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PREFACE

hnalytical descriptions of track geometry variations are necessary to
conduct design and sifwlation studies intended to inmprove the perform~—
ance, reliability and safety of the rail transportation systenm.
Accordingly, this report gives the analytical deseriptions of geomet—
ric variations of the United States track in a form suitable for these
studies,

The work described in this report was conducted under the track char-
acterization program. This program was directed by the Transportation
Systems Center (T5C) in support of the Improved Track Structures
Research program of the Federal Railroad Administration's (FRA) Office
of Rail Safety Research. These efforts were carried out under con-
tracts DOT-TSC-1211l; DOT-TSC-1631; DOT-FR=-6411.3, Task 462; and DTFR53=-
§0-C-00002, Task 1l05.-

The authors wish to agknowledge the contribution of Dr. Herbert
Weinstock o©f TSC in the technical direction of the program. The
authors also wish to thark Messrs. W. B. 0'Sullivan and R. Krick of
FRA for their support and comments.

Appreciation is also expressed toc ENSCO co-workers Messrs. E. Cunney,
E. Howerter, K, Xesler and Drs. X. Kenworthy and R. Owings for a
thorough review which greatly improved the gquality of this report.
The efforts of Mrs. C. McAlee in typing, editing and agsembly of this
report are greatly appreciated,
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" TABLE FOR_METRIC CONVERSION OPF PSD LEVELS

Given!

£e* fey/fe
in*fey/ft
in®/ey/in

£1* frad/ft
in®/rad/ft
in*/rad/in

mzlcy/m
cm” fey/m
cmz/cy/cm

m?/rad/m
cm?/rad/m
cm® /Tad/cm

To find:
in*/cy/ft cm?/cy/m
Multiply by:

144, 2.83 x 10°
1.00 1.97

8.33 x 10-2 0.164

9.05 x 1p° 1.78 = 1p?
6.28 12.4

0.524 1.03

5.09 x 1¢° 1.00 x 10%
D.509 1.00

$.00 x 10-? 1,00 x 10-2
3.20 x 10* 6.28 x 10°
3.20 6.28

3.20 x 10-*2 6.28 x 1073

TABLE T'OR METRIC CONVERSION OF SPATIAL FREQUENCY

Given:

cy/ft
cy/in
rad/ft
rad/in

cy/m
cy/cm
rad/m
rad/cm

To find:
cy/ft cy/m
Multiply by:

1,00 3.28

12.0 39,4

0.159 4.85 x 10-2
1.91 4,04 x 1p-?
0.305 1.00

30.5 1.00 x 10°
4,85 x 1p-? 0.159

4.85 15.9

v



Given:

fti-cy/ft
in?-cy/ft
in%-ey/in

frl-rad/fr
in?-r=d/ft
in®-rad/in

m®-cy/m
cm?-cy/m
cm-cy/cm

m¥-rad/m
cmzjrad/m
cm?- rad/cm

TABLE FOR METRIC CONVERSION QF

ROUGHMESS PARAMETER UNITS

- To find:
in® cy/ft _ cm?-cy/m
Multiply by:
144, 3.05 x 10°°3
1.00 21.2
12.0 254,
22.9 485,
0.159 3.37
1.91 40.4
472 i 1.00 = 10*
4.72 x 10-% 1.00
4.72 14aa.
75.2 1.59 x 1¢0?
7.52 x 10°2 0.159
0.752 15.9

v/vi
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SUMMARY

Track geometry varistions are the primary inputs to rail vehicles. In
order to study vehicle/track interaction, it i$ essential to provide
quantitative descriptions of track geometry variatiens, Analytical
descriptions of track geometry variations are necessary for performing
gimulation studies for improved rail safety., Such Jdescriptions are
also needed for evaluation of track quality, vehicle performance,
passenger comfort and lading damage.

Most track can be separated into segments that are constructed and
maintained in a uniform manner. These segments exhibit similar track
geometry variations which consist ©f random waviness and relatively
large amplitudes at Joints and welds. Such variations are called
"typical™ variations in this report.

Track geometry variations not covered by typical variations will be
called "isclated" track geometry variations. Isolated wvariations
usuwally occcur at special track work or physical features such as
switches, turnouts, cCrossings, &and bridges. These wvarjiations accur
cccasionally but do have regular patterns,

A track geometry data base consisting of 30 zones which reflect a
range of railrcad operating conditions and maintenance practices of
the United BStates “"rack was established for the analytical charac—
terization of track gewmetry variations., A statistical approach was
used in the characterization of track geometry variations. This
report gives the analytical descriptions of typical and isclated frack
geometry variations along with the parameters of these descriptions.
This report also discusses the relationships between track geometry
parameters and the effegt of curvature and superelevation on gage,
alignment and surface variations. The reader is ceferred to Section
1.0 for the terminology used in this report.

TYPICAL TRACK GEOMETRY VARIATIONS

Typical track gecmetry variations c¢an be described by periodically
modulated random process. This process consists of a stationary
random process which accounts for the random irregularities in the
rail, and a process associated with regularly spaced rail joints
having a non=-zero mean amplitude. The amplitude of jaints varies
randomly while the wavelength stays the same.

The power spectral density (psp) is a useful toocl for analyzing the
periodically modulated random process. In track geometry PSD's, the
stationary random process produces the smooth continuum and non-zero
mean joint amplitude causes the spectral peaks.

The PSD continuum representing the stationary random process can be
modeled as a normalized function of frequency and a roughness param-
eter representing the amplitude. The noTtmalized function of frequency
for a given tragk getmetry parameter does not change significantly
with track clasg, However, the normalized functions are significantly
different for different track geometry parameters. On the other hand,
the roughness parameter is directly related to the track class since
it is indicative o¢f the roughness of track. Models based on PSD were
developed for all track geometry parameters, i.e., gage, alignment,
crosslevel and profile. These models along with the values of param=-
eters for all current track classes are given in Section 2,

The Jjoint shape can be modeled by an exponential function charae-
terized by joint amplitude and joint duration. The mean amplitude and
the joint duration can De estimated from spectral peaks. Both the
mean amplirude and joint duration inCreasa with track degradation.

xiv



Values of these parameters for all the six track classes are also
included in section 2.

‘The power spectral density function provides a complete’ analytic des-
cription of a random variable having a normal distribution whose sta-
tistical parameters are independent of position and invariant with
time. The track geometcy variations of railroad track satisfy this
regquirement only partially. The mathematics of the calculation of the
PSD is such that with appropriate precautions computations made using
a PSD formulation for randum variables which do not satisfy the above
requirements will provide accurate predictions of mean squared values
of vibration levels of linear systema, However,

[« Rail vehicles exhibit strongly nonlinear behavior

o Lower classes of track are dominated by Jjoint
effaects

S Isolated variations are obscured by averaging pro=-
perties of PSD formulations.

The isolated variations represent special cases which occcur occasion=
ally but do have regular patterns. These variations are often the
causes of hazardous responses and should be included in vehicle
analyses.

ISOLATED TRACK GEOMETRY VARIATIONS

Eight key signatures have been 1ldentified in isolated track deometry
variations. These are designated as cusp, bump, jog, platean, trough,
Sinusoid, damped sinuseid and sin x/x. These signatures can be das-
cribed as a function of two parameters; amplitude, A and a duration
related parameter, k. Analytical descriptions of the key signatures
along with the values of A and k are given in Section 3. Note that
the values of these parameters are a Function of track class, track
goemetry parameter, and the signature itself. In general the values of

and k decrease as the track class increases, iHowever, the ranges of
values overlap considerably between different track classes.

Iselated track geometyy variations wusually occur in  spirals, at
special track work and other track anomalies such as soft subgrade or
poor drainage areas. Isolated variations have been identified at such
track features as rcoad crossings, turnouts, interlockings and bridges.
Their freguency of occurrence depends uposn the number ©f curves and
special track features.

The key signatures ogcur as single ayents, in combination with each
other and in a pericdic fashion. Furthermore, isclated track gecmetry
defects can oeccur simultaneously in more than one track geometry
parameter.

The periodic variations have been observed in the form of cusp, bump,
jog and sinusoid signaturss. The most common pericodic forms are found
in crosslevel ané mean alignment (average of left and right rail
alignment). The most common wavelangths of such pericdic forms ace 39
feet for crosslevel and 78 feet for alignment. A periodic cuspy type
behavior is also commenly observed in gage and single rail alignment
in curves, The mean profile (average of left and right rail profile)
can also develop quasi-pericdic bumps at mud spots and periodic jogs
in spirals.
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RELATIONSEIPS BETWEEN TRACK GEOMETRY PARAMETERS

A vehicle receives simultaneous input from gage, lire and surface
irzegularities. In order to provide reasonable experimental and
analytic simulations ot actual railroad operating conditions, it is
therefore necessary to investigate the relationships between track
geometry parameters.

Track gecmetry data typical of U.S. track were analyzed to determine
the relationships and statistical correlations between track gecmetry
parameters. These analyses were conducted in the frequency domain by
generating auto-spectral dencities, crogs-spectral densities, cohe-
rence functions and transfer functiops. Results of these analyses are
described in Section 4.4 It was found that some track geometry param-
eters Aare ¢orrelated at certaln wavelengths, These correlations
should be taken into ageount in vehicle analyses.

Based on the results of this study, it can be concluded that varia-
tions in the left and right alignment are the same for wavelengths
longer than 100 feet. For wavelendths typically shocter than 70 feet,
there is a strong linear relationship between gage and single rail
alignment, Left and right rail alignments are more or less inde-
pendent for these wavelengths.

Mixed results were obtained for wavelengths between 70 and LU0 feet.
In general, gage shows strong linear relationship with single rail
alignment for wavelengths up to 100 feet. However, in some cases,
there are strong 78 foot alignment perturbations in both the rails.
In such cases left and right rail alignmeat are highly cerrelated and
gage shows poor correlation with the single zail alignment.

If one rail is consistently subjected to more lateral load than the
other in curves, it may exhibit more alignment variations than those
of the other rail, In such cases gage shows stronger relationship
with the rail having more alignment activity.

A rail can either go in (towards track center line) or out, (towards
the field side) at Jjoints. In curves the low rail has more tendency
to go in and the high rail has more tendency to go out,

The alignment at Jjeints can be modeled by exponential rectified
inverted sinusoidal, or triangular cusps. The amplitude of these
cusps varies randomly from one joint te the other.

Surface variations of the twoc rails have strong linear relationship
for wavelengths longer than 20 feet. the crosslevel at a joint is
predominantly due to a low joint on cone rail. This gives a strong
coherence between crosslevel and single rail profile at 39 Feet wave-
length for bolted track.,

The profile exhibits negative cusps at joints. This can be charae-
terized by an exponential model as & function of joint amplitude and a
decay factor. The joint amplitude varies randomly Erom one doint to
the other, Relatively large amplitude variations on joints can give
significant g¢oherence bhetween grosglevel and alignment at 35-foot
wavelength., Large long wavelength variations can also occur simultan~
acusly in crosslevel and alignment in some track zones. in such
cases, crosslevel shows strong coherence with alignment at some
discrete wavelengths typicaliy between 50 and %0 feet.

Simultaneous degradation of track gecmetry parametars may result in
significant coherence between all track geometry parameters at certain
wavelengths. <The bolted track sections analyzed in this study exhi-
bited strong ccherence between the gage and proZile and between the
ptofite and alignment at a wavelength equal to one-half the rail
lLength. .
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RMS* VARLATIONS

Track gecmetry data were analyzed to determine the effect of curvature
and superelevacion on gage apd alignment variations. Bnalyses were
also ronducted to determine the difference between the surface varia-
tions of the low and high rail. Results of these analyses are given
in section 5.0.

The curvature showed insignificant effect on gage variations in the
body of curves. The curvature did not show any consistent effect on
the magnitude of either rail alignment variations. oOn the average the
alignment variations of the low and high rail wete oOf the same order
of magnitude.

In isclated cases, ons rail may have more alignment variations than
the other which can be associated with operation at unbalanced speed.
However, no definite coneclusions can be made £rom the analyses con-
ducted in this study regarding the differences bLetween the aligament
variations of the low and high rail as a funection of superelevation,

The rms value calculated by using a 200-fcot moving peint window can
distinguish between the typical and isolated variations. The average
values of this descriptor hoth for the typical and isolated variations
are given for Clags 2 and 3 track.

The surface variations of left and right rail are generally the same
for the tangent track. In curves, there is no significant difference
between the surface variations of the low and high rail for the welded
track. However, for 5lass 2 and 3 bolted track, the low rail tends to
have more surface variations than the high rail. Furthermore, the
surface variations of the low rail tend tc increase with the degree of
curvature.

*Root mean sguare
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1.0 TINTRODOCTION

analytical characterizations of track geometry variations are essen~
tial for design and simulation studies intended to improve the track
safety. This chapter describes the background and aobjectives of the
track characterization program, scope of the. report and terminolegy
used. A discussion on the origin and formation of track geometry
vagpiations is also provided.

1.1 BACKGROUND

Track geometry variations are the primary input ¢o the rail vehicle.
In order to study the vehicle/track interaction, it is essential to

provide guantitative descriptions of track geometry variations.

Analytical descriptions of track gqeometry variations are essential for
simulation studies designed to improve rail safety and for evaluation

gf track quality, vehicle performance, passenger ccmfort and lading
amage. .

An infinite number ©OF track geomekry variations can occur in the rail-
way track. Therefore, the only way the universe of the trarck can be
characterized is through the statistics of the population.

The program for statistiea)l characterization of track geomekry varia-
tions was initiated in 1976. Statistical representations of randomly
varying track geometry variations were devaeloped during the first
phase of this program. 7This phase was concluded in April 1978 with
the supmission of an interim report entitled "Statistical Representa-
tions of Track Geometrvy." (1)

buring the first phase, it was found that iarge amplitude variations
occurred more fregquently than would be predlicted by the stationary
random’ process characterization of typical wrack goemetry variations,
Large amplitude variations represent isolatea cases which can produce
larde amplitude vehicle responses and thus should be included in vehi-
cle analyses. Therefore, the second phase oi the track characteriza-
tion program was initiated in December 1978. Analytical descriptions
of isolated track geometry variations were developed during this
phase, This phase was coancluded in Octaber 1979 with the submission
of another interim report. {2)

A vehicle receives simultaneous input €from gauge, line and surface
irreqularities. Therefore, the analytical characterization of track
geometry wvariationsg should include the relaticonships between track
geometry parameters. This was the major objective of the third phase
of the treck charackterization program. This phase was initiated in
May 1980 and was concluded by the submission of this report.

This report documents the results of all three phases of the track
characterization program.

1.2 OBJECTIVES

The main opjective 9f the track characterization program is to provide
analytical cbaracterization of track geometry variations in a form
suitable for various simulation and design studies, The specifie
objectives can be summarized as follows:

o Develop analytical descriptions of variations of
alignment, profile, cresslevel and gaunge with dis-
tance along the track for both typical and isolated
conditions,
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[} Provide tabnlations and plots of the parameters of
analytical representations for the United States
railroad track., '

Q Develop analytical descriptions of the relation-

ships between track gecmetry variablas and deter-
mine the parameters of these relationships.

1.3 SCOPR OF THE REPORT

The analyses and results given in this repott ate mainly based on the
data collected by automated track geometry cars. Traditionally gage
and alignment measurements are made 5/8th of an inch below the rail-
head and +he railhead wear is not measured by these cars.

Federal Railroad Administratiea (FRA) track geometry cars usually
record the data at a sample interval of one foot. Therefore, the
Nyquist cut off wavelength is two feet and no information can be
obtained for wavelengths shorter than two feet, There is also a long
wavelength cut off in the inertial alignment and profile measurements
due to accelerometer signal~to-noise ratio (l). Generally, crosslevel
and gage do not experience the long wavelength ncoise prohlem. It is
baljieved that the most eritical wavelength range for vehicle dynamies
13 between 3 to 300 feet. (2) Therefore, this wavelength range is
emphasized in this report.

This report i5 intended to be a handbwok of track geometry variations
of the United States track and is vwritten for researchers, designers
and field personnel. The raport is written in two volumes. Volume I
is vhe main text and Volume 1! contains more detailed data to support
the cesults described in Volume I.

The remaining part of this chapter gives a synopsis on the formatian
of track geometry variaticns. The next chapter of this volume (Volume
I) deals with the typical track geometry variations. Analytical des-
¢riptions of isolated track geometry variations are given in Chapter
3. The relationships between track geometry parameters are discussed
in Chapter 4. This is followed by the affect of curvature and super-
elevation of tms wvariations of alignment and profile in Chapter 5.
References and the report of new technology are given at the end,

1.4 TERMINOLOGY

Before proceeding further, it is important to define the tecrminology
used in this report., Terms used have popular meaning in most cases.
However, some of the terms are used .in a limited sense within the
context of this report.

Track Geometry Parameterg

Track geometry parameters include gage, alignment., profile z=nd cross~
level. Definitions of terms related to these parameters are as
follows.[3, 4)

Gage: The distance between the rails measured 5/8th of an inco below
the top surfaces of rails.

Space Curve: This is a representation for track alignment and profile
in which any slow and steady variations (i.e., curves for alignment
and grades for prafile) have been removed.

Alignment: The space curve representation of the lateral variations
of rail. ©Single rall alignment is the alignment of either left or
right rail. Mean alignment is the average of left and rtight rail
alignments. A positive ¢alue refers to an t¢ffset to the left.
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Puofile: The space curve repregsentation of the running surface varia-
tions of rail. Single rail profile refers to the orofile of ejther
left or right rail. Mean profile is the averoge of left and right
profiles. A positive value represents a bump.

Crosslevel: The difference in elevaticn of the running surfaces
between the left and right rails. Crosslevel variations refer to high
pass filtered (mean-removed) crosslevel. A positive value indicates
that the left rail is high.

Correlaktion: A linear relabionship exists between two parameters x
and y.

Coharence: ;zxy(f) between x and y is computed: from a data sample by
' = 2
- 18, 16|
gt s —E Cnen
Gx(f)Gy(f)
wheré
ny(fl = Average cross spectral density of x and y
Ex(f) = Average auto-spectral density of the parameter x

GY(E) = Average auto-spectral density of the parametsr v

The values of yzxy(f) lie between zero andéd one. A value of zeroc

indicates no linear relationship between the twe parameters. On the
other hand, a value of unity indicates a perfect lipear relationship.

For intetmediate values, such as Yz () = 0.75, we may interpret that
Xy

75 percent of variations in the parameter % are trelated linearly to
the variations in y. .

1.5 CAUSES OF TRACK GROMETRY VARIATIONS

This section discusses :he origin and mechanisms of track geometzy
variakions. It is not :ntended to be an exhaustive presentation of
either track structures or the mechanisms of btrack deterioratjon,
However, this section prcvides introductory material on the sources
and progressive development of various types of track gecometry varia-
tions. This material is based on existing literature and experience
of authars and other co-workers.

Track irreqularities or variations in track deometry are the result of
cumulative forces that have shaped the track structure during itg life
time. These variations begin with small imperfections in materials
and tolerances and errars in the manufacture of rail and other track
components. Tercain variations and survey errors during the design
and construction of track add %o this. Various deformations are
induced by the maintenance operations. The progressive deterioration
of track geometry occurs under traffic ané envivonmental factors.

These processes induce the track geometry variations of different
wavelengths. Short wavelength variaticns can be associated with the
manufacturing process, the intermediate wavelengths with track degra-
dation and Long wavelengths with the terrain and track constructicn.

Yariations caused by the rail manufacturing process are typically

shorter than 5 fezet although other wavelengths such as 13 feet may be
induced durimng tre rail straightening process. Very short wavelength
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variations such as 0.2 inch to 10 feet may also be caused by wear
mechanism under the traffic loads. Examples of such variations are
engine burns, rail corrugatian, aad rail wear.

Variations of wavelengths longer than 300 feet usually result from
terrain and track construction. pesign and track construction may
also cause localized variations of shorter wavelengths. For example,
the structural weakness at joints or welds results in peridoic variz-
tions of a wavelength equal to the rail length. Track variations of
wavelengths 100 to 300 feet may be created duriag design and construc-
tion of curves and spirals or during the surfacing and line opera-
tions,

The intermediate wavelength variations ace typically caused by track
deformation due to traffic and environmental factors. Discrete wave—
length defects may develop in the wavelength region of 5-25 feet under
the action of vehicles with a high natural Efrequency. Accelerated
track degradation at joints can cause track geometry variations equal
to one half or the full rail length. The heterogenecus compaction of
ballast under the action of traffic results in general track deterio-
ration in the wavelendth range of 25 to 125 feet. {6) Localized geom-
etric variations of wavelengths between 90 and 140 feet are often
caused by the dynamic vehicle/track interaction and have been cobserved
in the track geometry data. The following paragraphs give further
details of causes of track gecmetry variations.

1.5.1 MATERIALS AND MANUPACTORE

Small inclusions of slag znd other impurities in the melt and piping
that may oegur when the steel is cast and rolled, result in small
localized weaknesses in rails and other track components. Later,
under traffiec, rail surface depressicns, spalls and other defects tend
to develop at these weak spots.

Newly rolled rails tend to bend as they coel, because tne relatively
thick railhead coals st a slower rate than the web and flange, and the
rail tends to curl upwards, In many cases, the deviatiens of the
rails from straight lines are reduced by controlled cooling and, in
other cases, by straightening the rails after they cool. In the
latter cases, the 39-foot rails are commonly straightened by bending
them at the one-third points. When these straightened rails are
fastened end-to-end, distinet kinks are found at Jjoints and at
intervals of about 13 feet between joints. fThe ends of rails that are
to be welded together into continuous welded rail. {CWR) are usually
straightened additionally to minimize the irreqularity that will
result at the joint.

Peak wvertical accelerations have been cbserved corresponding to .the
forced spatial excitation of a 5.6 foot wavelengrth. (&) This rail
defect is helieved %o be caused during the manufacturing process. The
influence of this defect, which is not noticeable at low speed,
increases as the induced frequency approaches the rescnance frequency
in a vehicle and often becomegs predominant at speeds above 125 mph.

1.5.2 DESIGN AND CONSTRUCTION

Inadequacies in the design of drainage, embankment socil strength,
embankment depth and width, filter layer or subballast., ballast qual-
ity and gradatien, tie size, strength and tie spacing, carn all lead to
rapid deterioration of a track under ¢traffic and result in large
irregularities in the track. Usually the deterioration is seen first
as large vertical deflections under traffic loads, but lateral devia-
tions may also result,



Small deviations from perfectly smooth space curves are built into a
erack during construction as a result of survey errors and errers in
measurements and workmanship. Inadequate compliance with plans and
specifications {such as filters for drainage systems and the moisture
content of embankment soils during compaction) lowers the resistance
of the track structure to degradaticn under traffic. Design and con-
struction of spirals and curves is especially difficult and larger
deviations may be introduced during construction.

Special trzck work such as turnoutg and crossings have irregularities
and telerance puilt ipte them, Under traffic these irregularities
become sites of accelarated degradation. Changes in track stiffness
and alignment at turnouts, road crossings, and rigid bridge abutments,
all may increase the magnitude of dynamig forces resulting in Eurther
track deterioration.

Bolted joints aze generally the weakest pointS in the track construe-
tion since free plays develop at joints which introduce discrete soft
spets in rails of continuous stiffness. As a result of this variatien
in stiffness, the traffic loads on the track at jeints are higher and
track degrades more rapidly at joints than elsewhere.

Small irregularities occur where rails that are not petrfectly aligned
are welded together. The welding alsc changes the hardness of the
steel, so that the steel adjacent to the welds may wear and deform
undar traffic at a faster rate than elsewhere in the track.

1.5.3 TRAFPIC

Traffic loads are by far the major cauge of progressive deformation af
track geometry. The rolling stock interacts dynamically with the
track and deteriorates the track geometry through the mechanisms of
stress, wear and differential settlement. The physical factors such
as track subsidence, mud pugping, ballast contamination and loosening

if ;rack components accelerate the track deterioration under tratffic
oads.

Track irregularities acting dynamically with the rolling stock can
further develop into severe track geometry variations. When a car
wheel passes a track irregularity, it is accelerated laterally and/or
vertically, which increases the forces between the wheel and rail.

The dvnamic interaction is most pronounced at locations of abrapt
chianges in stiffness, surface and alignment as may occur at bridges,
turnauts, toad crossings, and when entering or leaving curves. Perma-
nent alignment deviations of wavelengths corresponding to the truck
centers of locomotives have been observed at such locations.

The Erictional or creep forces cause<d by the longitudinal ar lateral
wheel slip cause the direct abrasion of the rail surface. Examples of
very Short wavelength irregularities are e¢ngine burns and rail
corrugations. 2ngine burn is caused by spinning of wheels under rapid
application of power. Extensive braking or slipping of wheels can
create a wavy tunning surface known as corrugations. (7) Corrugation
often develops on the inner rail of sharp curves, however, it has also
been observed at other locatiens and there are many different theories
on its cause.

Rail wear is esperially a problem in curves. Mixed traffic tends to
cause gage side wear that results in long wavelength deviationsg in the
effective alignment and gage widening in curves, Unit train
operations tend to increase the amount of wear since the cars have
similar characteristics and dynamic response. Operation at unpalanced
speeds is another cause of excessive wear in curves.



4

Wear produces shorter wavelength deviations at track features that
have built-in irregularities which increase wheel-rail forces. These
Features include £frogqs,  switch points, joints, bridge abutments and
spirals.

The stress mechanism arises from overstressing the track structure by
the rolling stock passing over it, Bending and twisting moments are
crested which can sericusly damage the track structure. Rails may be
kinked, surface bent or broken from excessive loadings. The concen-
trated loads may stress the metal beyond its elastic limit and cause
the actual flow of metal.(5) Car defects, such as wheel irregular-
ities and flats, add te the forces at the wheel rail interface and
irurease the rate of degradation of track,

High lateral forces can cause lateral shifts and gage widening. The
lateral shifts reduce the lateral restraint of the ballast which
Increases the likelihood of additional shifts. This may aven result
in track buckling if large longitudinal stresses develop due to
thermal expansion of rail at high temperatures,

The lateral shift of rails from the track center results in gage
widening, which is most often obsetved on curves if the outer rail 1s
subjected constantly to high lateral forges. Inadequate spiking and
damaged ties increase the likelihood of rail shift. Even if the
spikes and ties are Sufficiently strong te hold thae lateral force,
rail rollover may ogour due Lo the overturning torgue produced by the
compined lateral and vertical Lload. Worn ties with the bearing
surface cut in by tie plate tends to allew outward cant of the rail
conkributing to gage widening.

A classic example of stress mechanism is observed at boltad jolnts
which are weak points in the track structure. Heavy loads are trans-
ferred to the ballast and subgrade at the joints and deterioration
occurs faster than it does between joints. In many cases, ballast is
poundad down beneath the joint ties, so that gaps develop between them
and the ballast. The ties are then left suspended from the rail.

The lateral weakness at joint bars makes bolted rall less effective in
distributing lateral forces along the track, so that it tends to
deflect laterally more at joints then elsewhere and transfers more
load to ties near Jjoints than to other ties, Ties near joints are
then more likely to shift laterally in the ballast. This effect may
change a smooth curve to a series of short tangents with lateral kinks
at the joints,

Gaps between rail ends at bolted jeoints permit expansion of the rails
in hot weather to avoid the development of large longitudinal forces
and possible buckling of the track. The gaps alao permit battering of
the rail ends, as the wheels of moving cars drap into them. The bat-
tering ¢auses metal to flow towards the ends of the rails, so that the
rails ure closer together at the surface than they are further down in
the gap between the rail ends. Unless the surface protuberances are
cut back, very high stress concentrations will develop when the rails
expand in hot weather,and the work hardened rail surface may spall off
for a distance of several inches from the jeint, thus producing 2
profile irreqularity of short wavelangth.

Subsidence s a common problem in track on low lying grounds and
marshy areas. 1t tends to produce long wavlength profile deviations
except where it ocours adjacent to a rcigid structure such as a cut
through a rock ocuterop or a bridge abutment, It is often associated
with obstruction of drainage or repeated heavy loadings, such as the
impacts on ballasted track that occucr adjacent to rigid bridge abut-
ments. It produces vertical settlement of the track and wvertical
deviations with wavelengths that may range from 20 to 300 feet, except
adjacent to rigid structures where the wavelengths are short. 1In side
hill cuts and tills, subsidence may also result in lateral wovement of
the track over short to long wavelengths,
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Mud pumping occurs when traffic vibrations mix water with the soil
under track, and the wheels of passing cars press the rails and ties
down so that the pressure pulses force nmuddy water up through the
interstices of the ballast. Mud and water serve as lubricants which
reduce the friction between aggregates in the ballast thereby reducing
the resistance to movement under load. Poor drainage is usually a
contributing factor, but mud pumping may start even with a good drain-
age zystem, when the ballast itself becomes clogged with fine
materials that retain water. Mud pumping results in forled ballast
and accelerated track degradation under traffic.

1.5.4 ENVIRONMENT

Even if there were no traffic loads, the track structure will deteri-
orate due to environmental factors such as rain and temperature. The
environmental factors deteriorate the track geometry through the mech=-

anisms of corrosion;, rot, ballast contamination, frost action and
track buckling.

Corrosjon is simply a chemical reaction betwsen the rail and the en-
vironment. It may be as simple as metallic oxidation (rust) or it may
be caused by the introduction of some caustic material resulting from
local industry or freight traffic. Corrosion by itself is of little
conseguence but in coajunction with the wear mechanism it can greatly
accelerate the deterioration of the railhead. The corrosion has been
known to cause irregularities in rail surface and alignment in a few
cases where corrosive water dripped continuously on the rails. More
commonly, £failures have occurred in the webs of rails installsd for
long periods in c¢orrosive environments.

Rot attacks the ties rather than the rail. Rotten ties do not distri-
bute the vertical loads as designed and accelerate rail damage due to
over-gstressing. Rot also diminishes the overall ability of the track
to maintain lateral lcads, which creates the derailment potentials
known as gage widening and rail rollover.

Rot and other tie defects produce irregularities with a wavelength
double the tie spacing and longer where defective ties are grouped
together., As a result, the traffic loads on adjacent ties are
increased and they tend to overload the ballast and embankment and
increase the rate of track detericration.

Significant levels of rot are found more usually in moderate climates
such as the Southeastern United States. In contrast, rot dees not
pose a problem in desert areas or where hard freezing maintains an
ecoclogical lid on destructive bacteria.

The ballast contamination caused by rain water lowérs its ability to
distribute locad. Water pockets under the track or in the roadbed
cause soft sinking spots. In addition, the mud may start working up-
ward destroying the drainage property of ballast.

Rail expands and contracts as its temperature changes. If the exter-
nal restraints prevents this, the thermal stresses are set up. The
thermal stresses may result in "pull-apart® of rails in cold weather
and track buckling or "panel shife" in hot weather. These stresses
are more of a problem in continucus welded rail since the gaps between
joints relieves these stresses in bolted rail.

Both the vertical and lateral track buckling have been obsarved in
warm summer months., In some tests conducted on vertical track buck-
ling, the cobserved length of the lift-off region was about 98 feet and
upward deflection was 2.6 feet.(8) The recorded length in the lateral
buckling mede was 62 feet and the largest deflection was approximately
one foot.. In all these tests, the total axidl Eorce was approximately
200 tons at the onset of buckling,
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Frogt action or "heaving" is likely to come in cold weather, 'This can
cause lateral displacement of track and is also a common cause of
cough track in the winter., Heaving is caused by the direct volumetric
increase of free moisture f£reezing in the soil and from swelling
caused by the ice layers.

1.5.5 MAINTENANCE

Majntenance requirements develop as track detericrates because of
traffic and ‘envionmental conditions. Survey errors, measurement
errors and machine tolerances may introduce additional track devia-
tions during a maintenance operation. The basic or spot maintenance
is traditionally performed by non-mechanized gangs, Such maintenance
operations while correcting cone cendition may introduce other defects.
puring the lining operations, swings and false tangents may be intro-
duced into the straight track and dog legs, hogks and compound ctirva-
ture may occur in curves. (5) ’

Maintenance operations usually take place at a temperature differant
than that at which the track was originally laid. This may relieve
the built-in stresses and later on the track might be subjected te
sevare thermal stresses.

1.6 TYPICAL dND ISOLATED VARIATIONS

A brief description of various causes of track geometry variations was
given in the previous Section. For the purpose of this report, these
variations can be divided into two broad categories; the typical vari-
ations and isolated variations.

Most track segments are constructed and maintained in a uniform man-
ner. These segments exhibit similar track geometry variations. These
variations consist of random waviness with relatively severe ampli-~
tudes at joints and welds. These variations are called "typical”
variations in this report. Typical variations are the subject of the
next section.

Track geometry variations not covered by typical variations will be
called "isolated" track geometry variations. These variations occur
ocecasionally but do have regular patterns, usually large amplitudes or
long wavelengths, Isclated variations usually occur at special track
work or physical features such as switches, turnouts, crossings, and
bridges, etec. Isolated variations are discussed in Section 3.
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2.0 TYPICAL TRACK GEOMETRY VARIATIONS*

2.1 INTRODJCTION

An cbservation of track geometry data ceveals that a majoricy of track
exhibits typical track gecmetry variations, Track is generally con-
structed by welding or bolting tcgether many short pieces of rail all
having the same length. Typical track gecmetry variations consist of
regularly <ccurring patterns superimposed on a background of appar-
ently random behavier, The reqularly occurring pattecrns in track
geometry are normally caused by jeints and welds.

Typical track geometry variations are indicative of the average gual-
ity of the track. A statistical characterization of these variations
is important for the evaluation of the average vehicle responses.
Thig can also be used for evaluation of the degradaticn of average
track gquality.

Most track segmen:s age donstructed in a uniform manner and are main-
tained to provide the same performance levels., These segments produce
the track geometry traces that exhibit the same features observed in
the individual segmenis of track., Therefore, it is posgible to des-
cribe these variations statistically as a function of a few param-—
eters.

Analytical representations of typical track geometry variations were
developed. in Phase I of the track characterization program. Results
of this study are given in Reference (l). This section summarizes the
methodology and findings of this study pertaining to typical track
geometry variations.

2.2 METBODOLOGY
2.2.1 PROCESS IDENTIFICATION

Time series analysis technigques were applied to track geometry data ko
obtain analytical representations of track geometry variatioms. It
was shown that a periedically modulated random process provided an
adequate representation of typical track geometry variations. (8} This
process includes two subset processes which can be usad to represent
typical track geometry behavior.

Q A stationary random process whnich accounts for the
random irregularities in the rail.

o A periodic process that describes the regularly
spaced rail joints having non=-2ero mean ampli-
tude, The amplitude of joints varies randomly from
one jeint to the other.

A stationary random process is the one for which all moments are con-
stant, i.e., the mean, standard deviation, etc., are independent of
the position along the rail, The stationary random deviatiens repreé-~
sent the cumulative history of forces that have shaped the track
structure during its 1lifetime, This force~induced waviness begins
with rail manufacture, cooling and straightening. Terrain variations

*Thig section ig extracted from Reference {1), Corbin, J.C,, "Statis-
tical Representation of Track Geometry, Volume II," Report Wo,
FRA/ORD-80/22, 1280,
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and survey errors add to this., Various deformations are indoced by
lining and surfacing operations, traffic and the environment.

The periodic process is the result of rolling rails in relatively
short but constant length, e.g., 39 feet and then belting or welding
them into longer sections. This process is characterized by a non-
zero periodic mean assoclated with randomly varying amplitude of
joints or welds. " '

2.2.2 STATIONARY RANDOM PROCESS (SRP)

Most stationary random processes are well defined by their probability
distributions and correlation functions. 1In the case where the SRP is
a normally distributed random variable, the auto-correlation function,
or equivalently, the Power &Spectral Density (PSD), completely
dascribes the process. Therefore, the applicable analytiecal techni-

ques for the SRP are histograms and PSD's.

The PSD is a useful teeci for estimacving some properties of the pro-~
cegsses desgribed in Section 2.2.1. Application of the PSD to data
that includes many rail lengths produces graphs that exhibit a rela-
tively smocoth continuum punctuated by sharp, harmonically spaced
spikes. The continuum i& an estimator of the covariance function
(auto-gorrelation) of the parent random procdess. The pronounced peaks
are estimators of the periodic process.

Figure 2-1 shows a typical PSD of the profile geometry of the bolted
track. The power density is plotted as a function of spatial fre-
quency {(l/wavelength). Noute the pronounced peaks on a relatively
smooth continuum. These peaks appear at wavelengths corresponding to
the rail length (about 39 feet) and its harmonigs indicating the exis-
tence of a periedic component.

As seen in Figure 2-1, the pPSD supplizs too many data peoints in a form
which does not define the component processes., Alse i1t is not parti-
cularly useful for the comparative evaluation and classification of
track deviations and the vehicle responses to these deviations. What
is needed is a process model for the two simpiified processes identi-
fied in the previous section. Then the model c¢an be applied to
develop a short parameter list that describes all salient features of
the rail deviaticns.

Track gecmetry PSD's are often presented as power density wversus fre-
guency often in a log-log form. As a result, a power law relationship
for a continuum appears as a straight line, Review of P3D's from
railroads in many parts of the world indicates a consistent pattern of
distinct frequency bands wherein the PSD is well modeled by an even-
powered Straight line segment. Power laws -2 and -4 have been com-—
monly observed. A PSD model for profile reflecting these observations
is illustrated in Figure 2-2.

The individual segments of the PSD represented in Figure 2-2 can be
linked to manufacture, installation and subsequent deqradation of the
rail. Several distinct regions can be identified in FPigure 2-2.
These are summarized in Table 2-1 and their physical causes are also
discussed starting at the short wavelength end of the spectrum,

Analysis of profile geometry PSD's was performed over the fregquency
range of 107° ¢y/f& to 3.2 cy/ft. For these freguencies the following
even power law approximation to empirical PSD's could be fitted uni-
versally to the continuum with a residval of less than 10 percent:
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A ¢
1 i4 s by S0 £ 0.2 oy/fx.
i ]
where
N & = spatial frequency:
Slc¢) = discontinuous analytical PSD;
A; = profile roughness for ¢=2 range;
and ¢l3'¢l4 = break fregquencies.

Since this PSD model is not continuous, a smooth functional fit was
sought. This is given by:

2 2 2
Ap9T 00 + 62

Sy(8) =
t TR

{2~2)

Both §1(¢) and Sy (4) are shown in Figure 2-3 along with raw profile
PSD data.

For track that is in regular comﬂf:cial service, ¢i %Pd ¢% are bath
conatant with values of 6,3 x 107 cy/ft and 4.0 x %" cy/ %, respec-
tively. Therefore, over the range of wavelengths most critical to
vehicle dynamics, the continuous portion of the profils PSD is ade-
quately cpecified by the single remaining constant, Aj.

Similar models were developed for other track geometry parameters.
These models arae given in Section 2,3,

2.2.3 PERIODIC PROCESS

The predominant North American practice is to roll rail in the
shorter, more manageable lengths of 39 feet. Then it is bolted or
walded intc the longer strings te form the track. Both bolted and
welded joints are sites of structural weakness and accelerated degra-
dation of geometry. Additionally, the inability to straighten verti-
cal deflections at the ends of the rail segments is incorporated into
the profile gecmetry of the weld. (9)

Physical observation of track geometry and stiffness measurements
indicate that 3joints and welds are locations in the track where
conditions differ significantly in character from those found between
joints and welds. The regular occurzence of joints or welds results
in a periodic process in the track geometry.

& cuspy behavior is observed in the track geometry at Jjoints.
Analyses of track geometry data indicate that the rail profile or
alignment at a joint can be adequately represented by a cusp shape of
the form:
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yx) = ce~klxl 12=3)

where
%« = distance along the rail,
y(x) = rail profile or alignment,
¢ = joint cusp cmplitude, and
and ¥ = decay rate, assumed constant on a

particular section of track.

Thus, the shape of a joint is defined by its amplitude and its Jdecay
rate. The values of joint amplitude were found to be represented by a

statioga:y random process governed by distribution with a non-zero
mean, C.

On bolted rzil and on some CWE fabricated from relay bolted rail, the
cusp is downward, Its duration (lnverse decay rate) is on the order
of 2 ko 10 feet long and its amplitude generally falls between 0 and 3
inches. Both duration and amplitude increase with degradation, which
regults from the structural weakness ¢of the joint and is accelerated
by loocening and wear of the joint bars.

On CWR fabricated from new rail, the cusp is usually upward and much
shorter, 2 to 4 feet long, and its amplitude may be as great as 0.3
inch. It is caus:d by the rolling-cooling process during which the
rail bends upward. Even though the rail is straightened after this
process, straightening does not totally remove the curvature from the
ends and a cusp occurs at the location of the weld at the CWR
string. (9) CWR Jjoint deqradation consists of the development of a
depression around the upward cusp, rather than in the cusp itself.

2.2.4 DATA PROCESSING

Twenty-nine zcnes of track geometry data representing a total of 150
miles of track were selected to characterize the typical track geom-
etry sariations. These sections were broadly distributed throughout
the United sStates and covered the full range of track classes as
defined in the Track Safety Standrds. (l0) These zones reflect various
types of cperating conditions and maintenance practices of djifferent
railroads. Typically, the zones vary in length from one to ten miles,
Characteristics of these zone:z are given in appendix A.

Empirical PSD's were generated for the track profile, crosslievel,
alignment and gage data, On the basis of these, analytical medels of
the continuum portion of PSD's were developed for all the track geom-
etry parameters. Various parameters of the models such as the rough-
ness constant, break frequencies, mean jeint amplitude and decay rate
were estimated from the empirical PSD's. Appendix B.2 describes the
method used to extract these parameters.

2.2.5 STATISTICAL PROPERTIES

It has been shown in Reference (1) that the stationary random process
(SRP} is a Markov process, By virtue of the Markov property of SRP's,
track measures such as high-pass space curve, mid-chord offset (MCO),
warp, gage and crosslevel varjiations are given as weighted sum of many
consecutive values of a seguence of white noise values. Therefore,
according to the central 1limit theorem, these measures will be
normally distributed. Therefore, if only the SRP is present in the
geomekry, the track measurement is a normally distributed random
variable that is adequately described by its mean and variance.

2=-7



Profile and alignment measursments are often specified in terms of an
MCO of half-length, S. An MCO measuring a SRP produces a fluctuating
random variable having zero mean and correlation function, R(x,85).
The expression for R(x.8) is given as:

R(%,3) = 1/4U7%-28) - U(x-S} + 3/20(x!
- U(x+5) + 1740 (x4 26) (2-4)

where U(x) is a Eunction of the giocess PSD.

The variance of the mid-chord is given by R({0,3) which is a Funetion
of the chozd length. Expected values of standard deviations {sguare
root of variance) for 62-foot MCO are given in Section 2.3,

Two track sections were analyzed to characterize the distribution of
joint amplitudes far the profile geometry. Data were processed ko
include the following representations of the profile.

o Space curve.*
o An MCQ of length egual to twice the rail length.
3 An MCO of length equal to the rail length.

o an MCO of length egual to one-half the rail
length.

A regression analysis was performed to determine which of these repre-
sentations waould provide the best informatiorn on the location anrd
amplitude of a joint., The space curve was fouad to be the best indi~
cation of a joint. The half rail length MCO was the sacond best
choice.

Another section of track geometry data was uged to cdetermine the dis-
tribution of joints. This track zone was estimated at Class 3, The
construction was bolted with rail length equal to 39 feex,

Joints were located by theic characteristic cusp signatute in the
space curve. Then, using a 16-foot MCD, the amplitudes af joints were
neasured,

The magnitude of joint amplitude are plotted in the histogram shown in
Fiqure -4, The results display a skewed distribution having a mean
amplitude, C of 0,284 inches, This distribution is highly suggestive
of a I~distribution which can be described as: .

P, (C) = (é)q c—:;f-:-:—cf 12-5)
values of 7 for varjious track classes are given in the next section.
2.3 RESOLTS
2.3.1 ANALYTICAL MODELS
Typical PSD's for track geometry parameters ar given in Appendix B.

On the basis of these, models for SRP were developed for all track
geometry parameters, These medels are given in Table 2-2,

*Space curve LS a pseudo~reconstruction of track in space without the
effect of local topography.
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TABLE 2-2
MODELS FOR PSD CONTINUUM

For wavelength coverage from 10 to 1000 ft, omit the term in [ 1.
To extend wavelength coverage to 0:2 ft, include the term in [ 1.

¢ = spatial frequency {cy/ft)
A = wavelength (ft) = ¢~ !
5,(¢) PSD (in?/cy/fr)
n = a geometry variable designator:

n = 1 + Left rail profile
2 + Right rail profile
5 + Mean profile
4 + Crosslevel
$npn = mth corner frequency of nth track geometry PSD
A= gt

nm nm

PROFILE (n = 1,2,3)

S,(6) = An¢;~(¢z T ) 35 (8% + 8%))
ot (o2 + 92,) b2 (8% + 920)

with:
Ao, & 140 f< kn“ = 25 £t
Ags & 5 - 10 ft g 2 1.0 £t
"CROSSLEVEL (a = 4)
A%, (0% + of, 42, (o? + ¢j5i]

S.0) T T 8T ¢ 8%.) (8% + ol.) al (9% « du;)J

with:
A, ¥ 200 - 1000 ft A,, ® 40 - 200 ft
Ay & 28 - 50 ft Ay = 18 ft.
Ags; $ - 10 ft }WE 3 1.0 £t
Ehsn A,; (effective combination of Ahl, Aogs ALy)
Auy® 140 £t (Use with A, = A, = =)
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TABLE 2-2 (CONT)
MODELS FOR PSD CONTINUUM

For wavelength coverage from 10 to 1000 ft, omit the term in [

\
4
- To extend wavelength coverage to 1.0 ft, include the term in [ ]

¢ = spatial frequency (cy/ft)
A = wavelength (ft) = ¢~°

$,(¢) = PSD (in?*/cy/ft) ,
n = 3 geometry variable designator:

n= 53 + Leftr rail alignment
& - Right rail alignment
7 » Mean alignmen
8 + Gage o

f

¢pm = mth corner frequency of nth track geometry PSD.

A

-1
nm li'nm

ALIGNMENT (mn = 5,6,7)

(o) « fnfm (8T * Ohy) et v o,
g ($) =
a i
(9% +02) . bas
with:
Ay = 100 f1 Apy z 18 ft
Aps = 5 - 10 ft
GAGE (o = 8)
5 (8) 2 95.(0% * 9F,) 6% , @2,
8 -
(6% + ¢3.) (82 + $35) (0% + 02 02,
with:
Agy & 200 - 1000 ft )\e,‘ z 14 £t
lgs 3 25 - 50 £t Ags 2 5 - 10 ft
Ags 5 40 - 200 fr

>

@

u
N

A (effective combination of i,,, i,, and lrg,)
120 £t (Use with Xy, = Ay, = «)
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The emplrical PSD's were separated by track speged classification as
identified in the current FRAM Track Safety Standards. The amplitudes
and break frequencies of the continuum portion of the spectra were
evaluated. <These are also summarized in Appendix 3.

A regression analysis of parameters versus track class was performead
to determine how the parameters were related to the track class,

it was found that the break frequencies were more or less constant and
were not dependent on the speed classification of track. However, the
parameters related to the roughness of the track were stronglv related
to the track class, Regults of this regression analysis are presented
in Table 2~-3 and in Pigure 2-5. The reader is cautioned fhat these
tabulated values are mzans ©Of the regression and scatter of data
values about mean redression lines is of the order of x1 krack class.

It should be noted that the following simple models can be used over
the wavelength range of 10 zo 1,000 feet:

Profile, Alignment:

md (62 + 8D
S5{x)¢ = —3 T 3" {2-£)
¢ {07 + by
Crosslevel, Gage:
3y
S = 7 3 i {2-7)
(07 + d 2l + ¢b)
where:
A = roughness parametar,
» = spatial freguency (cy/ft),
Sy = PSD (inl/cycles/ft),
da.bpn = break frequencies,
L = wavelength = 1/3,
and Az = break wavelengths

The values of break frequenices (or equivalently bkreak wavelengths)
are independent of track ¢lass and are functiong of only the track
geometry parameters. values of break wavelengths for the simple
models are given in Table 2-4.

TABLE 2-4
VALUES OF BREAK WAVELENGTHS
Aa Ap
Parameter (feet) (feet)
Surface* 140 . 25
Alignment 100 18
Gage 112 14

*Profile and crosslevel.



TABLE 2-3

SUMMARY OF SPECTRAL MODRELS AS A
FUNCTION OF TRACK CLASS
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As mentioned earlier, the roughness parameter, A, is strongly depen=-
dert on track class. This is illustrated in Vigure 2-6 for the rough-
ness varameter of mean orofile.

Through the regression analysis, it was first established that the
standard deviations of the measures specified in the track safety
standards were closely related to the roughness parameter. For
example, the empirical relaticnships for profile was given by:

g =21 /K; ) {2~8)

where

54 = standard deviation of é62~foot MCO
of profile, and

Ay = roughness parameter fer profile.

Next it was shown that the standard deviations of the 62-foot MCO were
directly proporticnal to the track class. This relationship for pro-
file was given by:

o = 10" {0.6 + v}/8 {2-9)

From eguations (2-3 and (2-9)
Ay » 0.002310(0-6 + v1/4 (2-10)

Thus, the roughness parameter {s functionally related to the track
class.

The regression analysis was also performed among the roughness param-
eters of various track geometry parameters. The following least
sguare relationship was found to exist between these parameters:

- e, - _
Ay = 200 A/ ° = ) A, = Z Ag (2-11)
whare
A3 = roughness parameter for mean profile,
A4 = roughness parameter for crosslevel,
As = roughness parameter for mean alignment,
and Ry = roughness parameter for gage.

The curve [itting procedure was applied to the spectral line compo-
nents of the empirical PSD's. The mean amplitude, C, and the decay
zate, Kk, were thus evaluated. A regression against Ltrack class pro-
duced the results summarized in the bottom part of Table 2-3. fThere
are significant variations of both € and kX as a Eurction of <track
class with both the amplitude and the duratidn (k™) growing with
degradation. Also, the scatter in € about the regressicn lines
increases significantly for the lower classes of track.
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Regressions were performed to determine how the mean joint amplitude
varied with the exception thresholds Eor surface variables as pre-
seribed in the track safety standards. The fcllowing least sguare
relationship was found between the mean amplitude and the ktrack class:

g = 1072(2:0 + V1/8 (2-12)

where
c

and v

) = mean joint amplitude (profile),

"

track class.

An increase of scatter was found with decreasing track class.

Regressions were alsco performed ta determine how El for profile
and 55 Eor alignment varied with the corresponding roughness param-
eters, Ay and Ag, and with decay rates, ki, for prefile and k5 for

alignment. The mean joint amplitudes were found to increase with the
increase in the roughness parameters with the following least square
relationships: .

€2 - 200 a,
2 (2-13)
and ES = 250 Ag

Decay rates showed inverse relationships with mean amplitude. fThas,
Wwhile the mean amplitudes decrease with the increagse in track class,
the values of decay rates increase with the increase in the track
class. In the case of preofile, the decay rates start at celatively
high values for undegraded track and as the track degrades, it event-
ually settles to a value of 0.1l4/ft. Alignment decay rates approach
the same value but not se quickly.

2.3.2 EXTREMELY LONG AND SHORT WAVELENGTHS

Extremely long wavelengths {approximately 100,000 feet) PSD's were
generated from the track charts using the procedure described in
Appendix B.3. Extremely short wavelength (0.01 foot) PSD were gener-—
ated by using some data contained in Remington, et al.(ll) Kesults
are shown in Figures 2-7, 2-8 and 2-9. These figures establish
confidence that the trends exhibited by the intermediate waveléngth
PSD's are indeed valid and not biased by processing techniques.

2.3.3 STATISTICAL DISTRIBUYTION

As discussed in Section 2.2.5, for typical ktrack geometry measures,
the stationary random process is a normally distributed random var-~
iable with a mean of zero. Thus, the probability density function,
p1(y), is represented by:

1 l/20y/0)?
?

pl(Y) = = o

{2-14}

where y is a geometry variables, and ¢ is its standard deviation.
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It was furcher determined that the periodic process is distributed
aceording to the [-distribution given by:

O, -m ¢ C <« 03
Po(C) = _ {2-15)
4 \4 C39-4C/C o
- -] T £ Q< m
Cc

where T i5 the mean of C,

The stationary random process and the pericdic joint process occur
simultaneously. The density Function for this combined procees is
given by:

2
Py ly) = ke V2WOIT g L0y L w2t
3 (2-18)

I+ et} &

]

4
. where K 1 ( ),
EAUA Y

A5-4).

The densities py(y). pz(y) and pqfy} are graphed in Pigure 2-10.

alld

and 2

Using the PSD models and the associated parameters given in Tables 2-2
and 2-3, standard deviations (g} of the staticnary random component
were generated for the kLrack measures cited in the FRA Track Safety
Standards. This included gage, crosslevel, 3l-foot warp*, and 62-~-foot
mid=chord offsets of both profile and alignment. Comparing these
tesults with thresheld in the Track Safety Standards reveals that:

o In the lower classes of track {1 to 4} gage
requires-as little as 3= or 4—g event to exceed ar
exception ievel.

o Othez geometry measurements for Classes 1 to ¢
require S5-—o or aven higher multiples of 5 te pro-
duce an exception.

To better understand the implicatioms of this result, the correlation
propertias of gage, crosslevel, and &2~foot midchords of alignment
and profile were ccmputed, assuming & stationary random fnput des-
cribed by the model PSD's. The results are shown in Figure 2-11. A
correlation distance, xp, describes how far along the track one must
travel to obtain an independent measuvement of geometry. Values of %

are on the order of 20 feet for the above track measures. Using the
normal distributicn and the 20-foot distance befween independent mea=-
Surements a +3 level ig exceeded once every 6,600 miles per geometry
variable. A +4-uv exception is exceeded once svery 60 miles. A +3-y
value occurs once every l.4 miles. Therefore, For Class 4 through 1,

*The standard deviation for §2~Eoot warp is close ko 1.41 times the
standard deviation of crossievel.
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the stationary random process acting by itself is unlikely vo produce
exceptions to the safety standards for geometry variations other than
gage.

As mentioned earlier, the 3joint amplitudes are distributed according
to a l-distribution. This process is more likely te produce an excep-
tion in crosslevel, Also, crosslevel is more likely to produce an
exception than is profile. The crosslevel exception requires a low
joint of amplitude ¢C in classes 1 through 4. The probability that_a
single low joint will exceed a level of ¢C is on the order of 10~ =7,
With each joint acting independently and spaced on the average of 19. S
feet, a oC joint will happen once every 38,000 miles.

In actual track, the randomly distributed Jjoints are superimposed on
the stationary randem process. If the random joint process (ol eguals
exception level) is combined with the sgtationary random process ({50
equals exception lewvel), then the combined process produces a cross-
level exception once every 60 miles, The history of crosslevel data
collection reveals that crosslevel exceptions occur much more fre-
guently than this. Therefore, it is concluded that the typical track
geometry variations as described in this section cannot account for
the observed frequency of geometry exceptions,

2.4 CONCLUSIONS

Time series analyses were conducted to gbtain an analytical represen-
tation of typical track geomekry variations. It is concluded that a
periadically modulated random process provides a necessary and sSuffi-
cient representation of typical track geometry variations., This pro-
cess consists of a stationary random process and a periodic process
having random amplitudes.

The power spectral density (PSD} is a useful tool for estimating the
properties ©of such a process. In track geometry PSD's, it is found
that the stationary random process produces the smooth conptinuum and
that a non-zero mean in joint amplitudes {pericdic process) causes the
spectral peaks.

The PSD continuum representing the stationary random process can be
modeled by even-powered laws as a function of break frequencies and a
roughness parameter. The break frequencies do not change signifi~
cantly for different track classes. Thus, the stationary random pro-
cess is well represented by a single roughness parameter that (s
strongly related to track class.

The periodic process or joint shape can be modeled by an exponential
function characterized by joint amplitude asnd joint duration. The
mean amplitude and the Jjoint duration (inverse decay rate) can be
astimated from spectral peaks. Both the mean applitude and joint
duration increase with track degradatlion.

Track geometry modals given in this chapter are very useful in deter-
mining the average vehicle responses to track inputs. The models
based on PSD provide relatively inexpensive computer Processing tools
Lor frequency domain analyses of rail and vehicles. The BSD's can be
used to calculate mean square values of rail deviations, rail curva-
tures, vibration levels in the vehicle, forces at wheel/rail intarface
and relative displacements between vehicle components. The mean
sguare values are averaged over many cail lengths and they do not
single out responses at specific locations within the averaging
window.

The PSD is, however, a limited analysis tool for several reasons.
Without dJdetailed 4nowledge of the parent probability distributions
governing each input and each response mede, mean sguare values cannot
predict peak values. ARnother deficiency of the PSD concerns its
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averaging property. Identical PSD's result from a wide variety of
time histories. Therefore, track geometry PSD's do not give unique
vehicle response for nonlinear vehicles, The PSD also destroys phase
information so that the pericdic deterministic waveshape cannot be
reconstructed by using just the magnitudes of the peaks.

The staticnary random component of typical track goemetry variations
is a normally distributed random variable. The pericdic process is
represented by the [~distribution. The staticnary random ‘pracess and
the periodic joint process occur simaltaneously in typical track geom-
atry variations. It has been shown that typical track geometry varia-
tions can produce one exception to the PRA Track Safety Standards
every §8 miles, This is less than three percent of the observed rate
of exceptions, Thus, the typical variations cannot agcount for the
observed fraquencies of peak amplitudes in the track geometry varia-
tiong. The peak geometry values are normally associated with track
anomalies cuch as switches, road crossings, turncuts, bridges, etc.
Because of its averaging property, the PSD cannot isclate such varia—
tions. The analytical dJdescription of such isolated variatioms is,
therefors, the subject of the next chapter.
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3.0 TISOLATED TRACK GEOMETRY VARIATIONS

Typical track geometry variations include the random waviness in the
rail and the periodie process at joints ov welds, As discussed in the
previous chadter, the PSD characterization of typical track geometry
variations cannot account for the cccurrences of large amplitude track
irregularities. 1solated geometric variations in the track are
obscured by the averaging property of the statistical processes used
to charactetlize the kypical track geometry variations. The isolated
variations represent the spatial irregularities which occur Cccasion-
ally and have regular patterns. These variations can produge large
amplitude wvehicle responses and thus should be included in vehicle
analyses. .

This chapter deals with the amalytical description of isclated track
geam=try wvariations. ‘The key signatures are first identified. The
mathwmatical functions which can be used to describe these signatures
are given along with the pacameters oOf these {ucntions. Typical
ogourtences of isGlated track geometry variations are then discussed
ag single events, periodic variatiens and combined irrequlacities in
track geometry parameters,

The information presented in tnis chapter was partially obtained from
the personnel experiencaed in track structures, railroad operations and
track gecometry data, This was augmented by the analysis conducted on
existing rtrack geometry data. This also included the work done in
Phases I and II.

Note that the track geometry data for alignment and profile were
analyzed in the space curve form. fThe Space curve is a pseudo recon-
struction of track as a curve in space without the effects of local
terrain.

3.1 KEY SICNATURES

The following key signatures have been identified in the track geom-
etry data:

cusp

Bump

Jog

rlateaun

Trough

Sinusoid

Demped Sinusoid
Sin(x)/x

0CO000COC

These signatures can occur as single events, in combination with each
other and in a periodic fashion. The Eollowing paragraphs give the
shape and mathematical description of these signatures.

The shape ©f a typical cusp is shown in Figure 3~1, The cusp is a
pointed end signature wifh a distinet discontinuity in the first deri-
vative at the cenger, Tt has its peak amplitude at the center and
returns to the baseline on either end, The cusp car be degcribed hv
any of the following analycical forms:

ta) y = ae~kixl
(b} y = AL = |sin = kx|) 13-

(c) y = All - 2k|x|) =-- xriangular cusp.



{a) ABSOLUTE SURVEY

{b) RESPONSE OF SPACE CURVE

Figure 3-1. Cusp Signature
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Where A is the peak amplitude and k is %the duration (in distance}
related parameter,

A typical bump signature is shown in Figure 3-2. This is a bell
shaped curve which usuvally ovccurs at a depression in the rail or
track. This signature also attains the peak amplitude at the center
and returns to the baseline on either side. The function and at least
its first derivative are continuous throughout the disturbance. fTha
possible desecriptive zanalytical forms for bump are:

A sech (kx)

(al ¥

) J
(b} y = memi/2tkx) (3~2)

(e} y = A 5
L+ k%%

2

Where A is the amplitude at x = 0, and k is the duration related
pacamneter. :

A typical jog signature is shown in Pigure 3-3. This is a very criti-
cal signature and can occur in both the prefile and alignment. In the
case of jog, the disturbance reaches its maximum amplitude away from
the center. The candidate analytical forms for jog are:

{a) ¢ = 1/2 A tanh (2kx) (3=-3)
{6y ¥ = a/n tan"Linxx)
() ¢ = Akx

Sl +‘4k2x2

Where A is the maximum amplitude and k is the duration related param-
eter.

A typical Elateéu signature is shown in Figure 3-4. This is like a
step function with smooth rise and fall, The analytical form for a

plateau can be obtained from the mathematical descriptions of jog by
the following relation:

\
Where y'{x) is a functional description of a jog. For example, from
equation 3.3(c), the analytical form for plateau is as follows:

y = 0.5 (y‘(x LK) - oyt ix - 1/k)) ‘ -0

g = 0.5 Ak(x + 1/k) o Bk(x = 1/%) (3-5)

/1 akZix o+ 1002 ETNTUTERY
A simpler analytical form for the plateau can be as follows:

p
y = /// b [3=5)
1+ (kx)

Another possible form for a plateau is given by a rectangular window
with a 10% taper at each end. (12)




(@) ABSOLUTE SURVEY

A y{x)

(b) RESPONSE OF SPACE CURVE

Figure 3-Z2. Bump Signature
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Figure 3-4. Plateau Signature

Figure 3-5. Trougil Signature
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2 57% D . . 40
Acos T3~ “T2ILXI" 10
4D 4D
A “WiTiTe
Y = {3=7)
2 5mx 4D D
Acos o) -:L—Gixi-,z
] otherwise.

Where D is the total duration which is approximately egual te 2/k,

A typical trough signature is shown in Figure 3-5. A possible mathe-
matical form for this signature is as follows:

y = ak m (3-8}

Figures 3=-6 through 3-8 show different gsinuosidal signatures, These
include a sinusoid, a damped sinuscid and a sin {x)/x signature. The
mathematical forms for thes2 Signatuces are as FoLiows:

Sinugoid: Y = A sinm K% (3-3)

Damped Sinusoid: v = pe"K¥ cos® kx {3-10)
: A sin  kx

Sin (X} /%: Yy = % (3-11)

Table 3-1 shows how the key signatures are assoclated with various
track geometry parameters. The possiblity of existence of key signa-
tures is given in four levels. This is based oa how often a key sig=-
nature was seen in a track geometry parameter.

The analytical forms of key signatures are functions of twe param—
eters, i.e., amplitude A and a Auration related parameter k. Note
that the duration of a signature is proportional to 1/k. Table 3=2
gives the relationships which can be used to approximate the duration
of a signature.

TABLE 3-2
DURATION OF XEY SIGNATURES AS A
FONCTION OF k PARAMETER

Signature Duration
Cusp 1.23/k
Bump ‘ 1.57/%
Jog 2.00/k
Plateau 2.00/k
Trough 2.00/k
Sinuscid 2.00/k
Damped Sinusoid 2.00/k
{5in x)}/x 2.00/k
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Figure 3-6. Sinusoid Sianature
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Figure 3-7. Damped Sinusoid Signature
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Figure 3-8. Sin x/x Sicmature
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Table 3~3 gives a range of values of A and k as found in the track
gecmetry data analyzed in this study. Note that the values of these
pacrameters are a function ©f track class, track geometry paramatec,
and the signature itself, In general the wvalues of A and k decreasge
a5 the track class incresases. However, no clear distinction can be
made between different track claszes as to the range of values of
these parameters.

3.2 TYPICAL OCCURRENCES -

The isolated track geometry variations most frequently ogour at
special track work, in spirale and in areas where track stiffness
changes. Special track work such as switches, road crossings and
bridges are stiffer than the surrounding track structure. It is dife-
.ficult ko maintain and align the krack vertically and laterally with
the surrounding track structure, especially when cuts, £ills and abut-
ments induce pronounced changes in the foundation and drainage charac—
teristics in the area. Thus isolated track geometry variations tend
to develop at such locations.

Table 3-4 lists the typical locations where the key signatures have
been seen. These signatures occur as single events, in combination
with each other and in a periodic fashion. Furthermore, isolated
track geometry defects can ocgur simultaneously in more than cne track
deometry parameter. Appendix C contains examples of track geometry
data showing the ey signatures, The following section provides a
discussion of typical occurrence of these signatures,

3.2.1 SINGLE EVENTS

Single events provide +transitory input to vehicles and gan cause
severe dynamic interactiaon. Large amplitudc 3ingle events are
obgerved in track geometry data at isolated locations, Examples of
single events are given in Figures contained in Appendix C.

A single cusp usually occurs at expansion or insulated joints in Con-
tinvous Welded Rail (CWR). This is most common in profile whare cusp
in one ra2il is uswally zccompanied by a depression on the opposite
rail. Isolated cusps in gage and alidament can occur at joints with
leose joint bars. An example of a single cusp in profile is shown in
Figure 3-9,

A bump in one rail is also normally accompanied by a bump in the oppo-
gite rail. Bumps of large duration are almost always found simultan-
eously in the two rails. However, a bump in single rail profile may
gcaur due to localized soft spots. A bump in mean profile car ocecur
at bridge abuttments or under overpasses. Single bumps in mean
alignment are usually observed in curves., A single bump in gage has
been obsezved 100 to 200 feet away from spiral exits. Figures 3-14
through 3~-12 show examples of single bumps in mean profile, mean
alignment and gage. .
The jog signature is commonly found in mean alignment. A typical
example i3 a degleg spiral. Spirals are laid out as transition
regions &c ease the movement of vehicles from tangent sections inte
curves and vice versa. However, under meqatons of traffin over many
years, the curve body moves outward and develops into a dogleg spiral.
Single jogs in both the mean alignment and mean profile are found in
spirals. A Single jog can also occur dua to change in track stiff-
neas. This happens, for example, going from a solid track to a bridge
or going Erom ane weight rail te another. This can alse oecur due to
improper maintenance techniques. Figures 3=13 and 3-14 show examples
c¢f single jogs in mean alignment and profile respectively.

4 single plateau is commonly szen in mean profile and alignment,
This has typically been cobserved at grade crossings and bridges and is
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TABLE 3-4, TYPICAL OCCURRENCES OF ISOLATED VARIATIONS

Signature - Occurreance

Cusp -joints, turnouts, interlockings, sun kinks,
buffer rail, insulated joints in CWR, splice
bar joint in CWR, piers at bridge

Bump soft spots, washouts, mud spots, fouled bal-
last, Jjoints, spirals, grade crossings,
bridges, overnasses, loose holts, turnouts,
interlockings

Jog spirals, bridges, crossings, iaterleckings,
£fill-cut transitions

| r—

Plateau bridges, grade crossings, areas of spot main-
tenance

Trough soft spots, soft and unstable subgrades,
spirals

Sinusoid spirals, soft spots, bridges

Damped gpirals, turnouts, localized scft spot

Sinuscid

Sin x/x localized soft spots, insulated joints
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believed to be due to change in track stiffness. A plateau can also
occur in gage on curves due to rail wear of high rail. Figures 3-15
and 3-16 show the examples of plateau in mean alignment and profile
respectively. .

A combination of a cusp and a plateau is sometimes observed in spirals
and just prior to the spiral, This is usvally considered a dangerous
situation since the rapid dynamic shift of load can cause a serious
vehicle/track interaction.

A trough is usvally observed in mean profile and mean alignment in
areas of poor drainage and localized soft subgrade. An example oF
trough in mean alignment is shown in Figure 3-17.

A sinusoidal signature is rarely found as a single cycle; it usually
cccurs in a pericdie fashion. A single sinusoid uas been aobserved in
mean profile and mean alignment at bridges and in reverse curves with
no tangents. An example of a sinusoid signature in mean alignment is
shown in Figure 3-18.

A damped sinusoid signature usually occurs by itself. It is often
found in either single rail profile and alignment or mean profile and
alignment, This usually occurs at areas of significant change in
track stiffness in curves, grade crossing and switches where a vehicle
receives transitory input. An example of this signature in mean
alignment is shown in Figure 3-19. If traffic flows in both direc-
tions, decaving sinusoids would be found con beoth sides of a transient
input.

B sin x/x is a rare signature and also usually occurs as a single
event., This signature has been observed in single rail profile at a
stiff road crossing having traffic in both directions. &n example is
given in Pigure 3-20.

3.2.2 PERIODIC VARIATIONS

The key signatures occurring in succession are defined as periodic
track geometry variations. The periodic wariatiens can cause severe
vehicle/track dynamic interaction. Large amplitude vehicle response
rasults when the frequency of these variations coincides with the
natural frequency of vehicles. '

The periodic variations have been observed in the form cof cusp, bump,
jog and sinuscid signatures. <The pericdic behavior was not observed
for other signatures in the track geometry data analyzed in this
study. There was only one occurr=nce where one negative plateau was
‘followed by a positive plateau.

Perhaps the most familiar example of pericdic phenomenon is the rock
and roll bebavior on class 2 or 3 track. This usuvally happens on half
staggered bolted track because of poor tie and road bed conditions.
The cuspy type debressions develop on joints and half-stagger results
in alternating low spots on each rajil. Short tangents between curves
are usually subjected to dynamic vertical lecad transfer and are likely
to develep proncunced rock and roll condition. In track geometry
data, this cuspy periodic behavior is usuvally evident in crosslevel
traces. Figure 3-21 shows an example of this periodic behavior in
profile and crosslevel traces.

At long bridges, the design of the bridge may contribute ‘o periodic
profile wariations. An example is shown in Figure 3-22. Mean profile
in this figure shows upward cusps every 90 feet. It should be noted
that this bridge is a multiple span deck girder supported on piers on
90-foot centers. )

B succession of bumps is sometimes observed in mean profile at mud
spots and other locations where drainage is a problem. 4 combination
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of cumps and jogs in mean profile can be observed at bridges and grade
croessings. Mean proflle traces also exbinit succession of Jjogs in
spirals due to dynamic behavior of vehicles.

A periodic cuspy behavior is sometimes observed in gage and single
rail glignment. This usually occurs in curves when one rail has more
alicnment activity than the other, ~ The typical wavelength of this
periodic behavior is agual to the rail length, The alternating in/out
cusps on one rail may create a 78-foot wavelength. Tkis usually hap-
pens in continuous welded rail. An example ¢f periocdic cusps in gage
and alignment is shown in Figure 3-23.

‘Alignment ktraces often reveal 90 te 120 feet periodic variations which
have been induced on track due to the dynamic behavior of passing
consists. This pericdic aligmment behavior i3 believed tc be due to
the yaw motion of locomotjives where the wavelength of perturbation is
equal ko twice the distance between truck centers. The periodic
alignment behavior is most aften observed at spirals and bridges where
a lateral transient input can excite the yaw mode of a locomotive into
several cycles of oscillation.

A section of track with periodic alignment bumps is shown in Figure
3-24. This section includes a reverse curve with a short pbridge over
a river., The geometry traces exhibit 90-foot wavelength oscillations
in alignment at the bridge. These alignment oscillations have been
impressad on the track by the dynamic behavior of the vehicles. The
marshy characteristics of this region has probably played a roll in
the development of these oscillations.

periodic bumps in mean alignment arfe also observed in tangents neat
high speed interlocks. When the train exits high speed interlocks it
changes from a curve-type metion Lo tangenk-type notion and as a
result bounces back and forth a few times, This produces character—
istic 90-%oot periodic bumps in mean alignment which are wvehicle
induced phenomenon and caused by a typical 45~foot distance between
truck centers.

A succession of Jjogs in mean alignment usually occurs in spirals, A
pair of Jjogs has often been observed at grade crossings and bridges.
Figure 3-25 shows series of alignment jogs in a spiral.

& sinusoidal periodic alignment behavior is scmetimes observed in
curves and spirals, Figure 3-26 shows an example of sinusoidal
periodic behavior in alignment in a curve.

Main points of the periodic track gJeometry variations discussed in
‘this section are summarized in Table 3-5.

3.2.3 COMBINED VARIATIONS s
For the purpese of this discussion, the combined :rack geometry varia-
tions are defined as the anes which occur simultanecusly in more than
ane track goemetry parameter. Some of the track geometry parameters
such as gage and alignment, and crosslievel and profile ar: closely
related with each other. However, large amplitude isclated variac.ous
may also exist simultanecusly Iin other pairs of track geometry param=
gters. Such combined variations may cause a severe vehicle/track
dynamic interaction.

An increase or decrease in single rail alignment will rasult in rela-
tively wide or narrow gage Lf the other rail does not have a similar
alignment activity. This is usvally the case in curves where one rail
may constantly be subjected to more lateral load than the okher. The
increased cail wear imn curves usually creates a gage maintenanne
praoblem in curves,
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TABLE 3-5. PERIODIC SIGNATURES

Track Typical

Geometry Wavelength

Parameter Signature (Feet)
Alternating positive and negative 39

Crosslevel cusp {(rock and roll)

Single

Rail Cusps at joints 39

Profile

Mean Bumps at mud spots 50 to 90

Profile Jogs in Spirals 100
Cusps at a long bridge g0

Gage Cusps in curves 39

Single Cusps in curves 39 |

Rail Alternating positive and negative 78

Alignment cusps in curves

Mean Bumps at bridges - 90

Alignment Jogs in spirals 80 to 300
Sinuscids in curves 80 to 200

J
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A profile cusp or bump in one rail is usually accompanied by a depres-
sion on the oppasite rail. However, & low joint Lls also seen as a
cusp in crosslevel since the depression on the opposite rail Has
smaller amplitude than the low joint.

Accelerated track degradation results in zombiped deterioration of all
the track geometry parameters at joints or welds. Thus relatively
poor track gecmetry develops at every half rail length in half-stag-
gered rail. A further discussion of this phenomenon ia provided in
Section 4.0.

Examples of isolated combined track geometry variations are provided
in Appendix C.3. A few examples are shown in Figuree 3-27 through
3-29. Figure 3-27 shows combined variations in zll track geometry
parameters as single events. The gage and alignment show single
evants in the form of cusps. At the same location, the crosslevel and
profile show jog signatures.

Figure 3-23 alsoc shows single events in all track gecmetry parameters.
However, in this case, gage and crosslevel also show the periodic
cuspy behavior. Figqure 3=29 shows combined periodic variations in all
track geometry parameters. = .

3.3 FREQUENCY QF QCCURRENCE

As discussed in Section 3.2, the isolated track geometry variations
usually geoeur in spirals, special track work and cother track anamolies
such as the areas of poor subgrade or drainage. Therefore, isolated
track geometry variations will occur more frequently where there are
more of these special track features. This depends on territory and
type of service. It is, thus, not possible to derive universal con-
clusions regarding the frequency of occurrence of isclated variations
from a limited sample of U.S. track as analyzed in this study.

The high speed track in the Northeast has few curves and road cross-
ings. Most of the isolated variations are found at switches, bridges,
overpasses, buffer rail joints, and insulated joints. Isclated varia=-
tions in scme of these areas develop due to changing weather condi-
tions and the fact that track is laid on earth foundation which
settles at times. The isolated variations in these areas are mostly
in the form of bumps and jogs in profile and alignment.

in mountainous areas with many curves, track condition deterioruates
rapidly. Higher lengitudinal and lateral forces are exertad on the
track due to grade and curvatures. Poor drainage accelerates ballast
and foundation deterioration. A cuspy type gage behavior is common in
such aceas. In addition, jogs in alignment and profile are encoun-
tered frequently im spirals. Sinusoidal alignment behavior is also
observed in these areas.

The arid regicns of the Southwest and Midwest have mainly tangent
track with infrequent special track work. The isolated track goemetry
variations are rarely found in such regions. However, the flat arid
and hot areas may develop a dangerous situation known as "sun kinks,"
This is observed as isolated variations in the Earm of bumps in align-
ment. The rail may even buckle due to very high temperatures,

In northern states where sea=onal freezing and thawing of the track
bed is an annual event, heaving, and pumping ané movement of curves
due tc cold temperature are some of the causes of geometric devia-
tions, In the west drainage is not a real problem because ¢f the
sandy subgrade and 1little rain €£all. In the mideast and midwest,
drainage is a problem because the subgrade is quite often a clay or
silt and rain fall is more freguent.
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3.4 SUMMARY AND CONCLUSIONS

This section addressed isclated track gecmetry variations. Key signa-
tures are identified and their mathematical form is given, Typical
occurrences of these variations are alsc discussed.

Eight key signatures have been identified in isclated track gecmetry
variztions. ‘These are a cusp, bump, jog., plateau, trough, sinusoid,
damped sinusoid and sin x/x. These signatures can be described as a
function of two parameters; amplitude, B and a duration related param-
eter, k. The values of A and k depend upon track class, track geom-
etry parameters and the signature itself.

The key signatures c¢an occur as single events, in periodic forms or in
combination with each other. Furthermoca, isclated track geometry
variations cam occur simultaneougly in more than one track geometry
parameter,

Isolated track geometry variations usually occur in spirals, at
special track works and other track anomalies such as soft subgrade or
poor drainage areas, Isolated variations have been identified at such
track features as rocad crossings, tucnouts, interlocking, bridges,
2ta. Their Erequency of occurrence depends upen number of curves and
special track FLeatures.

The most comnon periodic forms are found in crosslevel and mean align-
ment. The most common wavelengths of such periodic forms are 39 fest
for crosslevel and 78 feet for alignment. A periodic cuspy type
behavior is also commonly cobserved in gage and single rall alignment
in curves. The mean profile can also develop guasi-periodic bumps at
mud spots and periodic jogs in spirals.
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4.0 RELATIONSHIPS BETWEEN TRACK GEOMETRY PARAMETERS

4.1 INTRODOCTYON

Track geometry parametets are traditionally measured and maintained
individually. However, a vehiele receives simultaneous input from
gage, line and surface irregularities. Combined track geometry
defects can cause severe dynamic interaction between vehicle and
track. For example, the simultaneous presence of two defects thdt are
individually tolerable may create an unacceptable' combined response.
The effect of simultaneous alignment and cuosslevel defec:s on carbody
roll is a clear example.

In order to provide reasonable experimentzl and analytic simulations
of actual railroad operating coaditions, it is therefore necessary to
establish analytic representations of the statistical relationships
between track geometry parameters, This is alse important for the
development of track performance standards based on the dynamic intec-
action of vehicle and track.

Analyses were conducted to develop the relationships between various
track geometry parameters. The following sections describe the meth-
odology used and the results Qf these analyses,

4.2 METHODOLOGY

The methodology involved the establishment of a suitable dara tase,
develapment of gsoftware, data processing and the analysis to determine
the relationship between krack geometry parameters. Figure 4-1 is the
block diagram of the methodolegy. The fallowing paragraphs describe
the data base, software and the data processing technigues. Results
of the analyses are presented in the next section.

DATA | PRELIMINARY HYDOTHESTS
BASE PROCESSTNG FORMULATION
HYPOTHESIS SOFTWARE
R TESTING DEVELOPMENT
ANALYSIS TO
DETERMINE
RELATIONS

RESULTS

Figure 4.1. Block Diagtam of Methcdolog§ Used to Develop the
Relationships Between Track Gecmetry Parameters
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A comprehensive track geometry data base was established to represent
a reasonable sample of the United States track. Appendix C gives a
detailed description of this data base. The data base consistad of
approximately 300 miles of track geometry data selected from approxi-
mataly 50,000 miles of data collectad by PRA T-6 wvehigle. In most
cases, five sections of track geometry data were selected in each of
the FRA track classes. Each section varied from five to ten miles in
length.

Relationships between track geohetry parameters were first hypothe-
sized based on review of track geometry data. Track geometry data
were then processed to verify the results of analyses.

Raw track geometry data were first processed to generate gage, curva-
ture, crosslevel, crosslevel variations, alignment space curve and
profile space curve. The long wavelength cut-off for the” filter used
to process alignment and profile was 208 feet. (2} Track geomatry data
were samplad at one=foot intervals and hence the Hyquist wavelength
was two feet.

An analysis of the power spectra of track geometry parameters can
provide useful information about the relatiorship between track geam-
etry parameters, A software package, FEDAL, was developd to determine
the relationships between gage and alignment variations, A detailed
description of FEDAL is given in Appendix D. The meaning of various
parameters and algorithms used are also discussed.

FEDAL generates power spectral densities (P$Ds), cross power spectral
densities, phase spectrum, coberenge spectrum and the transfer Func=-
tion. The program FEDAL was used to process data to support the
analyses. The seguent length used for Fourier transform was 1024 feet
to provide maximum frequency resolution, Fach sedgment of data was
tapere¢ ten percent on each end to reduce "leakage." Consecutive
segments of data were averaged to improve the confidence in spectral
estimates.

Appendix E contains the plots of cross spectrum, phase spectrum, cohe-
rence spectrum and magnitude of the tranafer function. These plots
are typical for all FRA track classes, Slight variations exist
between diffarent sections of data. The following sections discuss
the results of relationships between track geometry parameters.

4.3 GAGE AND ALIGNMENT VARIATIONS

4.3.1 MATHEMATICAL REPHRESENTATIONS

Review of track geometry data indicateg that the alignment at joints
can be expressed by inverted rectified sine, expenential or triangular

cusps. Thus, the alignment for a single rail length can be sxpressed
as:

Sinusoidal

yx) = A{l - {sin (P®)]), -% £ X2 % {4-1)
Exponential

yin = ne"klxl, Lexch (4=2
Triangular

yix) = aq - 22, Sexc} (4-3)



where

= amplitude at joint
rail length =
= distance from joint

Fa T S g
n

= decay factor for the exponential cusp

The amplitude of the exponential joint can be forced to zero at half
the rail length from joints by the expression

vix) = ae klxl _ -k /2, (4-4)

The amplitude of alignment varies from one joint to another. There-
fore, the alignment as a function of distance along the track can be
written as: '

Sinusoidal
y(x,n) = A(n) [1 - lsin(%’i} I]. -% R 5%‘ . {4-5}
fn<e
Exponential
y(x,n] = A(n) [e‘“‘*‘—e'kL/Z], Ssxc<k, (8-6)
0 <n <@
Triangular
y(x,n) = A(n) [ - %{-ﬂ] . Sirck (4=7

Q & n € =

The expressions given by Equations (4-1) to (4-7) are apolicable to
both rails by introducing a proper delay for generating the values for
one rail with respect to the other. It should be noted that A{n) can
be both positive and negative, and varies from one joint tu the other.
The gage at any point can be axpressed as:

G =Gy + ¥y -V, (4-8)

where

GO = a constant

Yy, left alignment

¥e right alignment

4.3.2 FORMOLATION OF HYPOTHESES

Figure 4-2 presents possible configurations of track alignment at
joints. At joints a rail can either go out (towards the fleld side)
or can come in {towards the track canterline). Joints can he either
staggered or non~staggered. Purthermore, one rail may have more
severe variations than the other.
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a) Both rails go out at staggered joints

b) One rail comes in and the other goes out at staggered joints

c) Adtivity on one rail

Figure 4-2. Different Descriptions for Track Alignment
) at Joints :
4=t



whearea

o1 : a Py E 1=
The amplitude of the exponenptial joint tan oe forged to z2ro at nhall
the rail length £rom joints by the axprossion

The amplitude of alignment varies from one jolnc ko agatw:r.t Tne:z—
fore, tha slignment a3 a funchion ¢f distance along the track wan o2
woltten as:

s
-

= ?x(ﬂ)

Enponantial
TR SR

vx,n)y e AN

Trianaular
LERSNGIIAT

]
e
Iy
"
A
[Tl

i4-7)

s{e,n) = Aln) [i -

-3
P
w©
o
e

both rzi

one rai ol

DR toth 203l and nmazgati
The gage  ac any poiat can be

G =G, % v, - % 14=5)

g = @ tonstant
vy = Lleft aligoment

Y. = CLGUL alignnent

4.2,2 #ORMULATICN OF HYPRITHRSES

Reproduced from
best available copy




a) Both rails go our at stapgered joints

b) One rail comes in and the other goes out at staggered joints
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Activity on one rail
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Figure 4~-2. "Different Descriptiont for Track Alignment
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Hypothesis 1: Both Rails have Qutwaid Cusps or Kink at Joints

Resultant traces Cfor gage (mean camoved) and alignment ar
shown . According Lo the sign convantion f£or alignment, an oftss
the left corresponds to positive alignment. 23 shown inp Figure §

Flgure J-3 illustrates the condition of track under this hypothesi
i 2  al

L

3

positive inczease in left alignhment is associated with wide gage
T

L

]

ot

joints on the lefc rail. This wtll result in a significant posi
correlation betweazn gage ard lett alignment variations. The =
alignment has negative cusps at joinss which are also accompanie
wide gage. Thus, the right alignment will have significant negativ
correlation with gage varisticons, The mean alignment trace shows an
egual protability of an increase ar decrease, and thus, will result in
zeto or insignificant correlation between gage and mean alignment.
The magnitude of mean alignment follows the gage trace and thus chould
be highly correlated with gage variations.

[egt= k-t
O Ty arw QO .

dypothesis 2:  Both Rails Have Positive Cusps at Joints, i.e.. the
Left Rail Goes Out and the Right Rail Comes in at Joints

Figure $4~4 shows the traces for gage and alignment under this nypo-
thesis, in this c¢ase, the postive cusps in the left alignment arce
associated with wide gage and positive cusps in the right alignment
are associatzd with narrow gage. This will tend to give significant
positive correlation between gage and left alignment wvariations and
significant negative cocrrelation hetween gage and right aligoment
rariations. Tha mean alignment has always positive cusps with either
wide or narrow gage which will resulr in zero or insignificant corce-
lation oetwesn gage and mean allonment wvariations, The same will be
czue {or gage variations and magnitude of mean alicmenc,

Bypothesis 3. Hails at Joints Have Randawmly ¥Yarying PoSitive or

Negative Cusps

Consider th i{llustration in Figure 4-5. For simplicity, in this
figure, it {a assumed thac ths track alignmeont has pesitive or nega-
tive spikes at Jjoints and is zero otherwise. The amplitude of the
splres is assumed to be either A or 23, ‘The correlgtion between gage
and alignment, Sy

te given by (14):

Sew T % (4-9)

... = caovariance of gage and alignment
b = standard deviation of gage
Ty = standacd ZSeviation »f alignment

borwe=n gage amd aliyrment for Yhe [llus-

o =T

irive corrzlation with gage and

icant neqative ecoreslacion with

betwaan gace and aelther left pius
2l lgnmeant .

Aypothesis 4: At Joink, the High Rail More Likely Goes OQut and the
Low Rail More Likely Comes 13
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LEFT RAIL

RIGHT RAIL

T T~ T~

a) Track (leftr and right alignment)

b) Gage

¢} Lefy + rvight alignment

dy |Left = right alignment|

Figure 4-3. Gage and Alignment When Both Ruils Go
Qut at Jeint ‘
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LEFT RAIL

RIGHT RAIL

M+

a) Track

-+

IR

¢} Left « right alignment

Figure 4-4. Gage and Alignment Wbcn Poth Rails iave
Positive Cusps at Joints.
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. LEFT RATIL
. |
! ] 74
3
|‘ | ' RIGHT RAIL
a) Track

¢) Lleft + right alignment

S N I N

d)  |Left =+ right alignment|

- Pigure 4-5. Illustration of Positive and Negative
Cusps at Joints
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TABLE 4-1

THE CORRELATION COEFFICIENT BETWEEN GAGE
AND ALIGNMENT FOR THE ILLUSTRATIVE FXAMPLE

Correlation

Parameter Coefficient -
Gage Versus Left Alignment Q,707
Gage versus Right Alignment ~0.707
Gage Versus Left Plus Right . 000
Alignment
Gage Versus |Left plus Right 0.000
Alignmen:

4.3.31 HYPOTHBESIS TESTING

Review of track geometry data shows that one is unlikely to ancounter
2 majority of track described by either hypothesis 1 or 2. sSome tar-
gent track Sections may show the behaviar depicted bWy hypothesis L.
On the other hand, some curved sections may show behavior described by
hypothesis 2. On a statistical basis most track sections are des-
cribed by hyvootheses 3 and 4, The relationship between gage and
allignment at joints can thus be described as follows:

o The alignment cusps at joints can be either posi-
tive or negative.

[} Ths amplitude of these cusps varies randomly from
ona joint to the ather.

o Cage can be relatively narrow or wide at joints
depending cn the sign of alignment cusps.

Figures 4-7 and 4-8 are examples of the measured gage and alignment on
Class 2" track. Gage and alignment were high-pass Eiltered te enhance
the joint signatures, Figure 4-7 shows an example of high rail going
out at joints whareas Figure 4-8 shows an exampla of low rail going in
at joints. Note that the positive and negative gage values are
relative to tha local mean and do not necessarily indicats wide or
narrow gage as defined in the Federal Track Safety Standatds. (10}

LOW RAIL

Figure 4-6. Tendency of High Rail to Go Out at Joints
and Low Rail to Come In at Joints
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4.3.4. RESULTS OF DATA PROCESEING

Different data processing techniques were investigated to verify the
telstionship hetween gage and alignmeat as depicted by hypothesis 3
and 4 given in Section 4.3.2. analyses were conducted for gage and
alignment variatiens defined as mean removed gage or alignment.

anAlyses were also conducted for magnitude of gage and alignment
defined as the measured gage and the absolute value of aligrment.
Futther analvses were conducted Lo characterize the relationships
setween left and right aliunment and between gage and left minus right
alignment to enhance the cenfidence in the methodolegy used. In all,
nineg different combinations were analyzed. Table 4-2 provides a
summary of various combinations. Typical results in terms of the
cross spectrum, squared coherence, phase spectrum and the magnitude of
the transfer function are given in Appendix E.1.

It should be noted that the computed coherence function,

§2 7§y hera is defined as (12):

Xy
= 2
- e 1)}
"i () = ¥ (4-10)
¥ B, (E}G, (£
where 4
Ewy(f) = Average cross spectral density
6‘(E) = Average auto-spectral density of filrst parameter
GY(E) = Average auto-spectral density of second parameter

The wvalues of Y2 {E} lie between zerc and one. A value of zera indi-
cates no linear télationships between the input/cutput parameters. O©On
the other nhand, a value of unity indicates a perfect linear relation-
ship. The intermediate values are interpreted as the percentage var-
fations of the output explained by , the linear relationship betwen
input and output. For example, a Y, (%) value of 0.75 means that 75
percent of the variations in the outplUt parameter are explained by the
linear relationshiz Dbetween the input ans outbput. The coherence
function as defined here is referred to 35 squared coherence by same
authors and the ordinary coherence is defined as the square root of
this function, However, since the coherence function as defined above
has direzt jnterpretation, it will be simply referred to as
"echerence” in this report.

Figure 4-9 shows typical coherence between the left and right align-
ment variations. The squared coherence for waveiengths longer than
100 feot is closes to unity for mosk cases. The wavelengths shorter
than 100 feet show a decrease in ceherence. This would indicate that
variations of both lefr and right alignment are alike for wavelengths
longer than 100 feet. However, the alignment variations of the two
rails become more or less independent as the wavelength decreases,

Figure 4-1D0 is an ecxample of ccherence between gags and single rail
alignment. This figure shows strong coherence between gage and the
single rail aliznment Eor wavelengths sharter than 100 feet, This was
true for most sections of dats processed in this study., In particu-
lar, wavelengths shorter than 70 feet 2xhibited & coherence varying
frem 0.5 to 1.0 with a nominal average of 0.7. In some CaseE, 10w
coherence was observed for one rail. However, this was accompanied by
high coherence values for the othsr rail, Mixed resulis were obtained
for wavelengths between 70 and 100 feet, in few cases this region
showed poot coherence betwecen gage and the single rail alignmment. In
such cases both rails had strong 78-foat aligmment perturbations.
This would result in strong coherence betwzen left and right rail

4-13



TABLE 4-2

VARIGUS COMBINATIONS FOR CHARACTERIZING 1THE
RELATIONSHIPS BETWEEN GAGE AND ALIGNMENT

XX - X, *X .
Parameter i<y x5 | __17_2_| X)X, 17 2 Xy "X,
G X X X
]x1} X
g X X X
Xq X
= Gage - 54 inches (magnitude of gage)
g = Gage variations (wmean removed gage)
X, = Left Alignment Space Curwve ‘
X, = Right alignment space curve
Xy = Left alignment variations (mean :emoved alignment)
X, = Right alignment variations

An X mark in the entry indicates that analyses were performed
on the pair of parameters,
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alignment and a poor coherence between gage and the single rail
alignment. )

The results in the previous paragraphs indicate that there is a strong
linear relationshp petween gage and single rail alignment variations
for wavelengths up toc 100 feet for most cases. However, sometimes
this is offset by a strong alignment activity in both the left and
right rails for wavelengths between 70 and 100 fset,

‘Data were also processed to analvzc cohererce between gage and mean
alignment variations.* The observed ccherence was mainly below 0.25
with a nominal value between 0 and 0.1. There were occasional peaks
at wavelengths corresponding to the rail length and its harmonics.
These results indicate that gage and mean alignment variations zre not
linearly correlated with each athaer.

Relationships were alsc investigated hetween the magnitude of gage [3)
and the magnitude of alignment. The coherence for all track classes
was insignificant. This means that an increase in gage does not
nacessarily imply an increase in the magiitude of alignment.

4.3.5 TANGENT ARD CURVED TRACR

In the previous section, it has been shown that there is a significant
linear relationship between gage and single rail aglignment variations
for short wavelengths. 1In somc cases gage variations showed stronger
relationships with one rail than with the other. Furcher analyses
were conductad to determine the cause of this difference. Analyses
were performed separately for the tangent track, track with left hand
curves and the track with right hand curves.**

In all cases, the ccherence betwzen gage and either single rail
alignment was similar for purely tangent track. Figures 4-1ll and 4~12
show an example of coherence between gage and single rail alignment
variations. The coherence for botn the left and right rail is of the
same order af magnitude.

For the 1lower class track {e.g., Class 2) gage varviations showed a
slightly stronger celationship with the single rail alignment for the
curved crack than that of the tangent track. The relationship
appeared to be slightly better with the low rail for both the left and
right curves. However, the difference was not significant.

For the higher class track, i.e., Class 4 or above, gage variations
showed higher coherence with the high rall alignment than with the low
rail. Figures 4-13 and 4-14 are the examples of the gage coherence
with the high and low rail alignment. The coherence with the high
rail is significantly higher than that with the low rail.

on the tangent tra "k, both the left and righc rails are, in genecral,
subjected to the similar lateral leads. Therefore, the alignment
variations in the two rails are more or less of the same order of
magnitude. In this case, the coherence beatween gage and vingle rail
alignment is found to be of the same order of magnitude for both the

left and rvight crails. For lower class track, the posted speed may be
lowar than the balance speed in lacger curves. Theretore, the train
has a tendency tc ride the low rail and the low rail tends to have
more alignment activity than the high rail. In this case, gage tends
to have stronger relationships with the low rail alignment. Oon the

*Average af left and right alignment.

**faft hand curve means the left rail is the low rail: the right hand
curve means that :he right rail is the low rail.
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other hand, on the higher eglass track, i.,e,; Class 4 or above, the
balance speed may be less than the mazximum allowadble class spead ang
the traffic tends to go over balance speed. Therefore, the high rail
is subjected to more lateral load than the low rail. Conseguently,
the alignment variations in the high rail are more sewere than those
of the low rail. In this case gage has a stronger relationshio with
high rail alignment than with the low rail alignment.

4.3.6 MATEEMATICAL FORMULATION

Data processing resulvs in Sections 4.3.4 and 4.3.5 verify the track
descriptions hypothesized in Section 4.3.3. Thus, we can conclude
that alignment at joints has randomly varying positive or negative
cusps at joints. This means that each rail can deform either towards
track centerline or towards field side., At joints gage will be rela-
tively narrow or wide depending on the direction of alignment cusps,
This gives a strong linear relationship between gage and alignment
variations.

Ttie relatianship bektween gage and sSingle rall alignment can be des-
cribed by a transfer funetion. This transfer function can be charac-
terized by the gain factor and phase angle as a Eunction of frequency.
The transfer function, H!f), for gage and single rail alignment vari-
ations can be defined as:

HUE) = ghi— (4-11)

©
kel
-
[
[

= ¢ross spectral density between gage and alignment
Gy lE] = auto-spectral density of gage
H{£) = transfer function

The transfer function celates the iaput and output wariables by:

Y€y = B{DYK(E) (4=12)

where
Y{E) = Pourier transform of alignment variations
X{E} = Fourier transform of gage variations

The transfer function can be expressed as:

BUE) = late) e 10 ' (4-13}

where

[H(E}] = gain factor
a(f} = phase angle

422



TABLE 4-3
GAIN FACUTOR BETWEEN GAGE AND
SINGLE ALIGNMENT VARIATIONS

Track Class Gain Factor*

4.51
0.50
0.49
0.48
0.48%
0.45

[ VR PRGN g

*hverage for left and right alignment

The average value of phase angle for gage and left alignment is zero
at short wavelengths, <The corresponding value for the right alignment
is 180 degrees. This is due to the sign conventicn used for align-
ment. A positive offset in the left alignment means an offset away
from the track centerline which results in wide gage. Fotr the right
alignment, a positive offset means an offset to the Lrack centerline
which results in relatively narrow gage.

Table 4-3 gives the average gain factor between gage and alignment
variations at short wavelengths. This table indicates that there is
no significant difEerence between different track classes and that the
average gain Factor is approximately 0.5, This could imply that, on
the average, ane-half of the gage variations accounted by the linear
relationsiiips are due tc the alignment variations of one rail and the
other half due to the alignment variaticns of the other rail.

4.4 CROSSLEVEL AND PROFILE

4.4.1 TRACK DESCRIPTIDNS

Observation of track geometry data reveals that profile exhibits
depressions or negative cusps at joints, Belted track is usually half
staggered, therefore, depressions on opposite ralls occur every half
rail length. Depressions on joints eventually die away within 1/4 to
1/2 the rail length on either side.

The gprofile and crasslevel representation for the half-staggered
balted track is shown in Pigure 4-13%. : The crosslevel s the differ-
ence between left and right profile. According to the sign convention

used, positive crosslevel corresponés to a dip on the right rail and
negative crosslevel corresponds to a dip on the left rail,

Left Profile

\\\‘\ ‘n”//ﬁ\\\‘s 4¢ff/~\\\\\

Crosslevcl

Figure 4-15. Profile and Crosslevel Representations
for Half-Staggered Bolted Track
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Piqure 4-16. <Crosslevel and Profile Showing Joint Signaturses

As shown in Figure 4-15, a negative offset in single rail profile is
usvally accompanied by an equal probabilty of positive or negative
crosslevel. In this c¢ase, the crosslevel will have insignificant
correlation with the single rail profile. However, at joints, a
depression in left profile is always accompanied by a negative cusp in
the crosslevel. This will result in a significant oositive corrcla~
tion between the crosslevel and the left profile at a wavelength equal
ta the rail length. similarly a depression in the right profile lis
always accompanied by a positive cusp in the crasslavel. mhis w«ill
result in a csignificant negative correlation Y“etween the crossievel
and the right profile.

Figure 4-15 alsa indicates that a negative cusp in the mean profils is
always accompanied by a positive cr negative cusp in the crosslevel,
Tnerefore, the crosslevel variztions will have zn linsigpificant cor-
relation with mean profile wvariations.

Figure 4-16 is an example of measured crosslevel and profile data for
the bolted track. Both the profile and crosslevel have been high-pass
filtered to enhance the joint signatures. Note that the megasured data
agree with the representation hypothesized in Pigure 4-15,

Mathematical representations Faor the rail profile were develooed undecr
a previocus contract and were given in reference (1). A modified form
including che superelevated term is given in raference (15). b sim-
plified representation of the profile Eor a single rail is given by:

-m|x|‘ _% <x < (d=14)

Wi

z(x) = ce

where



profile

joint amplitude

decay -factor

distance from the joinc
rail length

HTwxe o—
wonowonof

The joint influence can be forced to zero at one-half the raii length
from the jeint by the expression:
—alx] _ c-aL/2)

z{x) = c{e (4-15})

The joint amplitude wvaries from one joint te the other. Therefore,
the profile as a function of distance aleng the track can be expressed
as:

z{x,n) = cin} e el x| _gmal/2 . By 14=-14%
2 —

i~
wafee

o
~n
a

(e
8

The expressions glven by =2quations (4-14) through (4-16) ace appli-
cable to both rails by introducing a preover delay, depending on the
joint stagger, €or generating the values of one rail with respect to
the ather, The grosslevel variations zt any point can be expraossed as

t =z -z, {4-17)

whére
t = crosslevel variation

leftr profile

o
[}

W

right prefile

4.4.2 RESULTS OF DATA PROCESSIRG

various combinations of data processing used to verity the relation-
shilps between crosslevel and preofile variations are given in Table
4-4. Plots of the cross spectral density, coherence, phase angle and
the magnitude of the transfer function are given in Appendix E.2. . The
following paragraphs summarize the results obtained.

TABLE 4-4

COMBTINATIONS OF DATA PROCESSING FOR
CROSSLEVEL AND PROFILE VARIATIONS

Parameter D, Py=Pr

b4

{
A 15
kS }U\

s = crogslevel variations (high-pass filrered crosslievel)
p, = left profile space curve
p, = right profile space curve

= mean prefile space curve



Figure 4~17 is an example of coherence betwean the left and the right
cail profile. A significant coherence (s shown for wavelengths longer
than 20 feet. Analvsis of different track sectipns showed coherence
values between 0.75 and 1.0 for longer wavelengths except at some
wavelengths such as the ones corresponding to the rall length, For
Class 2 and 3 bolted track, the cocherence was almost zero at 19 feet
wavelength. However, there was a significant coherence peak at 20
Eeet wavelength. This is attributed teo the regularly spaced half-
staggered joints. )

Figure 4-18 shows typical coherence values between crosslevel and the
single rail profile. The coharence is not wery significant for most
vavelengths. However, significant pe.aks are found at wavelengths of
39 and 13 feet. Most track sections showed cohecence values of (.1
and 0.4 except at wavelengths correspanding to the tail length and its
harmonics. Typical values at such wavelengths were between 0.3 and
0.5. Coherence peaks of 0.6 and 0.3 were observed at 3% feet wave-
length for Class 2 and 3 bclted track., This is attributed to the fact
that the ecrosslevel wvariacions =zt joints are predominantly due to
surface depressions at joint.

Figure 4-19 is an example of che coherence betwsen crosslevel and the
mean proefile, Crosslievel showe almost zere cobherence with the mean
profile. gimilar results were obtained Eor most track sections,

Resules in this section wverify the track descriptions hypothesized in

Section 3.4.1. Thus, one is likely to encounter a majority of track
as tepresented in Figure 4-1%5 Eor profile.

4.5 CROSSLEVEL AND ALIGNMENT

Investigations wece performed to detecmine the relationships between
the crosslevel variations and alignment wvariations. This was done for
both the single rail alignment and the mean alignment. fTypical plots
showing the frequency domain relationsghips are given in Appendix E.3.

Figure 4-20 is an example of the cocherence between crosslevel and
alignment variations. This is typical of both the single rail align-
ment and mean alignment, The coherence is almost zerp at all wave-
lengths. ZSpecifically, analyses of other track sections showed simi-
ler results. In general, the coherence between tne crossievel and
alignment was less than G.l. However, at certain wavelengths such as
39, 19, 13, ¢ and 5 [eet, coherence peaked from 0.3 to 0.5. It should
be noted that these wavelengths correspond to the rail length and its
harmonics., ‘fhis would imply that relatively more scvere crosslevel
and alignment variations exist at joints which give relatively higher
coherence, a. fregquencies that are related to the Joint spacing.

In some cases, strong coherence was found between crosslevel and
alignment variations at certain long wavelengths. An example is shown
in Figure 4-21 where a coherence peak at 54 feet wavelength is pro-
nounced, This was especially true for some welded track sections of
Class 4 or better track. In many cases, the most pronounced wave-
length was 78 feet where the coherence in some cases peaked from 0.7
ta 1.0. The exact cause for this is not knawn at this time. This
can possibly be attributed to combined crosslevel and alignment varia-
tions due to certain structural, traBfic or maintenance practices in
certain territories.

4.8 OTHER TRACK GEOMETRY PARAMETERS

Data were also processed to determine the relationship between gage
and crosslevel, gage and profile, and profile and aliynment. Typicel
results are given Iin Appendix E£.4.
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Figure 4-22 is an example of coherence between gage and crosslevel
variations. The coherence is almost zero for all wavelengths, Simi-
lar cresults were obtained for both the bolted and welded ktrack in most
cases. However, in some caseS coherence peaks up to 0.3 were cbserved
at certain wavelengths such 78, 39, 19.5, 13 and 9 feet.

Similar results were also obtained for relationships between the gage
and profile, and between profile and alignment variations for most
wavelengths. In particular, almost zere coherencez was cbserved for
welded track secktions at all wavelengths. However, the bolted track
showed a significant cohorence peak at a wavelength agual to one-half
the rail lenagth, Furthermore. the coherance was non-zero between
wavelengths ©f 13 and 39 feat. Examples are shown in Figures 4-23 and
4-24. Note 2 significant coherence peak at a wavelength of 19.5 feet.
This is believed to be due to the simultaneous degradation of gage,
profile and alignment at joints. The degradation corresponding to a
joint is encountered at every half the rail length on the balf stag-
gered bolted track. This resules in a significant linear relationship
between gage and profile, and profile and alignment variations at a
wavelength equal to one-half the rail length.

4.7 SUMMARY aND CONCLUSIONS

Track geamatry data typical of U.S8. track were analyzed to determine
the linear relationships between track geomckry parameters. These
analyses were conducted in the frecgucnocy domain by generating auto-
spectal densities, cross spectral densities, coherence functions and
cransfer functions. '

These analyses have shown that certain track geomebtry parametecs are
correlated, Table 4-5 gives a summary of carrelation amang track
geometry parameters. Numbers in columns indicate the wavelengths at
which the two parameters are significantly correlated. Columns left
blank or excluded from the table indicate insignificant correlation.
These caorrelations should be taken into consideration in developing
per formance oriented track specifications or performing vehicle dyna-
mic analyses.

pased on the results of this study, it can be concluded that varia-
tions in the left and right alignment are the same for wavelengths
longer than 100 feet. For wavelengths, typically shorter than 70
feet, there is a strong linear relationship between gage and single
rail alignment variations, Left and right rail alignments are more or
less independent for these wavelengths.

There is no correlation between gage and mwean alignment variations.
Ffurthermore, =an increase in gage does not necessarily imply an
increase in the magnitude of alignment. .

TABLE 4~35
CORRELATED PARAMETERS

Single Rail Single Rail Single Rail

Parameter Alignment profile Crosslevel
Gauge <70 19.53
Single Rail »100 13.5 50-90
Alignment

Single Rail 19.5 =20 N 3%
Prafile
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In some cases, gage showed stronger relationship with one rail than
the okher. Further analyses showed that, in general, the coherence
between gage and single rail aligment variations was of the same order
cf magnitude Eor both rails when the alignment variations in the two
rails were of similar magnitude. However, in some cases one rail
stowed moare alignment variations than the other. In such cases, gage
had stronger relationships with the rail having more alignment acktiv-
ity. ror example, in curves where the track has heen subjected to
traffic at speede higher than the balance speed provided by the super-
elevation, the high rail will exhibit more alignment variations than
the low rail., In this case, gage variations will have stronger cor-
ielation with alignment variations of the high rail than those of the
ow rail.

The transfer function between goge and single rail aligmment varia-
tions can be characterized by the gain factor (alignment/ gage) and
phase angla, For shorter wavelengths, the phase angle betwen gage and
lef. =zlignment is typically zero, whereas, the value for right
alignment is 180 degrezes. This is due to the sign conventiong used in
gage and alignment measurements, i.e., a positive value of left
alignment corresponds to incraasing gage and a positive value of right
alignment corresponds to decreasing gage. The gain factor has an
average vwvalue of ¢.5. No significant varlations were found among
different track classes. A common gain value of €.5 for left and
right alingm=nt weans that one-half of the gage variations are asso-
clated with ~he alignment wvariations of one rail and the other half
are associated vith tha alignment variations of the other rail. Hete
that this applies only %o the short wavelength gage variations which
are linearly related with alignment variations,

Based on the relations between gage and alignment variations, 1t is
concluded that 2 rail can either go in {towards track centerline) or
cut (towards the field side) at joints with the amplitude of alignment
varying randomly from one joinot to the other. It was Efound that the
low rail is more likely ko go in and the high rail is more likely to
go out at joints. This may be due to the tendency of the rail ta
straighten itselE in curves. As discussed sarlier, if one rail is
consisteantly subjected ro more lateral load than the cther, 1Lt will
exhibit more alignment activity.

The alignment at joints can be modeled by expanential, rectified
inverted sinusoidal, or triangular cusps. The amplitude of these
cusps varies randomly from one joint to the other.

Surface variations of the two rails have strong linear relationship
for wavelengths longer than 20 feet. Howaver, the half staggered
joints cesult in insignificant cooherence Dbetween the surface
variactions of the left and right rail at 39 feet wavelength for the
solted track.

Crosslevel wvariations have no linear relationship with the mean rail
profile and generally have insignificant linear relatienship with the
single rail profile also. The crosslevel at a joint is predominantly
due to a low joint on one rail. This gives a strong coherence between
crosslevel and the single rail prefile at 39 feet wavelength far
bolted track.

The .profile exhibiks negative cusps at Jjoints., This can be charac~
terized by an exponentisl model as a function of joint amplitude and a
decay factor. The joint amplitude varies randomly from one joint te
the other.

in genaral, there is an insignificant correlation between crosslevel
and alignment variations. However, relatively large amplitude varia-
tions on joints increase .the coherence at 39 feet wavelength. Large
long waveleugkh variations can also occur simultanecusly in crosslevel
and alignment in some track zones, In such cases, crosslevel shows
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strong coherence with alignment wvariations at some discrete wave-
lengths typically between 50 and 90 feet.

Typically, there is neo correlation between gage and crosslevel varia~
tions. This, in general, is also true for gage and profile variations
as well as profile and aligmameat variations. However, simultaneous
degradation ©of track geometry oarameters may result in significant
coherence at certain wavelengths., The bolted track secticng analyzed
in this study exhibited strong coherence between the gage and profile
anid betwen the profile and alignment at a wavelength equal to one-hals
the rail length. :



5.0 RM5 VARIATIONS

puring the investigations of relationship between gage and alignment,
gage occasionally showed better relationship with the alignment ©f one
rail than that of the other. In such cases, the rail having better
relationship with gage was found to have more alignment activity than
the other. It was hypothesized that the rail with more alignment
activity may have been counsistently subjected to more lateral load
than the other. -

Track geometry data were analyzed to determine if statistically there
was a difference between the alignment variations of the two rails as
a function of degree of curvature and superelevation. This section
describes the effect as revezaled by the analyses. During these analy-
ses, an £ms processor* was used as a descriptor of alignment varia-
tions. Results on this processor are also described in this sectiaon,
Analyses were also conducted to determine the difference between the
surface variations of the low and high rail. Results of these analy-

ses appeat in Section 5.2. ’

5.1 GAGE AND ALIGRMENT

Tve methods were used to determine the effect of curvature and super-
elevation on gage and alignment variations. In the first method,
sections of track geometry data were separated according to the degree
of curvature. BM5 wvariatjons of gage and alignment were compubted
separately for esach section. 0Only the data in the body of curves were
used and spirals were excluded during this procesging. Results are
tabulated in aAppendix F.

Tn the second method, a moving point rms window was used to compube
the gage and alignment roughness cantinuously as a funcrion of dis-
tsnce along the track. Plots of gage and alignment variatiens as a
function of distance along the track were generated to analyze these
variations. Average values of gage and alignment variations beoth for
typical and iseolated variations are tabulated in Appendix F. A sum=-
mary and discussion of these results is provided in the following
sections. Note that the alignment here is defined as the lateral rail
deviation from uniformity and typically has a mean ¢f zero.

5.1.1 PFFECT OF CORVATURE

Figure 5-1 shows.rms values of gage as a function of curvature for
Class 3 bolted track. The data shows a slight increasing treand with

the degree of curvature. However, there is enough scatter in the
data and- the gage rms can be considercd more or less constant over the
entire ecurvature range shown in Pigure 5-1. Thus no significant

effect of curvature ig evident in the data analyzed here.

Figure 5-2 shows the ‘alignment wvariaticens as a Eunction <f curvature
Eor Class 3 bolted track. The curvature daes not seem to have any
consistent effect on the magnitude of either rail alignment. In gen-
eral, for curves less than 5 degress, the high rail shows slightly
larger rms values than the low rail. On the other hand, for curves
greater than 5 degrees, the low rall shows slightly larger variations
than the nhigh rail. However, in both cases, the differences are not
very significant.

Table 5-1 shows the average gage ard alignment variations inm curves
for Class 2, 3 and 5 track. .Note that for each track class, the rms
value of the low rail alignment is almost equal to the rms wvalue of

*root mean sguare processot (2).
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ThBLE 5-1
AVERAGE RMS5S VALUES OF GAGE anD ALIGNMENT IN CURVES

Bolted or MS value (inch) .
Track Welded Low Rail High Rall
Class Rail Gage Alignment Alignment
2 . Bolted 0.41 0.43 0.43
3 Belted 0.19 0.29 0.29
4 Bolted 0.10 0.15 9.15%
5 Welded D.10 . d.15 0.14

the high rail alignment, ‘Therefare,- it can be cancladed that on the
average, the aligament variations of the two rails are of the same
order of magnitude.

5.1.2 PPFECT OF SUPERELEVATION
Figure %=3 shows the effect of superelevation on gage variations for

Class 2 and 3 bolted track. Here the gage rms is plotted versus (E -
e)*

where:
E = measured superelevation {inch) )
= balanced superelevation for spccific values of € and V
= 0.00066 Cv?
C = curvature [déQEEES)
and ¥ = posted speed (mph).

as expected, values of the gage rms Qf Class 2 track are highes than
those of Class 3 track. The gage rms shows an increasing trend as E -
e goes away from zero which is also to be expected. However, no
conclusive resulcs can be drawn because of the scatter in the data,

Figure 3-4 shows tie effect of superelevation on aligament variations,
Here the rms values of the low and high rail alignment are plottend
versus B - =, bs expectad, the rzms value of =2ither razil alignment
shows an increasing trend as the magnitude of £ - e fncreases. How-
ever, no consistent difference i{s found Detween the zalignment varia-
t:onsd of the low and high rail.

One would expect that for positive values of B - e, the low rail
should have more alignment activity tham the high rail, On the other
nand, for negative valuas of Z - e, the high rail should have mora

alignment activity than the low trail. This behavicr is not apparent
Erom Figure 5-4. The Eollowing possible reasons can be given Eor this
discrepancy:

*Note that (E - e) 0 means that traffic is below balance speed and
(E - 2} >0 means that traffic i§ abave balance speed.
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o The range of E - e for the existing data is not
targe enough to isolate the difference between the
alignment variations of the bigh and low rail as a
Eunction ¢of E - e.

a The balance suparelevation is caleulated from the
present posted speed. The posted speed varies
aver the life of the track. Further, the traffic
may not always move 2% the posted speed.

Therefore, no definite canclusions can be made on a statistical bamsis
regarding the differcnce between the low and high rail alignment vari-
ations as a function of superelevation from the existing data.
Although, as noted in Segtion 4, in isolated cases, ong rail may have
more alignment variationg than the other which can be assoriated with
operation at unbalanced speeds.

5.1.3 MOVING POINT BEMS

an rms descriptor was used to analyze the typical and isolated vari-

ations Of gage and alignment. RMS values of mean-removed gage and
alignment space curve were computed comtinuously using a 200 foot
moving point window, The following parameters were computed and

plotted as a function of Jdistance along the track:

a, = rms of right alignment [inch)
a, = rms values of left alignment (inch)
an = tms value of meun alignment (inch)
ag = rms vlaue of mean removed gage (inch)
ap + 29 = rms value of right alignment plus
rms value of left alignment {inch)
ag/a: = rms value of gage/rms value of right
alignment
aq/ag' = rms value of gege/rms value of left
: alignrent
ag/am = rms value of gage/rms value of mean
3 alignment
a
—5—9——5 = mean sguare value of gage/mean square
a; +a; of left alignment plus mean sqguare Of

right alignment

These parameters were plotted élcng with gage, alignment, curvature
and crosslevel. It was found that the moving point rms was useful to
discriminate between typical and isolated alignment variations (Sec-
cion 3.6},

Figure 5-5 shows an example whete this descriptor is used to separate
the isolated from typical &glignment variations. hs shawn in Figure
3-5(a), thé alignment includes an isolated variation in the form of a
jog. The rms values Of alignment in the vicinity of this variation
are significantly larger than the values for typical vaciations
(Figure 5-5(b)). The ratios of rms walues as shown in Figure 5=5(c)
are useful ko study the relative magnitude of gage and alignment
variations. Figure 5-5{c) shows large ratios at the beginning due to
low alignment activity in this acea.
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Figure 5-5(c). Typical and Isolated Alignment Variations,
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Figure 5~& includes an isolated variation in gage in the form of a
bump. Figura 5-&{b) chows significantly large rms values of gagc in
this vicipity. This is also reflectad in the plot of ratios in Figure
S5-6(cy. The values of rms parameters for gage and alignment vari-
ations were recorded for Class 2 and 3 track. These values along with
Mean gage, curvature and crosslevel are tabulated in appendix F,

Figure 35-7 is a plot of typical and isolatad alignment variations as a
function of curvature for Class 3 bolted track. Figure 5-8 shows the
typical and {solated alignment variations for Class 2 bolted track as
a Function of E - e. Note that no consistent pattern (s evident about
the aligmment variations either as a Efunction of E - & or as a
function of curvature. The rms values ¢of gage, mean alignment and the
ratios ©of gage and alignment wvariations were also plotked as o
function of curvature and superelevaticn. No definite relationship
was found between any of these pacameters :nd either the curvature or
superelevatisn.

Both Figures 5-7 and 5-8 show that the rms values for isolated vari-
ations are distinctly larger than the values for typical variations.
Thecrefore, the 200-foot moving point rms descriptor can be used to
distinguish between the typical and isolated alignment variations.

Table 5-2 gives the range of the rms descriptor values for Class 2 and
3 track. The average rms values Enc typical gage and zlignment wvari-
ations are given in Table 5-3. Average rms values for isolated vari-
ations are listed in Table 5-4, Note that these wvalues are much
larger than the corresponding values for typical variations.

5.1.4 SHORT WAVELENGTH VARIATIONS

The gage and alignmene data were high-pass filtered to investigate the
short wavelength variations. The long wavelength cutoff For this
Eilter was approixmately 50 feet. “he 200-foot moving point window
was then used to calculate the rms gage and alignment variations. The
tms values were plotted as & Eunction of distance aleng the track and
the analyses similar te the one described in Section 5.1.,3 were
conducted to analyze the short wavelength variations.

The rms valueg for both the gage and alignment were almost constant
showing no effect of curvature or crosslevel. The average rms values
for gage, high raill aligmment, low zail alignment and mean rail
alignment were 0.0%, 0.0%, 0.07 and 0.ll, respectively.

Figure 5-9 shows the effect 0f filter on alignment variations. Note
that the long wav~length isolated variation has been takan out by the
€ilter. This is also indicated by the smaller rms values for shork
wavelength variations.

Figure 5-10 shows the rms wvalue after filtering the data shown in
Figure S-3. The effect of the long wavelength isolated alignment
variation {(jog} has been removed and the rms values in this case are
much smaller and constant throughout.

Figura 5-11 shows the rms values of short wavelength gage and align~
ment wvariations feor the data shown in FPigure 5-6. Again note that the
effect of icolated gage variation (bump) is not noticeable any rmore
and that the cms value of gage is constant throughout.

This section has shouwn that the scatter in rms values is mainly due to
the long wavelength (50 - 200 feet) gage or alignment variations. 1In
addition, the isplated variations are mainly the long wavelength vargi=
ations.
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5.2 PROFILE

Sections of Class 2 and 3 track were processed to determine the 4dif-
ference between the surface variations of the low and hkigh rail.
These sections were divided according to the degree of curvature and
rms values of profile were computed separately for the low and high
rail. Only the data in the body of curves were used and the spirals
were excluded from these analyses. Class 3 daca were processed separ—
ately for the bolted and welded track. Analyses were also conducted
separately for short wavelength profile variaticns dominated by jaints
in the bolted track.

Table 5-5 lists the surface variations of the low and high rail as a
function of degree of curvature and superelevation. Mate that the
profile space curve represen:s the deviations from uniformity and has
a mean of zero.

A study of Table 5-5 shows nc apparent relationship between the sur-
face variations and the superelevation. However, the surface vari-
ations appear to increase with the degree of curvature. This is
especially true for the low rail wvariations. Furthermore, the surface
variations of the low rail are slightly larger than those of the high
rail Eor the bolted track. ror the welded track, surface variations
of the low and high rail zre of similar magnitude.

As expected, the surface variations of Class 3 track are smaller than
those ©of Class 2 track. Furthermore, the welded track sections are
much smoother than the bolted track sections.

The tms wvalue of short wavelength profile are much smaller than the
values Eor overall profile variations. This implies that there are
significant profile variations of wavelengths longer than 39 feet,

In summary, the profile variations of the low and high rail are of
equzl magnitude for the welded track. For class 2 and 3 bolted track,
the low rail tends to have more surface variations than the high rail.
Furtbermore, the surface variations of the Low rail increase with the
degree of curvature.

5.3 SUMMARY AND CONCLUSIONS

Track geometry data were analyzed to determine the effect of curvature
and superelevation on gage and aliqnment variations. Analyses were
also conducted to determine the difference between the surface vari-
ations of the low and high rail. The following conclusions can be
made based on these analyses.

The curvature has insignificant effect on gage variations im the data
analyzed in this study. The curvature does not show any consistant
effect on the magnitude of either rail alignment variations. On the
average the alignment variations of the low and high rail are of the
same order of magnjitude,

Alignment variations tend to increase as train speeds reflect more
unbalance ©of superelevation. In isolated cases, one rail may have
more alignment variations than the other which can be associated with
the operations at unbalanced speeds. However, no definite conclusions
can be made from the analyses presented in this section regarding the
difference between the alignment variations of the low and high rail
as a function of superelevation.

The rws value calculated by using a 200-foot moving point window can
distinguish between the typical and isolated variations, The average
values of this descriptor both for the typical and isolated variations
are given for Class 2 and 3 track,
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The surface variations of left and right rail are generally the same
for the tangéent grack. In curves, the surface variations of the low
and high rail are of the same order of magnitude for the welded track.
For Class 2 and 3.bolted track, the low rail tends :tQ have moce sur-
face varlations thaa the nigh rail. Furthermore, the surface varia-
tions of the low rail increase with the degree of curvature.

& significant number of long wavelength variations (greater than 39
feet) zre found pboth in surface and alignment. ZIsclated variations in
alignment and prafile are generally the leong wavelength variations.



£.0 WNWEW TECANOLOGY

A& gomgrehensive review of work performed has revealed no patentable
item produced under khis effare. However, the work performed under
this study significantly contributed <o the state-of-the-art in the
area of analytical descriptions of track geometry vacriations.

Analytical descriptions were developed bokth for typical and isolatad
track geometry variaktions. In addition, the relationships between
track geometry parameters were developed in order to simulate the
actual railcoad operating conditions.

A frequency duomain analysis pragram, FEDAL was developed and is fully
operational. It accepts the data generated by FRA track geometry cars
and generatres auto-spectral densities, cross-spectral Sensities,
coherance funciions, and transfer functions. This program represents
significant improvement over the previous such programs.

It is demonstrated that rms valuves calnulated by using a 200-foot
moving point window can be used as a descriptor for gage and alignment
variations. This descriptor can distinguish between typical and
isolated variations.
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