail (trolley) line indowntown San
Francisco.

Chapter
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Carrier Horsepowerper

Net Ton

Horsepowerper

Passenger

"Typical"Average

Horsepower/Net Ton

Railways-freight 3.15 1.00 2.64Railways-passenger 31.5 5.0
5.00

Highway trucks andsemi-trailers

11.33 2.13 7.00

Passengerautomobiles

60.0 6.0 15.00

River tows 0.20 0.14 0.18

Bulk-cargo ships 0.35 0.22 0.25Airplanes-freight 667 240 500

Airplanes-passenger 230 140 160Pipelines 2.00 3.00 2.50

Conveyors 10.00 20.00 15.00Aerial tramways(cableways)

0.20 2.00 1.50

Table 6-1 Typical Horsepower-per-net-ton Ratios

6.1 Stationing

Points along an alignment are usually defined by miles,
stationing or both. The latter iscustomary with railway routes
throughout North America. Within yards, terminals,and sidings, the
miles (termed mileposts or mile boards) are dropped due to
therelative close proximity of the tracks to a common point.
Stationing (also termedchaining) is merely the sequential numbering
of feet from a beginning point to anending point. A single station
is 100 feet long in US units or 1000 meters in metricunits. A point
one mile from a beginning station of 0+00 would then be
denotedstation 52+80 (or 52.8). In metric, that same point would be
1+600.

At the time of construction, all alignments had stationing. Most
items along analignment can be located by stations. This is the
primary system used for locationswithin many engineering records.
However, if an alignment has been in place for anylong period of
time, such as most North American railways, it likely has been
changedor relocated since its original construction. These changes
usually introduce what istermed a station equation, which is
required because the relative length of thealignment has been
changed with the alteration. Other causes for a station
equation

(but certainly not all grounds) include the combination of two
separate routes, lostrecords, or an extended period of time between
the stages of construction for theoverall alignment.

Mileposts are more commonly used by operating departments for
locationidentification. Though less precise, they are more easily
identified and they arereferenced along the right-of-way with
signs. Bridges are normally identified by

2003 AREMA


	
8/10/2019 Chapter_6 - Railway Track Design

5/48

C H A P T E R 6 R A I L W A Y T R A C K D E S I G N

6666----5555

mileposts, though they also have stationing associated with
them. Likewise, it is notuncommon for mileposts to have stationing
shown in railway records.

Both the use of mileposts and stationing for the reference of
existing railway features

are not without pitfalls. This is of concern to the designer
when contemplating workalong an existing track. The direction of
increasing stationing and increasing milepostsmay not be the same.
There is no guarantee that the records maintained by a railwayare
correct, or have the most current information (this is more often
the case). It is notunheard of for a railway to have re-stationed a
line, or even given new mileposts.There are lines on which this has
occurred at least two or three times sinceconstruction. Though the
stationing and mileposts may have changed on thealignment records,
many old right-of-way instruments, bridge plans and
otherinformation may still reference what was there and not what is
there today.

The use of milepost information is particularly hazardous for
several reasons. First, theinitial stationing over 100 years ago to
establish mileposts was not always significantlyaccurate. The
actual length between mileposts may vary by thousands of feet,
thoughmost are reasonably close (less than 100-200 feet). Adding
further variance to thelength was the common railway practice to
place the milepost marker on the nearesttelegraph pole rather than
on a dedicated signpost. As the poles were moved, replacedand
changed, the sign moved with them. Signs were lost and replaced,
but probablynot relocated with any great precision.

Stationing to the mileposts, along with other items which have a
tendency to besomewhat transient over the long term, including
grade crossings, turnouts, rail rests,etc., should always be
subject to much scrutiny before being used as a basis for
design.The designer should always establish existing stationing
from some item, which has not

moved in some time, preferable the abutment of an older
structure or culvert, or bestof all, a defined right-of-way corner
or marker. Though the milepost location andterminology will not
generally change as a result of re-establishing its true location,
itwill provide a frame of reference for the location of new
facilities.

6.2 Horizontal Alignments

Nearly any alignment can be physically defined with variances of
two components:tangents and curves. Horizontal alignments of
existing and proposed railway tracks

generally are given the highest interest as their location seem
to be the easiest to graspwhen reviewing the location of facilities
relative to one another.

A tangent is simply a straight line between two points. Tangents
are usually denoted

with bearings (N 32359 E for instance). However, it must be
noted that without anaccompanying starting point and length
associated with that bearing (and thusestablishing the location of
the second point), there is no way to definitively establish
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the tangents location in space. Other points along a given
tangent can be defined inthis manner. Tangents, because they are
the most defining parts of alignments and areusually the components
used in the establishment of such, should be considered thehighest
order component. Curves as discussed below, which effectively
connect these

tangents, are second order as they are fundamentally defined by
the location oftangents and can be easily changed without relative
wholesale shifts in physicalalignment location.

Where an existing tangent must be established and where two
points are not easilydefined or known, obtain at least three
points, which are believed to be along this line.Because a tangent
can be defined by only two points, two points located along a
curvecan define a tangent. It is only through working from at least
three points andcomparing the bearings established relative to each
other, that a true tangent can beestablished. Though the difference
in bearing between three points on a tangentshould be zero, the
precision afforded by surveying equipment and constructionmethods
is generally less than that calculated from data obtained,
particularly when theperson performing the calculation has no
appreciation for significant digits. Mostmeans for performing
linear regression on a set of data points for the purpose
ofestablishing tangents have no allowance for this situation.

Therefore, it must be understood when reviewing the data
collected between points,there is a margin within which any three
points can be assumed to be tangent. Thismargin is based upon the
judgment of the designer and takes into consideration therelative
condition of the existing item upon which the tangent is to be
defined, the levelof accuracy required, and the overall margin of
error, which limits the functionality ofthe facility.

An alignment comprised of more than one tangent will generally
include a set of pointsknown as Points of Intersection, or PIs. The
defining points of each tangent areshared with those two tangents
to which are immediately adjacent to it. As thesepoints define the
tangents, as well as any points, which may have defined the
locationof the connecting tangents, they should be considered the
cardinal points of thealignment. Though second order points, such
as Points of Curve (PCs) and pointsalong curves, can be defining,
it is the existence of the PI, which must exist for a curveto
exist. It is the PI that will remain constant between two tangents
despite whatchanges are made to the curvature itself.

Curves are alignment elements allowing for easy transition
between two tangents.Horizontal curves are considered circular
though they are actually arcs, which representonly a portion of a
complete circle. All curves can be defined by two aspects. Theangle
of deflection (I) is defined at the Point of Intersection (PI) by
the difference inbearing between the two tangents. This aspect is
fixed by the tangents. With I, thecurve may be defined by any of
the other following aspects (See Figure 6-2).
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Curves are general specifiedin one of two ways, byDegree of
Curve or by RadiusR. Degree of curve can be

defined in two ways. Thechord definition (Dc) isdefined as the
anglesubtended per 100-footchord. The arc definition (D)is defined
as the anglesubtended per 100-foot arc.(See Figure 6-3) In
eithercase, the severity or sharpnessof the curve is specified as
thedegree of curve, with larger

numbers representing tighter(smaller radius) curves. Though the
differences between the chord definition and arcdefinition are
slight at smaller degrees of curvature, the difference gets
progressivelylarger as the curves get tighter (See Figure 6-4).
Furthermore, chord defined curves arestationed about the chords
subtended, while arc defined curves are stationed about theactual
path of the curve (or arc). Again, the differences are slight at
small degrees ofcurvature, but increase, as the curves get sharper.
The stationing difference is furthermagnified by the length of
curve.

Figure 6-3 Degree of Curve by Chord & Arc Definition

Figure 6-2 Point of Intersection (PI)

2003 AREMA


	
8/10/2019 Chapter_6 - Railway Track Design

8/48

C H A P T E R 6 R A I L W A Y T R A C K D E S I G N

6666----8888

Figure 6-4 Chord Length vs. Arc Length for Degree of Curve

North American freight railways use the chord-defined curve
exclusively. This is incontrast to highway design, some light rail
systems and nearly all other alignmentshistorically and currently
being designed with arc defined curves. Though theindividual
differences between chord and arc defined curves may be considered
slightfor specific curves, this difference can be magnified
considerably on longer alignmentswith moderate amounts of
curvature.

Though a curve denoted by a degree of curveis easily recognized
and accepted by mostengineers as establishing a certain severity
ofcurvature, the relationship between two curves

with different degrees of curvature is not aswidely
comprehended. It must beunderstood, that the radius of a
six-degreecurve is not exactly half of that of a three-degree
curve. Due to the sinusoidal nature ofthe formulae, which produce
the degrees ofcurve nomenclature, the relative differences inradii
are more logarithmic. For example, theradius for a two-degree curve
is 2864.93 feetand 2292.01 feet for a two-and-a-half-degreecurve.
This compares with 478.34 feet and

459.28 feet for twelve and twelve-and-a-half-degree curves
respectively.

There have been some alignments established about the turn of
the 20th century inmountainous areas along the west coast, which
used curves defined by the anglesubtended by a 50-foot chord. It is
not known if or how many of these alignments andrecords may still
exist today. There has been some reference made to defining
metric

Degreeof Curve

Radius Rc

1

0

5729.6520 2864.9330 1910.0840 1432.6950 1146.28100 573.69150
383.07

Figure 6-5 Degree of Curve to Radius Relationship
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curves as D (degrees per 20 meter arc). However, there does not
seem to be anywidespread incorporation of this practice. When
working with light rail or in metricunits, current practice employs
curves defined by radius.

As a vehicle traverses a curve, the vehicle transmits a
centrifugal force to the rail at thepoint of wheel contact. This
force is a function of the severity of the curve, speed ofthe
vehicle and the mass (weight) of the vehicle. This force acts at
the center of gravityof the rail vehicle. This force is resisted by
the track. If the vehicle is traveling fastenough, it may derail
due to rail rollover, the car rolling over or simply derailing
fromthe combined transverse force exceeding the limit allowed by
rail-flange contact.

This centrifugal force can becounteracted by the application
ofsuperelevation (or banking), whicheffectively raises the outside
rail in thecurve by rotating the track structureabout the inside
rail. (See Figure 6-6)The point, at which this elevation of
theouter rail relative to the inner rail is suchthat the weight is
again equallydistributed on both rails, is consideredthe
equilibrium elevation. Track israrely superelevated to the
equilibriumelevation. The difference between theequilibrium
elevation and the actualsuperelevation is termed underbalance.

Though trains rarely overturn strictlyfrom centrifugal force
from speed(they usually derail first). This samelogic can be used
to derive the overturning speed. Conventional wisdom dictates
thatthe rail vehicle is generally considered stable if the
resultant of forces falls within themiddle third of the track. This
equates to the middle 20 inches for standard gaugetrack assuming
that the wheel load upon the rail head is approximately 60-inches
apart.As this resultant force begins to fall outside the two rails,
the vehicle will begin to tipand eventually overturn. It should be
noted that this overturning speed would varydepending upon where
the center of gravity of the vehicle is assumed to be.

There are several factors, which are considered in establishing
the elevation for a curve.The limit established by many railways is
between five and six-inches for freightoperation and most passenger
tracks. There is also a limit imposed by the FederalRailroad
Administration (FRA) in the amount of underbalance employed, which
isgenerally three inches for freight equipment and most passenger
equipment.

Figure 6-6 Effects of Centrifugal Force
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Underbalance limitsabove three to fourinches (to as much as
fiveor six inches upon FRA

approval of a waiverrequest) for specificpassenger equipment
maybe granted after testing isconducted.

Track is rarely elevated toequilibrium elevationbecause not all
trains willbe moving at equilibriumspeed through the
curve.Furthermore, to reduceboth the maximumallowable
superelevation along with a reduction of underbalance provides a
margin formaintenance. Superelevation should be applied in 1/4-inch
increments in mostsituations. In some situations, increments may be
reduced to 1/8 inch if it can bedetermined that construction and
maintenance equipment can establish and maintainsuch a tolerance.
Even if it is determined that no superelevation is required for a
curve,it is generally accepted practice to superelevate all curves
a minimum amount (1/2 to3/4 of an inch). Each railway will have its
own standards for superelevation andunderbalance, which should be
used unless directed otherwise.

The transition from level track on tangents to curves can be
accomplished in two ways.

For low speed tracks with minimum superelevation, which is
commonly found in yardsand industry tracks, the superelevation is
run-out before and after the curve, or throughthe beginning of the
curve if space prevents the latter. A commonly used value for
thisrun-out is 31-feet per half inch of superelevation.

On main tracks, it is preferred to establish the transition from
tangent level track andcurved superelevated track by the use of a
spiral or easement curve. A spiral is a curvewhose degree of curve
varies exponentially from infinity (tangent) to the degree of
thebody curve. The spiral completes two functions, including the
gradual introduction ofsuperelevation as well as guiding the
railway vehicle from tangent track to curved track.Without it,
there would be very high lateral dynamic load acting on the first
portion of

the curve and the first portion of tangent past the curve due to
the sudden introductionand removal of centrifugal forces associated
with the body curve.

There are several different types of mathematical spirals
available for use, including theclothoid, the cubic parabola and
the lemniscate. Of more common use on railways arethe Searles, the
Talbot and the AREMA 10-Chord spirals, which are
empiricalapproximations of true spirals. Though all have been
applied to railway applications to

Figure 6-7 Overbalance, Equilibrium and Underbalanced
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CentrifugalForce
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some degree over the past 200 years, it is the AREMA 10-Chord
spiral, which gainedacceptance in the early part of the
20thcentury. The difference in results between theAREMA 10-chord
spiral and a cubic parabola upon which it was based are
negligible

for s less than 15, which is sufficient for all situations
except some tight light rail

curves.

Spirals are defined by length in increments of ten-feet. There
are two criteria generallyused for the establishment of spiral
length. The first is the rotational acceleration ofthe railway
vehicle about its longitudinal axis. The second is the limiting
value of twistalong the car body. The rotational acceleration
criteria will generally only apply athigher speeds. In the event
that the rotational acceleration dictates a spiral, which istoo
long for the location desired, the shorter car body twist value can
be used. ThoughAREMA has long established values for spiral lengths
based upon these criteria, manyrailways use other criteria.

Referencing Section 3.1.1 of the AREMA Manual for Railway
Engineering, therecommended formula for the minimum length of the
spiral is:

L(min) = 1.63(Eu)V

Where L(min)= desirable length of the spiral in feetEu=
unbalanced superelevation in inchesV = maximum train speed in miles
per hour

For specialty passenger equipment equipped with car-body roll
mechanics with respectto the track, AREMA recommends the following
formula for length of spiral:

L(min) = 62 Ea

Where L(min)= desirable length of the spiral in feetEa= actual
elevation in inches

In locations where obstructions make it impossible to provide a
spiral of desired lengthor where the cost of realignment would be
prohibitive, the short spiral as defined by:

L(min) = 1.22 EuV may be used.

Where L(min)= desirable length of the spiral in feet

Eu= unbalanced elevation in inchesV = maximum train speed in
miles per hour

The Transportation Research Board (TRB) recommends an additional
formula forspiral length for light rail vehicles:

L(min) = 1.13 EaV in addition to the AREMA formulae
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Where L(min)= desirable length of the spiral in feetEu=
unbalanced elevation in inchesV = maximum vehicle speed in miles
per hour

Spiral curves can be staked out by using either the deflection
angle method or by usingoffsets from the tangent. The following
procedures are provided from the AREMAManual for Railway
Engineering, Sections 3.1.3 through 3.1.7.

Notations for Spiral CurveD = degree of circular curved = degree
of curvature of the spiral at any pointl = length from the T.S. or
S.T., to any point on the spiral having coordinates x and ys =
length l in 100-foot stationsL = total length of spiralS = length L
in 100-foot stations

= central angle of the spiral from the T.S. or S.T. to any point
on the spiral

= central angle of the whole spirala = deflection angle from the
tangent at the T.S. or S.T. to any point on the spiralb =
orientation angle from the tangent at any point on the spiral to
the T.S. or S.T.A = total spiral deflection angleB = total
orientation angle of the spiralXo= coordinate of designated
location of tangent offset oX, Y = coordinates of S.C. or C.S. from
T.S. or S.T.k = increase in degree of curvature per 100-foot
station along the spiralo = tangent offset distance from tangent to
simple curve extendedt = tangent distance from T.S. to S.C. or C.S.
to S.T.

2003 AREMA


	
8/10/2019 Chapter_6 - Railway Track Design

13/48

C H A P T E R 6 R A I L W A Y T R A C K D E S I G N

6666----13131313

Formulae for Spiral Elementsd = ks = kl/100; D = kS = kL/100

= ()ks2 = dl/200; = ()kS2 = DL/200

a = (1/3)= (1/6)ks2; A = (1/3)= (1/6)kS2

b = (2/3); B = (2/3)

y = 0.582s - 0.000012643 s

x = 1-0.0030482s

o = 0.1454S

Xo= ()L - 0.000508

2

SX = 100S 0.000762K2S5

Y = 0.291KS3 0.00000158K3S7

t = 100S/2 0.000127k2S5Ts= (R + o) tan (I/2) + XoEs= (R +
o)exsec (I/2) + o

Staking Spirals by Deflections

From (o - Xo), Ts, the T.S. and S.T. may be located from the PI
of the curve shownabove. Determining the Esis useful in adjusting
the degree D of the circular curve if itis desired to limit the
throw of the center of the curve, or balance the throw of
theexisting track.

The entire spiral may then be run from the T.S. or S.T., after
determining thedeflection angle "a" from the tangent to any point
on the spiral.

Figure 6-8 Spiral Components AREMA Manual for Railway for
Railway Engineering, Chapter 5
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Deflection angles with the transit at any point on the spiral
other than the T.S. may bedetermined from the principle that the
spiral at the transit point deflects from a circularcurve having
the same degree as the spiral at that point at the same rate as it
does fromthe tangent at the T.S. To continue the spiral from any
intermediate transit point, the

transit is backsighted on the T.S. with an angle set off equal
to twice the deflectionangle from the T.S. to the transit point.
The transit will then read zero along thetangent to the spiral at
that point. For any succeeding spiral point, the deflection
anglefor a circular curve, having the same degree as the spiral at
the transit point and alength equal to the distance from the
transit to the spiral point, is then calculated. Tothis, the
deflection angle is added for the same length of spiral, but
calculated, as itwould be from the T.S.

To locate the spiral with the transit at the S.C. or C.S., the
deflection angles, to setpoints on the spiral, are equal to the
deflection angles for the corresponding points onthe circular curve
(extended), less the deflection angles of the spiral from the
circular

curve. The deflection angles of the spiral from the circular
curve are the same as forthe corresponding lengths of the spiral
from the T.S.

In staking by deflection, it is sometimes convenient to divide
the spiral into a numberof equal chords. The first or initial
deflection (a1) may be calculated for the first chordpoint. The
deflections for the following chord points are a1times the chord
numbersquared. Examples of the method of staking spirals by the
deflection method may befound in the Appendix.

Staking Spirals by Offsets

The spiral may be staked to the midpoint by right-angle offsets
from the tangent and

from there to the normal offsets from the circular curve
(between the offset T.C. andthe S.C.). The offset at midpoint 1/2 o
and the other offsets vary as the cubes of thedistances from the
T.S. or the S.C. The method of staking a spiral by offsets
isillustrated in the Appendix.

Applying the Spiral to Compound Curves (AREMA 1965)

In applying a spiral between two circular curves of a compound
curve, the length ofspiral is determined from the speed of
operation and the difference in elevation of thetwo circular
curves. The spiral offset o may be found from the formula given,
usinga value of D equal to the difference in the degrees of
curvature of the two circular

curves. The spiral extends for one-half its length on each side
of the offset point ofcompound curvature. The spiral deflects from
the inside of the flatter curve and fromthe outside of the sharper
curve at the same rate as it would from the tangent. Thespiral may
be staked by deflection angles from either end. If the transit is
located at thespiral point on the flatter curve, reading zero when
sighting along the tangent to thecircular curve, the deflection
angles to set points on the spiral are equal to thedeflection
angles for corresponding points on the circular curve (extended),
plus the
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deflection angles of the spiral. If the transit is set at the
spiral point on the sharpercurve, the deflection angles are equal
to the deflection angles for that circular curve(extended) minus
the deflection angles for the spiral.

As an alternative, the spiral can be staked out by offsets from
the two circular curves.The offset at the middle point of the
spiral equals 1/2 o, and the other offsets vary asthe cubes of the
distances from the ends of the spiral. Examples of applying a
spiral tocompound curves may be found in the Appendix.

6.3 Vertical Alignments

Vertical alignments are generally less complex than horizontal
alignments. As such, itwould seem that they are often overlooked
during the early part of many designprocesses resulting in
unnecessary re-design of horizontal alignments late in the
designphase or settling for less than optimal vertical designs. The
grades, which must betraversed by rail vehicles, are generally much
more limiting than highway vehicles, dueto both the limited amount
of friction available at the interface of the steel wheel andthe
steel rail, as well as the substantially smaller power to weight
ratio of rail vehicles.Vertical alignments are comprised of the
same two components as horizontalalignments (tangents and curves),
but with some differences in composition andterminology.

Vertical tangents, commonly referred to as grades, are straight
lines effectively plottedin the Z-plane or vertically. These
tangents are classified by the grade or incline. Thegrade is
measured in the amount of rise or fall over a distance and is
expressed in terms

of percent. For example, a grade, which rises 1.5 feet in 100
feet traveled, is referred toas 1.5%. If the grade drops 1 foot
over 200 feet, the grade is termed 0.5%. Note thatthe relative
positive or negative is determined by the net gain or loss of
elevation in thedirection of increasing station. The concepts
pertaining to two points defining a line,three points for
establishing an existing tangent and two tangents meeting at a PI
areidentical in concept. Only the terminology is different.

Like horizontal tangents, vertical tangents are generally
connected via curves. Unlikehorizontal alignments, vertical curves
are almost always parabolic in nature rather thancircular.

Vertical curves are specified in length and denoted as the total
grade change divided bythe length of vertical curve. This ratio is
denoted as R. This is effectively the inverseof K, which is
employed by highway designers for which the values are length
ofcurve per percent grade change.

The application of vertical curves through the specification of
R is highlymisunderstood. AREMA had long specified in the Manual
for Railway Engineering
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that acceptable values of R should be 0.05 units for sags
(valleys) and 0.10 for summits(hills) for main lines, and twice the
preceding values for secondary and branch lines.These criteria
actually date back some 140 years earlier and were apparently
establishedaround the Civil War by Wellington, a very respected
engineer whose guidance on

railway route design is still held in high regard today. Modern
freight railways still usecriteria based upon this guidance with
the exception of yard and industry tracks wherethe values are much
higher.

L = Length of vertical curve in 100-ft stationsR = Rate of
change of grade per station

D = Algebraic difference of rates of gradeM = Offset in
elevation at BL = D/R

When vertical curve is concave downwards M = (Elev B x 2) -
(Elev A + Elev B)4

When vertical curve is concave upwards M = (Elev A+ Elev C) -
(Elev B x 2)4

The offset for any other point on a vertical curve is
proportional to the square of itsdistance from A or C to B.

Offsets are - when the vertical curve is concave downwards and +
when the vertical

curve is concave upwards.

The criticism of this criteria is two-fold. First, the result is
generally long verticalcurves, which are disproportionate to others
used in similar applications such ashighways. The second is the
opinion of many who believe that the establishment ofvertical curve
length should be partially based upon vehicular speed and thus
verticalacceleration, alas again similar to highway design.

Recently, AREMA adopted new criteria similar to that being
employed by light raildesigners, and some other passenger rail
companies have departed from the prior

AREMA guidance. The new procedure solves for the length by:

A

KVDL

=

2

where: A = vertical acceleration in ft/sec2
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D = absolute value of the difference in rates of grades
expressed as adecimalK = 2.15 conversion factor to give L in feetL
= length of vertical curve in feet

V = Speed of the train in miles per hour

AREMA recommends a value of 0.10 and 0.60 for freight and
passenger operationsrespectively for both sag and summit curves.
Specific railways or passenger railagencies may use different
values for A which should be established prior to design.

The new criteria will produce shorter vertical curves for most
freight situations. Thedesigner should be cautioned that where the
older non-speed-based criteria has beenapplied, there are not any
general restrictions for the locations of any single verticalcurve
relative to others or horizontal geometry. However, AREMA
specificallyrecommends against placing vertical curves designed
with the new criteria within thelimits of horizontal spiral
elements or within 100 feet of adjacent vertical curves.

Some passenger rail organizations incorporate a formula for the
calculation of verticalcurve lengths, which is similar to the
highway definition using K. An example of thisformulation is as
follows:

Crests LVC = 250 (A)

Sags LVC = 500 (A)

Where LVC = length of vertical curve in feetA = |(G2 G1)| =
algebraic difference in gradients connected by the vertical

curve in percentG1= percent grade of approaching tangentG2=
percent grade of departing tangent

Generally these values may or may not yield similar results to
the new AREMAmethodology.

In applying either vertical curve criteria, the designer can
generate a calculation for therequired vertical curve length to the
decimals of a foot. In practice, the designer shouldround the
calculated value up to at least the nearest ten feet (e.g., 537.51
ft becomes540 ft). Likewise, some railways have limits on the
minimum length of vertical curves.For example, the designer must be
cognizant of 50 or 100 feet.

6.4 Alignment Design

In a perfect world, all railway alignments would be tangent and
flat, thus providing forthe most economical operations and the
least amount of maintenance. Though this is
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never the set of circumstances from which the designer will
work, it is that ideal thathe/she must be cognizant to optimize any
design.

From the macro perspective, there has been for over 150 years,
the classic railway

location problem where a route between two points must be
constructed. One optionis to construct a shorter route with steep
grades. The second option is to build a longerroute with greater
curvature along gentle sloping topography. The challenge is for
thedesigner to choose the better route based upon overall
construction, operational andmaintenance criteria. Such an example
is shown below.

Figure 6-9 Heavy Curvature on the Santa Fe - Railway Technical
Manual - Courtesy of BNSF

Suffice it to say that in todays environment, the designer must
also add to the decisionmodel environmental concerns, politics,
land use issues, economics, long-term trafficlevels and other
economic criteria far beyond what has traditionally been
considered.These added considerations are well beyond what is
normally the designers task ofalignment design, but they all affect
it. The designer will have to work with these issuesoccasionally,
dependent upon the size and scope of the project.

On a more discrete level, the designer must take the basic
components of alignments,tangents, grades, horizontal and vertical
curves, spirals and superelevation andconstruct an alignment, which
is cost effective to construct, easy to maintain, efficientand safe
to operate. There have been a number of guidelines, which have
beendeveloped over the past 175 years, which take the foregoing
into account. Theapplication of these guidelines will suffice for
approximately 75% of most designsituations. For the remaining
situations, the designer must take into account how the
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track is going to be used (train type, speed, frequency, length,
etc.) and drawing uponexperience and judgment, must make an
educated decision. The decision must be inconcurrence with that of
the eventual owner or operator of the track as to how toproduce the
alignment with the release of at least one of the restraining
guidelines.

Though AREMA has some general guidance for alignment design,
each railway usuallyhas its own design guidelines, which complement
and expand the AREMArecommendations. Sometimes, a less restrictive
guideline from another entity can beemployed to solve the design
problem. Other times, a specific project constraint canbe changed
to allow for the exception. Other times, its more complicated, and
thedesigner must understand how a train is going to perform to be
able to make aneducated decision. The following are brief
discussions of some of the concepts whichmust be considered when
evaluating how the most common guidelines wereestablished.

A freight train is mostcommonly comprised ofpower and cars.
Thepower may be one orseveral locomotiveslocated at the front of
atrain. The cars are thenlocated in a line behindthe power.
Occasionally,additional power is placedat the rear, or even in
thecenter of the train and

may be operated remotelyfrom the head-end. Thetrain can be
effectivelyvisualized for thisdiscussion as a chain lyingon a
table. We will assume for the sake of simplicity that the power is
all at one end ofthe chain.

Trains, and in this example the chain, will always have
longitudinal forces acting alongtheir length as the train speeds up
or down, as well as reacting to changes in grade andcurvature. It
is not unusual for a train to be in compression over part of its
length

(negative longitudinal force) and in tension (positive) on
another portion. These forcesare often termed buff (negative) and
draft (positive) forces. Trains are most oftenconnected together
with couplers (Figure 6-10). The mechanical connections of
mostcouplers in North America have several inches (up to six or
eight in some cases) ofplay between pulling and pushing. This is
termed slack.

Figure 6-10 Automatic Coupler
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If one considers that a long train of 100 cars may be 6000'
long, and that each carmight account for six inches of slack, it
becomes mathematically possible for alocomotive and the front end
of a train to move fifty feet before the rear end moves atall. As a
result, the dynamic portion of the buff and draft forces can become
quite

large if the operation of the train, or more importantly to the
designer, the geometry ofthe alignment contribute significantly to
the longitudinal forces.

As the train moves oraccelerates, the chain is pulledfrom one
end. The force at anypoint in the chain (Figure 6-11)is simply the
force being appliedto the front end of the chainminus the
frictional resistanceof the chain sliding on the tablefrom the head
end to the pointunder consideration.

As the chain is pulled in astraight line, the remainder of the
chain follows an identical path. However, as thechain is pulled
around a corner, the middle portion of the chain wants to deviate
fromthe initial path of the front-end. On a train, there are three
things preventing this fromoccurring. First, the centrifugal force,
as the rail car moves about the curve, tends topush the car away
from the inside of the curve. When this fails, the wheel treads
areboth canted inward to encourage the vehicle to maintain the
course of the track. Thelast resort is the action of the wheel
flange striking the rail and guiding the wheel backon course.

Attempting to push the chain causes a different situation. A
gentle nudge on a shortchain will generally allow for some movement
along a line. However, as more force isapplied and the chain
becomes longer, the chain wants to buckle in much the same wayan
overloaded, un-braced column would buckle (See Figure 6-12). The
same theoriesthat Euler applied to column buckling theory can be
conceptually applied to a trainunder heavy buff forces. Again, the
only resistance to the buckling force becomes thewheel/rail
interface.

Figure 6-11 Force Applied Throughout the Train - ATSF Railroad
TechnicalManual - Courtesy of BNSF
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With this chain example, it becomes apparent that the
greaternumber of curves which must be traversed by a single train,
themore the train wants to deviate from its proposed route. It is
thusimportant to conclude that one long curve is better than
several

smaller curves with collectively the same total defection.
Thephysical act of bending the train, straightening the train,
bendingthe train and straightening the train exerts more force
(i.e. wear andmaintenance) on the track structure trying to guide
the rail vehicle.If the rail structure happens to vary from a
perfectly maintainedcondition and/or a car of similar maintenance
condition happensto pass over the same point, the likelihood for a
derailment isincreased. It is also less comfortable for
passengers.

This reduction in the individual number of curves should
beapplied to vertical curves as well. (See Figure 6-13) Draft and
buffforces can vary greatly over the length of a train as a result
of grades.As a train travels the length of an alignment, the forces
produced bya given length of train on a given severity of grade is
constantly changing. It is fareasier for an engineer to compensate
for long steady grades than to constantly have toadjust brakes and
throttle positions to keep consistent speeds over a rolling
terrain.

Though compoundcurves are notuncommon withrailway
alignments,reversing curvesshould be avoided at

all costs. Withreverse curves, thereare two dynamiccomponents
actingon a single car or railvehicle causing ayawing effect,
whichis of concern. Thefirst uses the chainexample. Each railway
car represents one link in the chain. One end of the chain
haslateral forces applied to it in one direction from the draft or
buff forces in addition to

the centrifugal forces. The other end of the car has similar
forces applied, but in theopposite direction (See Figure 6-14). The
net effect is a couple about the center of thecar. This compares to
a car on a single curve where the forces at either end of the
carare acting in the same direction and thus counter-acting one
another. This coupleeffect greatly increases the likelihood of the
train buckling and thus a derailment.

Figure 6-12 Euler'sCritical Buckling

Theory

Figure 6-13 Vertical Curve Induced Buff and Draft Forces - ATSF
Railroad TechnicalManual - Courtesy of BNSF
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Secondly, as the rail vehicleleaves the first curve, theguiding
effect of the trackis acting to counter the

centrifugal force until suchtime that the first truckexits the
curve. Therotational momentum

about the vertical axis ofthe car will generally forcethe
restraining effect fromthe outside rail to the inside rail
immediately after exiting the curve. To have a secondreversing
curve will cause a sudden and abrupt force acting to change the
rotation ofthe car the other direction. This sudden reversing of
direction causes excessivehorizontal forces across the rail at the
wheel/rail interface, which can be a derailment

hazard.

There is also a practical limit between the translations of
coupler faces of adjoiningcars. A railway car traversing one curve
will have the coupler faces at the extreme endof the car translate
to the outside of the first curve. This outside of the first
curvetranslates to the inside of the second curve. The adjoining
car translating the secondcurve will shift the coupler face to the
outside of the second curve, which is oppositethe first. There is a
practical limit, based upon the individual car design of each
car(which may not be the same for each car), which may result in
the forcing of one of thetwo cars off the track if the curvature is
too sharp.

To alleviate this yawing effect, all reversing curves should be
separated by a tangentbetween the curves, though the exact length
required will depend upon a number offactors. The AREMA Manual for
Railway Engineering provides recommendations foryard tracks only,
strongly recommending at least one car length worth of
distancebetween reversing curves. However, there are some
provisions for much smallertangents, or even none between lesser
curves in tight, light-use yard tracks. Railwaysthemselves
generally have their own criteria, most insisting on at least one
car lengthregardless of the constraints. In the event that
reversing curves cannot be avoided,there should be no
superelevation applied to the track (0 cross-level) for at least
onecar length on either side of the point of reverse curvature
(PRC).

Tangent length between reversing curves on lines outside of
yards and terminals is

generally much longer. For freight, each railway has its own
requirements, generallybeing 150 to 300 feet depending upon track
speed and conditions. This allows for thesubtle instabilities of a
railway car exiting a curve onto a tangent to stabilize
beforeintroducing forces to cause it to move in the opposite
direction. For passenger traffic,the generally accepted criteria is
a tangent in length representing two seconds of traveltime (some
agencies prefer three seconds). This criterion is generally based
on

Figure 6-14 Angle of Attack Leading Wheels Entering a Curve -
ATSF RailroadTechnical Manual - Courtesy of BNSF
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passenger comfort, and may be extended for locations where two
seconds of travelwould equate to less than a single car length.

Light rail limitations for reversing curves are similar to heavy
rail, with the resulting

constraints having the same root causes. Because the trains are
shorter, and the trackcan be designed for specific rail vehicles,
specific criteria for tangent lengths betweencurves can be more
generally defined.

The Transportation Research Board (TRB) Track Design Handbook
for LightRail Transit recommends a desired tangent length between
curves of 300 feet,with an absolute minimum of 100 feet. For lead
tracks and industrial spurs, aminimum tangent distance of 50 feet
should be provided between curve points.All turnouts should be
located on tangents.

Maximum allowable curvature can be defined by several factors.
For mainlines, thepractical maximum train speed is generally
limited by curvature. However, just because

a proposed route may be planned for train speeds of only 30 mph,
does not necessarilymean that all curves should be made as sharp as
possible. Sharp curves result in moremaintenance and more operating
expense. The designer must weigh the operatingconditions and
physical conditions, such that both the amount of curvature
andseverity do not present undue maintenance costs or operating
restriction.

Other considerations must be given due thought during alignment
development. Theuse of large amounts of superelevation to allow for
high speeds over moderate curveswhere trains may be frequently
stopped will also have an adverse effect. Consider amain line with
a timetable speed of 70 mph. However, there is a control point
only1,500 feet past a 1-degree, 45-minute curve. This curve
placement causes two

concerns. First, there could be sight distance issues where the
absolute signal is notvisible far enough in advance to be able to
stop a train short of a red signal at timetablespeed. Second,
assuming the railway incorporates one-inch of underbalance, the
curvewould be superelevated five inches. This extreme crosslevel of
the track is a significantderailment risk if trains frequently stop
at the absolute signal.

The location of grade crossings or railway crossing diamonds may
also limit trainspeed. A proposed grade crossing of a street with
high superelevation may requiresignificant or unacceptable
modifications to the vertical profile of the road. Crossingdiamonds
frequently are restricted to trains speeds of 40 mph or less due to
both safetyand maintenance considerations.

For standard gage track, the cant of the rail and the conical
profile of the wheel treadwill generally guide the rail vehicle on
curves up to three degrees before flange/railcontact begins to
regularly occur (thus significant curve wear of rail head
begins).Heavy haul North American freight railways frequently have
curvature well in excess ofthree degrees, and may be as much as ten
to twelve degrees or more. In these tightcurvature situations, the
physical obstacles to the alignment were apparently so costlyto
remove, that the significant increase in maintenance costs and
reduction in operating
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efficiency was accepted despite the application of high
curvature. Generally speaking,most North American freight railways
prefer new lines constructed for moderate toheavy use to
incorporate curvature of six to seven-and-one-half degrees or
less.

Curvature within yards, terminals and industry tracks is based
more upon practicallimits and maintenance considerations. For
freight railways, most equipment canphysically traverse curves of
seventeen degrees or more, but there are frequentlyrestrictions
upon train make-up that cannot always be accounted for and such
extremecurvatures are to be avoided.

The problem of extreme curvature can be manifested in one of
three ways. There is apractical limit to how much the railway
trucks under the car body can swivel beforebeing restricted by
physical features of car design (striker openings of the
couplerhousing that keep the couplers in line to facilitate
coupling). Often times, the car mayturn sharper, but critical
components such as brake rigging are damaged even thoughthe car is
not physically derailed.

The second limit has to do with the relative position of coupler
faces at the extremeends of cars. As a car traverses a curve, the
center of the car between the truckstranslates to the inside of the
curve, while the extreme ends of the car and the couplerstranslate
to the outside of the curve. If the two cars coupled together are
of the samedesign, the limiting factor can be if the inside corners
of the ends of the cars may meet,or the coupler is twisted to the
point of failure. A greater problem is a longer carcoupled to a
shorter car (Figure 6-15). The coupler face of the longer car
translatesfarther off the centerline of track than the shorter one,
physically pulling the shorter caroff the track. The shorter car is
usually the one that derails first due to the mechanicaladvantage
of the longer distance from the end of the longer car to the truck
center.

Figure 6-15 Long Car Coupled to a Short Car - Railroad Technical
Manual - Courtesy of BNSF

Extreme curvature is also a problem resulting from the
longitudinal forces in a train.The buff and draft forces acting
through the coupler faces of the individual cars oncurves will
naturally result in a horizontal force component. As the curve
radiusdecreases, the horizontal component of this force becomes
larger. As curves becomesharper and train forces become greater due
to geometric, operational or train size
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factors, the likelihood of a derailment, at least partially
resulting from increasedlongitudinal forces, increases.

During the design process for yards, terminals or industrial
tracks, the designer should

first consider the guidelines provided by the serving railway.
These should be followedclosely for terminal and yard design, with
design exceptions being identified early andthe variances
minor.

For industrial track design, the designer must weigh all the
constraints and the servingrailways track standards before
exceeding any guidelines. In most cases, the serving

railway will have published guidelines limiting curvature on
industrial tracks from 930

to 1230. Depending upon the situation, the servicing railway may
or may notapprove curvature beyond these limits, but there will be
an ultimate limit that they willnot serve despite the assertion
that the railway equipment can physically traverse theproposed
alignment. Any exceptions will have to be approved prior to service
by the

railway, so this approval should be granted prior to
construction. It should be furthernoted, that in those facilities
which handle unit trains or other long cuts of cars, theguidelines
provided by the servicing railway are generally much more
stringent.

Curvature limits for light rail traffic are much higher than for
traditional heavy railequipment. Like heavy rail, main line
curvature is generally limited by a combination ofsuperelevation
practices and vehicular speed. However, on most light rail systems,
allthe vehicles are the same or very similar. Sometimes, rail
equipment is specificallydesigned for the existing systems track
geometry. Because of this homogeneality ofequipment on independent
systems, curvature limitations can be approached morereadily as the
same limit applies to all equipment rather than a range of values
foundwith the vastly different equipment handled by heavy rail
systems.

The generally accepted minimum radius is 500 feet for general
main routes. This can bereduced to as low as 115 feet for track
embedded in pavement. Absolute minimumsare established by the
equipment used and could be as low as 82 feet or less.

Because severe gradients along an alignment can affect the
ultimate speed, fuel usage,and power requirements, the gradients on
new alignments are usually scrutinized moreclosely than horizontal
alignments. Railway gradients are generally much less severethan
roadways. Where a highway in mountainous areas may have grades of
six or eightpercent, a railway grade may only be 1.5% or up to
around two percent. For main lineroute design, the concept of
ruling grade must be defined. The ruling grade along an

alignment is the grade whose curvature severity and length
combined is the definingcriteria for matching locomotive power to
train tonnage. (See Chapter 2 IndustryOverview.) This grade may not
be the steepest, or the longest. Shorter, steeper gradesare termed
momentum grades. The severity of these grades are short enough that
themomentum of the train moving at track speed combined with the
trains maximumpower is able to ascend the grade at an acceptable
speed.
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If the ruling grade becomes too severe, the railway may have
what is termed a helperdistrict. This is a section of the alignment
where additional locomotives are added tothe train (usually at the
end, but occasionally at the front or in the middle) to assist
thetrain up (and sometimes down) the grade. These grades are
usually in excess of two

percent and should be avoided due to the inefficiencies afforded
the operation. Inmost cases, North American freight railways will
limit all new main line grades to underone percent.

Grades for passenger equipment can generally be more severe
because the equipmentis lighter relative to the power available to
overcome the grade. However, the reasonthat the power to weight
ratio is less for passenger equipment is because the desiredspeed
is higher than with freight. The relationship between horsepower,
whichprovides speed, and tractive effort, which is needed for
overcoming grades, is such thata slight increase in gradient can
result in a substantial loss in speed above 50 mph.Steep grades on
passenger routes should be limited to very short segments
ormomentum grades, or in areas where train speed is already
restricted due to curvatureor other constraints.

Light rail gradients are even more flexible, with main line
grades of four percentcommonly ascended without loss in velocity.
Short grades may be as high as sevenpercent or more. However, the
vehicle manufacturer and the light rail system criteriadefine the
maximum allowable gradient on any particular system.

Many designers have been taught to attempt to balance grading
work duringconstruction. In practice, this has lead to railways
constructed with undulating grades.If these grades become
significantly different, train handling becomes very
difficultbecause different portions of the train are constantly
changing from a draft to buff and

back to draft condition. With extreme grade fluctuations, the
train can actually break intwo from these undulations. Good design
practice should allow for a single train tonever be on more than
one increasing and decreasing grade at one time.

The actual operation of the track needs to be considered when
establishing grades.Control points on severe gradients are
particularly problematic (Figure 6-16). A heavytrain descending a
grade will often have difficulty stopping for an unexpected
stopsignal. Likewise, ascending grades should be limited to 0.50%
where heavy trains are tostart from a standing stop.
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Figure 6-16 Control Point on a Heavy Grade - ATSF Railroad
Technical Manual - Courtesy of the BNSF

Grades in yards and industrial tracks can occasionally be
steeper than those found onmain lines due to the limited speed and
train length. Serving railways will provide what

they consider to be their maximum gradients for industrial and
yard tracks (typically thelimits are between 1.5% and 3.0%,
depending upon the carrier). Though it isoccasionally exceeded,
three percent seems to be a practical maximum for most
freightterminals.

Design of railway grades must take into consideration what is
happening with thecorresponding horizontal alignment. Train braking
systems function through the useof pressurized air. It is not the
existence of pressurized air in the reservoir of a railwaycars
braking system, but the differential pressure created by the
release of air from thereservoir that actually produces the braking
action. Without the hand brake set andwithout air in the braking
system, rail cars are free to roll.

This situation lends itself well to the switching and sorting of
cars, such that cars can bereleased (or kicked) and allowed to roll
down particular tracks. At major classificationfacilities, gravity
or hump yards are used for the classification of cars. Freight cars
aresent over a hump and allowed to roll freely under the influence
of gravity intopredetermined tracks shaped like a bowl, where they
come to rest or are stopped bycars already there. The rollability
of cars allows for the classification of grades within
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yards as deceleratingless than 0.10%),rolling (between0.10% and
0.25%),

and accelerating(greater than 0.25%).See Figure 6-17.

These conceptsbecome importantfor not only rail yards,but also
industrialtracks. In spite of thefact that goodoperating
practicedictates that cars leftat an industry or siding should have
at least one hand brake set to prevent movement,the number of cars
which somehow wind up with the hand brake not set is of
someconcern. Tracks, which are to have cars at rest for any length
of time, should berelatively flat (
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Segment A Switching Lead or Drill Track: The gradient should
berelatively flat with 0.00% preferred.

Segment B & C Ladder and Switch to the Clearance Point:
Preferredgradients range from -.20% to -.30%.

Segment D Clearance Point to Clearance Point: Preferred gradient
isslightly descending from 0.10% to 0.00%.

Segment E, F, G and C Leaving End of the Yard: Need 300 feet of
0.3%gradient to prevent rollouts.

Grades and grade changes can have a significant effect on
horizontal geometries. If thegrades over which the train is
traveling are acting to complement the action of the train

by reducing longitudinal forces, then this situation may allow
for more extremehorizontal geometries. For example, consider two
railway yards of similar constructionconsisting of a yard lead and
several tracks for the classification of cars. Against
theobjections of the designer, the first yard was constructed on
flat topography and was

configured such that the drilling operation took place on a long
curve of 10. Atroughly the same time, a yard of similar design was
constructed ten miles away, and the

main lead was also constructed on nearly a 10curve. However, the
topography wassuch that the lead and the first portion of the
ladder track were constructed on a0.50% grade to prevent
pull-aparts.

At the first yard, the constant daily drill operation of pulling
cars out of the yard and

shoving cars back into the yard resulted in extreme rail wear on
the 10curve. The railwas transposed at 10 months and replaced at 18
months with head hardened rail. Theoperator hopes that a three-year
life of the head-hardened rail might be realized. Thesecond yard,
with a slightly larger amount of traffic, shows no significant rail
sectionloss.

The only significant difference between the two designs is the
addition of a significantgradient on the lead. The cars on the flat
lead must be shoved with much greater force,causing greater buff
forces, which results in significant wear between the wheel
flangeand the outside rail. At the second yard, once the cars are
in motion, they stay inmotion not requiring the constant shoving
and heavy draft forces. The lack of

additional lateral forces has resulted in rail wear that is
considered normal.

Until the advent of the new AREMA vertical curve length
recommendations, therewas no guidance, which specifically prevented
the use of vertical curves in horizontalcurves or spiral. They also
did not and do not have any criteria preventing the use ofreversing
vertical curves. Nearly all freight railway companies are silent on
this topic aswell. It can only be assumed that the silence on these
issues is the result of not having
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any need here-to-for. The increasing belief that the established
railway vertical curvecriteria resulted in curves which were too
long may be correct, because the curvesproduced are apparently
gentle enough that the combination of the vertical accelerationfrom
the vertical curve combined with the horizontal accelerations
resulting from

curves, and particularly spirals, has not yet produced a
condition requiring industryaddress.

One of the most dangerous conditions can occur at the bottom of
a long grade or sag,which is accompanied by a horizontal curve. As
the train passes this point, the trainhas the slack bunched towards
the front of the train as a result of braking down thehill. As the
engineer applies power to ascend the next grade, the body of the
trainshifts from bunched to a stretched condition. As this occurs
along the horizontalcurve, the buff forces compound the centrifugal
force, often resulting in derailmentfrom train buckling.

6.5 Turnouts

A railway turnout (sometimes referred to as a switch) is simply
a device that splits onetrack into two. Geometrically, a turnout is
comprised of several key parts including aswitch, closure curve and
a frog (See Chapter 3 Basic Track). Though there havebeen a number
of turnout designs recently whose names describe the
advancedgeometry incorporated throughout the turnout (e.g.,
tangential and secant geometry),they all are comprised
geometrically of these three basic components.

Regardless of design, basic

turnouts can be classified aslateral, equilateral or curved.The
lateral turnout (Figure 6-19) is by far the mostcommon and is
generallypreferred for mostinstallations. It consists of adivergent
track being splitfrom a tangent piece of track.An equilateral
turnoutcomprises two curves of

equal radii diverting inopposite directions from asingle
tangent. In somesituations, the divergent

Figure 6-19 Simple Lateral Turnout Kevin Keith, Union Pacific
Railroad
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angles of the two routes through the turnout may not be equal.
This particular case istermed a split-angle turnout. A turnout
comprising a curve diverting from an existingcurve is known as a
curved turnout.

A switch is a pair of rails (points), which pivot about the
heel. When one or the otherpoint rails is placed against the stock
rails, the train will take one route over another.Some switch
points are curved, but most are tangent. The location where the
switchpoint meets the stock rails is known as the point of switch.
The angle at this point isthe switch angle. For straight points,
this angle is fixed along the length of the pointsand is defined by
the heel block distance, switch point thickness and switch
length.

Figure 6-20 Switch Angle by Definition

For curved points, the point of switch (PS) represents the PC of
a curve. With theexception of some advanced designs recently
developed, there remains a slight angle

deflected between the stock rail and the PC or PS of the curved
point.

The actual point of switch does not taper to a knifepoint
without a measurablethickness. Switch points of AREMA designs have
a thickness of 1/4 inch, a machinedthickness of 1/8 inch, or are
housed. The later switch design, commonly calledSamson points uses
a switch point milled to 1/16-inch thick, which fits into a
speciallymilled stock rail. Each of these designs has a theoretical
point located in advance ofthe point of switch, which represents
the point at which the switch point gauge lineprojected would meet
the gauge line of the stock rail. This theoretical point is of
littleconcern in most design considerations, but is occasionally
referred to.

The frog is a track component that allows for the flange of a
train wheel to cross overanother rail. Frogs are defined by a
number, which represents the spread of the twosides relative to
length (Figure 6-21).

Though this frog number defines the turnout size, it is the frog
angle, which is used bydesigners in the establishment of divergent
alignments. A common error for designersis to assume that the
divergent route of lateral turnouts diverts from the main
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designs are typically of little concern to overall alignment
design as they represent fixedproperties isolated to a relatively
small area at the beginning or end of a specificalignment.

The true geometries associated within the length of a divergent
path of a turnout arecomplicated enough that several methods for
their incorporation into alignment designhave been developed to aid
the designer. The first method, occasionally known as thePI method,
requires the designer to locate the PI of the turnout, thus
defining the PS.The alignment chaining begins at the PS and follows
the through portion of theturnout to the PI, then deflects the frog
angle to the divergent alignment.

The second method is the equivalent curve and starts with the
calculation of theequivalent curve of the turnout. The equivalent
curve of a turnout is simply a curvedefined with the deflection (I)
equal to the frog angle and the tangent distance betweenthe PI and
the actual point of frog. The equation is then defined as:

Requivalent= 2GN2 Where G = Gauge & N = Frog Number

This equivalent curve is then usually rounded up or down to the
nearest even 15minutes. The equivalent curve will remain constant
for all turnout designs of a fixedfrog number and gauge, unless the
gauge changes, then the tangent distance alsochanges. Thus, for
those designers working with non-standard gauge designs,
theequivalent curves for such turnouts will also change. With this
equivalent curve, theturnout is placed in the proposed alignment
with the beginning/end at the PC/PT ofthe equivalent curve.

Though preferred by some railways, this method results in some
peculiarities, which

must be understood by both designer and constructor. First, the
PC of the curve, andthus the beginning of the alignment, will
almost always start some distance (as much as25 feet) before the
actual PS. The stationing of the alignment is usually adjusted
suchthat the PS will fall at an even stationing (e.g., the PC to PS
distance of a turnout is 9.44feet, the stationing for the PC might
be 0+09.44 to establish the PS point at 0+00).This distance between
the PS and the PC is a function of the lead length and will
varyslightly between turnout designs. Therefore, it is critical for
both the designer and theconstructor to know specifically which
turnout design is to be used because iteffectively makes the PI the
defining point of the turnout location.

It must be noted from a pure geometric perspective, both methods
representapproximations of the true geometry of a turnout. This
results in minor differences in

stationing through turnouts when both methods are compared.
Eastern railwaysgenerally dictate the use of the PI method. Many
western railways have incorporatedthe equivalent curve method. Some
designers, through the use of computers, havebegun to incorporate
the actual geometry of turnouts into their alignment
designs.Regardless of the method used, it should be noted before
construction to avoidconfusion.
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The most defining point of any turnout location is the PF and
the frog designation (i.e.,the number). This defines the PI and PS
location. A given population of identicalturnouts installed in
track of identical design will have some variation in lead
lengthsdue to construction tolerances, but the frog defines the
turnout and the two diverging

alignments. Though construction differences in turnout
installations are rarelynoticeable to the experienced eye, even
minor errors in frog locations are easily noticed.

It is important that the designer provide both the PS and PF
location for construction,particularly if the proposed turnout
construction method is not known at the time ofdesign. The location
of the PI might also be given, as it generally helps in the
initialfield staking of alignments. Turnouts are installed in one
of three ways. The oldest andstill most prevalent method for
industrial work is to construct the turnout in place.The PF
location is of primary importance as the frog will be installed
first. All othercomponents are generally installed by measurements
off the frog.

The second method, panelization, is commonly used on main lines.
Turnouts areactually constructed at a remote location being either
the original manufacturer or apanelization plant. Turnouts are then
shipped in two to four large pieces to the pointof construction and
cut-in by removing a section of track and sliding the new turnoutin
from one side or off the end of a specially designed car. The third
method is ahybridization of the other two, where a turnout is
constructed adjacent to the trackwhere it will be installed and
cut-in in the same fashion as a panelized turnout. Theselatter two
methods are used because the required window for turnout
installation,which shuts down train operations, is significantly
reduced. There can also be somelabor savings by taking advantage of
natural production efficiencies associated with thevolume
production of finished products. The primary point of reference in
panelizedturnout construction is the PS. The PS is used over the
PF, as it is easier to distinguish

and it is close to one end of an entire section of track to be
replaced, rather than thePF, which is closer to the center.

The specific turnout to be selected depends upon several factors
including designspeed, usage and the practices of the servicing
railway. Turnout speed is defined byone of two factors: the points
and the closure curve. The maximum speed of theclosure curve can be
easily calculated using the limiting underbalance for the
railway.The limiting point speed is calculated in the same fashion,
but using the switch angle asthe angle of deflection I and the
length of the points as the tangent distance T tocalculate the
radius of the curve. For curved points, a third factor to consider
is thelimiting speed of the point radius based upon underbalance.
The most restrictive of

these calculations generally represents the limiting speed of
the turnout. The tablesbelow are from the AREMA Manual for Railway
Engineering and are based uponAREMA designs and 3 inches of
underbalance.
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Turnouts with Straight Switch Points(AREMA)

TurnoutNumber

Speed in Miles Per HourLength of Switch Points

Lateral Turnouts Equilateral Turnouts

5 11'-0" 12 16

6 11'-0" 13 19

7 16'-6" 17 23

8 16'-6" 19 27

9 16'-6" 20 28

10 16'-6" 20 28

11 22'-0" 26 37

12 22'-0" 27 38

14 22'-0" 27 38

15 30'-0" 36 51

16 30'-0" 36 52

18 30'-0" 36 52

20 30'-0" 36 52

Turnouts with Curved Switch Points(AREMA)

TurnoutNumber

Speed in Miles Per HourLength of Switch Points

Lateral Turnouts Equilateral Turnouts

5 13'-0" 12 17

6 13'-0" 15 21

7 13'-0" 18 25

8 13'-0" 20 28

9 19'-6" 22 30

10 19'-6" 25 35

11 19'-6" 28 39

12 19'-6" 29 40

14 26'-0" 34 49

15 26'-0" 38 53

16 26'-0" 40 57

18 39'-0" 44 63

20 39'-0" 50 70

There are exceptions to this. First, the limiting speed through
the tangent portion of aturnout is effectively unrestricted. There
are upper speed limits for specialty turnoutcomponents, which may
include spring switches and special frogs. Self-guarded frogsare
usually limited to 15-mph regardless of straight or divergent
moves. Additionally,the railway may place speed restrictions on
certain turnouts due to maintenanceconsiderations.

Though turnouts are generally available from No. 6 to No. 24 and
more, most railways

have limited the general use of turnouts to four to six designs
for ease ofstandardization and part supply. Mathematically, as the
numbers of turnouts increases,the relative difference in angles
from one number to the next decreases (See Figure 6-22).
Historically, turnouts under the number ten were available in
increments. Theuse of -sized turnouts is not generally done any
longer as these turnouts weregenerally dropped from major railway
standards 20 years ago. Turnout increments
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above No.16 change from 1 to 2 as the angle differences become
smaller, and drop tofour to six above the No. 20.

Turnouts No. 10 and less are generally restricted for yard

use, and few railways will allow sizes under 8 or 9 exceptfor
special situations. Turnouts for industries andsidings from main
tracks are generally restricted to noless than 10 to 12 (one is now
requesting 14s). Thisrestriction is generally a maintenance
concern. Thewheel traveling through a frog must transfer from
onerail across the flangeway provided from the second routeto cross
and onto the point or second rail. The desiredtransfer results in
the weight of the wheel beingdistributed between both rails for a
short distance. Asthe frog angle increases, the effective distance
of thisload transfer is reduced resulting in higher impact loadsand
thus, maintenance.

Turnout sizes 14-16 are used for medium-speed divergent moves
and some heavytraffic unit train facilities. Turnout Numbers 20 and
24 are used for main line movesand crossovers, allowing for higher
speeds through the divergent leads. Some railwaysare using No. 30s
and higher. These are used only in special situations.

Turnout placement must take several factors into consideration.
Generally speaking,conventional turnouts should be used if
possible. They usually require lessmaintenance for all situations
except where the movement of traffic through bothroutes is roughly
equal. Turnouts should not be placed in vertical curves due to

maintenance and operational concerns. Equilateral turnouts
should only be used inyard situations and at the end of
double-track territory. Turnout location withinexisting horizontal
curves should be staunchly avoided when possible, due tomaintenance
concerns. Furthermore, curved turnouts generally cannot be
panelized.

Turnout speed through the divergent lead will be restricted to
the limiting speed for theturnout. The predominant movement through
the turnout (e.g., the main line) shouldmove through the straight
side with the less-travelled route representing the
divergentmovement. On moderate grades, where one line splits into
two or more, the up-hillmove should be the straight side of the
turnout as the tractive force of the locomotives,(produced from
ascending the grade) generally creates a greater concentration
oflongitudinal forces than braking (descending the grade).

The location of turnouts relative to curves should be
considered. The divergent lead ofa turnout is effectively a curve
(consider the equivalent curve concept). Thus, turnoutlocation must
consider curve limitations, such as reversing movements.

Turnout

Number

Frog Angle

5 11

25' 16"6 9 31' 38"

7 8 10' 16"

8 7 09' 10"

9 6 21' 35"

10 5 43' 29"

11 5 12' 18"

12 4 46' 19"

14 4 05' 27"

15 3 49' 06"

16 3 34' 47"

18 3 10' 56"

Figure 6-22 Relationship BetweenFrog Number and Frog Angle
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For example, a facing-point left-handturnout immediatelypast a
right hand curve

(Figure 6-23) willresult in a reversingcurve movement.Though
thederailment risk fromreversing curvescould be avoided ifthe
turnout was changed from a left-hand to a right-hand, the
maintenance concernremains. Cars are still in the process of
attempting to assume the straight line of thetangent, resulting in
higher maintenance.

Turnout locations relative to each other must be considered. It
is possible to locate thePS of trailing point turnout under three
feet from the PS of a facing point turnout.However, if the
diverging movement of one turnout represents a reversing
movethrough the second, it should be avoided if there are to be
train movements throughboth divergent leads. This situation is also
a problem in signalised territory whereturnouts must incorporate
insulated joints. Turnout placement in signalised main linesmay be
restricted when attempting to place turnouts in and around control
points orabsolute signals.

A track, which has several turnouts one after another for a
series of parallel tracks or ayard, is referred to as a ladder.
Ladder tracks should generally be straight with thediverging
parallel tracks maintaining a bearing equal to the frog angle of
the turnouts

used in the ladder. Where this is not possible, curves are used,
but this practice shouldbe avoided. The maximum ladder angle is
defined by:

= sin-1(S/L)

Where= the deflection angle between the ladder and yard
tracks

S = yard track spacing

L = length of turnout from original joint to heel of frog1

There is a short curve just beyond the heel of frog with a= - F,
where F equals

the frog angle. The length of the curve is determined by the
degree of curve desiredfor use. Be aware that the switch lengths
(L), and thus the maximum ladder angles,vary widely among the
different types and weights of turnouts. Care should be takento
design for the actual turnouts that are to be used in the field.
The designer must be

1Railroad Track Design Manual Prepared by Parsons Transportation
Group

Figure 6-23 Facing-Point Left-Hand Turnout Immediately Past a
Right Hand Curve
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aware that along a ladder track with this maximum angle
arrangement, adjacent yardtracks must share some switch ties and
some switch ties will be eliminated. Also, thefirst yard track will
have to diverge from the second yard track, as there is not
enoughroom for the first track turnout at the beginning of the
ladder track.

Where the requiredladder angle isespecially steep dueto space
constraints,tandem leads areoften used. (Figure6-24) A tandem lead
is a turnout with a second turnout immediately past the first.This
easily allows for the doubling of ladder angles. However, the head
blocks for theinside turnouts should be extended under the ladder
tracks with longer ties and switchrods to avoid the dangerous
practice of switchmen moving back and forth across theladder during
switching operations.

Oftentimes, a track or aladder will end by curving tomake the
final parallel track.The desired practice in thissituation is to
incorporate theequivalent curve toaccomplish this. By placingan
equivalent curve at the endof a ladder, the addition offuture
tracks is easily afforded

by replacing the curve with aturnout at a future date. Thisis
also done at the end of main tracks such as the end of a double
track section, whereone track ends with a single lateral turnout.
(Figure 6-25)

When placing a turnout requiring additional curvature beyond the
turnout, such as anindustrial lead, the curve should not start
until after the last long tie of the turnout.Track today is brought
to its final alignment through use of mechanized surfacing
andlining equipment, which physically moves the track in the
ballast section and tampsthem into place. This becomes difficult
through turnouts, as the adjustment of onealignment will have a
direct effect on the second (the through movement is used to

establish the alignment with the divergent alignment being
established through thecorrect use of offsets during construction).
To start a curve immediately off, the heelof frog requires the
curve to be established during turnout construction by
physicallyspiking the new curve into the long ties (so-called
spike-lining). This is not an easypractice to do, if at all, for
panelized turnouts, and generally leaves a line swing as thetamper
attempts to reconcile the curve through the long ties, which it
cannoteffectively change with the rest of the curve beyond the long
ties.

Figure 6-24 Tandem Lead

Figure 6-25 Placing Equivalent Curve Equal to Frog Angle at End
of a Ladder
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6.6 Design of Yards2

In spite of the possible alternatives to building yards, they
are still required in many

instances to originate, terminate and store freight cars. In
order to reduce the delaysgenerated, yards should be carefully
located and well designed so as to be as efficient aspossible for
the purposes intended.

Freight car yards vary greatly in size and purpose. One of the
smallest types can be astorage yard. These may be used for the
holding of empty cars awaiting eventual useby a shipper. They can
also hold loaded cars awaiting shipping orders that are
oftendependent on the season of the year or market conditions. Some
industries may leasetracks in such a yard, or even own it entirely,
to avoid demurrage (detention) payments.If individual cars must be
selected (or even have their contents sampled) from a largenumber
of similar cars, then a road between every pair of two tracks for
mechanized

inspections and inventorying can be very useful. Track centers
of 24 ft. or less shouldsuffice for such a road.

Some small yards called local yards are often constructed in
industrial and warehouseareas, where cars are brought in and sorted
for spotting to receivers. Cars are alsogathered here for shipping
and/or storage. Empty cars may also be held awaiting theneeds of
shippers. Tracks in such a yard are usually parallel to a main or
drill track, andmay even lie on both sides of that track.

Some industries do their own in-plant switching with their own
locomotives or car-movers. In these cases, some kind of
"interchange track" is built to facilitate theexchange of cars
between the railway and the industry.

The next larger yards are designated as flat switching
classification yards. These may beall in one body, where trains are
received, cars are classified (sorted by destination) andtrains
departed, all on parallel tracks. Flat switching yar
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