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- PREFACE

In support -of the- Improved Track Structures Research Program

of ‘the Office of Rail Safety ‘Research of the Federal Rallroad
Admlnlstratlon /(FRA),. the Tran5portat10n ‘Systems Center ;

“(TSC) has been conducting studies on the relatlonshlp among o
- track geometry variations, wheel/rall forces’ and derailment
tendenc1es.' To perform these analyses, 1t Wwas necessary. to
have rellable analytical representatlons of eX1St1ng track
geometry - ‘The approach was to. establlsh sound stat15t1cal
representatlons of the unlverse of track geometry in the

United States. from numerous measurements made by the FRA Test
Cars over ¢housands of miles of track ‘ ’

In a prev1ous study (1), mathematlcal representatlons of
randomly varying track geometry varlatlons were obtalned

based on tlme series analyses -of " track measurements.- How-
iever, it was found that - ‘large midchord offset. varlatlons L
occurred w1th a. 51gn1f1cant1y higher . frequency of occurrence“ﬁ-
‘than would be predlcted from the statistical characteriza- &

, tions in actual track geometry data. Statistical character;5 i
:,vlzatlon also omitted infrequent 1arge amplltude 1rregular1-
ties which would produce occasional large amplltude vehicle
responses. These special situations are obscured by the ,

_ averaglng process assoc1ated with PSD's and other statlstlcal
proce551ng but represent cases that do occur regularly and
should ‘be included in vehicle ana1y51s. -This report deals
with the analytlcal descrlptlon of severe track geometry
varlatlons Wthh -can cause severe dynamlc 1nteractlon.

The authors w1sh to thank Herbert Welnstock the TSC Technical
" Monitor, for a thorough review and ‘his comments which - improved
‘the quality of this report. AppreC1atlon is also expressed to

all the ENSCO staff members who assisted during this study.-
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SUMMARY

In support of the Improved Track Structures Research Program

of the Office of Rail Safety Research of the Federal Rail-

road Administration (FRA), the Transportation Systems Center

(TSC) has been conducting studies on the relationship-among
track geometry variations, wheel/rail forces and derailment.

tendencies. To perform these analyses,: 1t was’ necessary to.

have reliable analytlcal representatlons of ex1st1ng track
statistlcal

f"' ,-»:-

representatlons of the universe of track’ geometry 1n “the

geometry. The approach was to establish: sound’

United States from numerous: measurements madesbyvthéﬂFRA
: E 3 K\&

Test Cars over thousands of miles of track.

. ..
L‘q AL ARG 4 IR S
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om it mMUEmLA M

In a prev1ous study (1), mathematicalwrepr sentatlonsiof

Aoy

, ‘.&,-"

g
s

randomly varylng track geometry var1at10ns>were“obta1ﬁéd
y e S
based on time series analyses of" track measurements. ‘How-

ever, it was found that large mldchord offset varlatlens(.fc'ﬁTE«

occurred with a 51gn1f1cantly h1gher frequency of oqour-r
rence than would be predicted from the statistical ‘charac- -
terlzatlons in actual track geometry data. Stat15t1cal=—
characterlzatlon also omitted infrequent large amplltude

irregularities which would produce occasional large ampli- -

tude vehicle responses. These spec1al situationsare’’
obscured by “the averaglng process associated with PSD's
and other statistical processing but-represent cases that
do occur regularly and should be included in vehicle analy-
sis. 'This report attempts to provide an analytic descrip?,
© tion of‘these infrequent large amplitude track geometry
irregularities. o

The approach has been to analyze trackjgeometry data pre-
viously collected by the FRA Track Geometry measurement
cars to define the key track geometry features which have
been related to recent derailments. Based upon a review of"
this data, characteristic track geometry signatures were,
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defined as cusp, bump and jog. These key signatures, which

are described in the body of the report, may occur either

as. localized defects or in succession or in combination

with one another. Analytical representation for the track

signatures were developed as characteristic functions with
. two parameters. One parameter defines the amplitude of the
- irregularity while the second defines the duration. Sta-
‘tistics of both parameters were developed based on a review
. of track geometry records. | : o

- Studies.:.concurrently being conducted by the Transportation

- wiSystems. Centeifindicated that the harmonic roll response of.

freight-cars,-whlch ‘has ‘been respon51ble for a significant num-
)ber:nf”&erallments, cculd be controlled by 11m1t1ng the root mean
'squaﬁed"dev;atlonfofw~rosslevelsfrom a 100 foot moving aver-
age taken over 400 feet to a value of 0.3 inch. Based upon “
the analytical representations developed in Reference 1, the
statistical distribution of this proposed crosslevel index
'wés'developede This distribution was verified by processing
segments of track geometfy'records~to calculate the cross-
~level. index for track'representative of the currént FRA
Track classes. The results of these analyses indicated that
/Specification of a limit of 0.3 inches on the crosslevel
. index would affect 75% of Class 1 track, between 3 and 37%
.0f class 2 track and from 2 to 5% of Class 3 track. The
':impéct.on,Class 4,5, and 6 track would be negligible.

Data obtained from 10 miles of class 2 and 3 track collected -
in 1978 and 1979 were analyzed to estimate track degradatidn

. rates in terms of the crosslevel index. These analyses
indicated that the data base was insufficient to provide a
reliable estimate. It is recommended that an expanded data
base be developed for obtaining more reliable estimates.

Railhead profile is expected to fepresent an important fac-
tor in rail car dynamic response to lateral track geometry

xiv



irregularities. It is recommended that studies be conducted
to provide characterizations of worn railhead profiles for
inclusion in the characterizations of track geometry varia-
- tionms. ' )

This report presents an analytical deecription of dynamically
severe track geometry variations. By developing methods of
minitoring and controlling these van;atlons, the severlty cf
this dynamic 1nteract10n can be reduced. L 'WT?_EC

Analytlcal representatlons were developed for the cusp, tbumip
and jog 51gnatures which could be represented by rani: ampiltude
‘and a parameter related to the duration. ;. Statistics 2of; both -
. the amplitude and the»duration-related%perametersmwéréfde~w”

termined from the study -of. typlcal track geometrytvarla-ug)

’ thnS . : : . uloy oo .‘:l as: (L nvevo
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1. INTRODUCTION

1.1 BACKGROUND

Based upon time series analyses of track geomefry measure-
ments, mathematical representations of the statistics of

the continuous randomly varying comp0nents of track geometry
were obtained in a previous study (1). The random variations
in the track free of anomalies were shown to be described by -
the models based on the power spectral density (PSD). Such
models were represented by a roughness'parametefiand a set
of corner frequencies. The roughnesé pérameter was showh

to be related with the speed classification of the track.
Parameters related to the corner frequency were invariant

or only slightly dependent on the speed classification of
track.

" Because of its averaging property, the PSD doesvnot adequate-.
ly represent severe track geometry variations correspondihg'
to joints, anamolies, etc. PSD's also destroy the phase in-~
formation so that the periodic waveshape can not be recon-
structed. ' ‘ ‘ '

Severe track geometry variations at isolated points and
periodic geometry signatures play a major role in train
dynamics. Accordingly, this report deals with the analytical
déscriptions of severe track geometry variations which can
cause sevefe dynamic interaction.

1.2 OBJECTIVES

Principal'objectives of this study_are‘summarized as follows:
e To define the key track geometry variation

signatures which can be related to severe
dynamic interaction.
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e To develop the analytical representations
of the track variations associated with
the key signatures.

° To develop the track geometry descriptors
which can be used to monitor the essential
dynamic inputs of the key signatures.

° To determine the statistical distribution
of track descriptors and to find the re-
lationship between descriptor limits and
the U.S. track population. \

e To develop the automated and non- automated
- field measurement techniques for evaluatlng
track descriptors.

° To generate a statistical description of
the track which is constrained such that
a track descriptor does not exceed a
spec1f1cat10n 11m1t.

1.3 APPROACH

Recent. derailments were studied to identify track features
which can be related to severe track-train interaction.
Existing track geometry data were reviewed to define the
‘key track geometry signatures associated with these track
features, and analytical representations of the key sig-
natures were developed.

Simplified vehicle dynamic analyses were performed to de-
termine the waveiength region of the track inputs which
has the'gréatest effect on vehicle dynamics. Based on
these analyses, several track descriptors were developed
to monitor the dynamic -inputs of key signatures. '

Statistical representations of selected geometry descrip-
tors were developed using the existing analytical descrip-
tions of track geometry variations. Results were verified




by proceséing the existing track geometry data. In addi-
tion, statistical analyses were performed to determine the
portion of the U.S. track affected by applying the new
‘descriptors as track specifications. A representative '
sample of the track geometry data were processed to de-
termine the statistical representation of the constrained
“track. Automated and non-automated measurement procedures

were developed to evaluate the selectidd track descriptors.

Conclusioné and recommendations that were made based on
this study are included in Section 4. of this report.
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2. TECHNICAL APPROACH

Severe dynamic interaction can be caused by poor train make-
up, poor train handling, equipment failures, human errors,
severe track geometry variations, or a combination of these.
Severe track geometry variations have been found to play a
major role in many derailments because of their interaction
with the dynamic'characteristics’of a vehicle. Vehicle
dynamics were analyzed to determine the frequency region of
track-inputs to which carbody.is most reSponsive,

2 1 “TRACK FEATURES’RELATBD TO'DERAILMENTS

National Transportation Safety Board bulletlns (2) on de-

" railments were reviewed for the years 1976-1978. These bul-
letins showed that although poor train make up, poor train
handiing, and wheel fractures were significant contributdrs
to derailments, track related features may have been major
contributors to derailments. Most of the derailments were

- found to occur on curved track. Of the derailment scenarios
studied, 31 percent of the derailments could be attributed,
in part, to track related features. '

Seventeen trains derailed between 14 January 1974 and 16
December 1976 because of the lateral movement of the outside
.rail. Two major derailments were, in part, caused by curve-
rail (3). In the case of two other maJor derallments, Cross-
ties had been replaced and the track regaged just before the
derailments. Examinations of track in the vicinity of some
-defailments indicated variations in gage and irregulafities
in alignment and crosslevel. '

In general, track features related to derailments can be
summarized as follows (4):
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° Defects in track geometry--These may occur as
single severe events, in combination with each
other or periodically. All may lead to a
derailment. Examples of single events are
defects in crosslevel, superelevation, align-
ment, profile and gage. Combined track
geometry defects such as outward alignment in
curves along with profile dips may create severe
situations. Periodic phenomena may be caused
by staggered low joints and/or 90-foot oscil-
lations of alignment. The perlodlc phenomenon
caused by staggered low joints is widely recqgv
nized as rock and roll.

o Metallurglcal'defects—éMetallurgical defects
- ‘include broken rail ends, split head, split
.. . weby, curve-worn rail, broken switch p01nts,
T etc.

) Lack of malntenance of track appllances~-These

' include missing guard rails, broken or worn
frog points, defects or failures of interlocks
and block signal systems, joint failures, etc.

dynamic w1d"gage, rall roll over, dynamlc
curving, etc.

Track geometryrdefects related to derailments can be character-
ized by track geometry parameters such as gage, crosslevel

allgnment and profile.

2.2 WAVELENGTHS OF INTEREST

The vehicle, its components and the lading can be considered

to be a system of- coupled masses, springs and'dampers Track
inputs at the wheel/rail interface are first modified by the
geometry of the vehicle and then either attenuated or amplified
through the vehicle suspension system. The level of attenuation
or amplification to the inputs depends on the frequency of the
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input excitations. For example, when the excitation fre-
quency coincides with the natural or resonant frequency of
the“system, the amplification of the input is at a maximum.
The dhyamic response of a vehicle can be analyzed to deter-
mine the frequency region of track inputs to which the car-
body is most responsive. -

' The vehicle dynamic response can be analyzed by the simple

vehicle model shown in Figure 2-2. This, model is sufficient

to illustrate some of the important points concerﬁing'vehicleA
dynamic response to track'geometry variations. '

Réferring to Figure'Z-Z, m is the body mass; k is the spring con--

'stant, b is the damping coefficient, and m, is the unsprung mass.
In response to track geometry inputs, x, a displacement, Yy, is

induced in the body mass and a relative displacement, u, is in-

duced between m and mg - Displacements x, y and u are all functions

of time. The equation of motion can be written as '

my o+ b(y-x) +k(y-x) = 0, | (2.1)
where the dots indicate time derivatives.

The transmissibility equation faor the motion of'm due to motion
m, is given by (6):

and 'mo (2 . 2)




| « CARBODY

u 3 SPRING DAMPER
y Kk o - b

- BASE
+ [
X

3

Figure 2-1. Simple Model Illustrating Vehicle
Response to Track Geometry Input

2-4



where w is the frequency of the track geometry input, Wy is the
natural frequency of the system and B is the damping ratio.

From Equation 2.2, the response function is equal to unity for low
frequencies. The sensitivity is at its maximum when the ffequency
of the track geometry input coincides with the natural'frequency
of the system where I

~ 1
'F =1 -
] 1((1)) , A + 462 ‘

The track inpﬁts with frequencies higher than 1.4 times the natural
' frequency of the system are attenuated and the response function
tends to zero as w approaches 1nf1n1ty

"As shown in Appendix B, by using the model developed in Reference 1,
the standard deviation of the accelération*induéed in the carbody |
due to track profile.or alignment with frequencies below the
natural frequency of the system, is given by

oa.='4w2 \/V3A¢C2f' L . - (2.3)

where V is the_speed of the train . in ft/sec, A is the réughness
coefficient in inz-cy/ft,'¢c is the break frequency in cycle/ft,
and f' is some frequency below the natural frequency of the system
in Hz. ' '

~ Values of oé were calculated for f! equal to 0.5 Hz for different
track classes and tabulated in Table 2-1. The induced accelera-

tions for frequencies up to 0;5 Hz are less than 0.007 g.

From Reference 6, the response function for the relative displace-
ment between the carbody and the wheelset/side frame is given by:

Folw) = 2 (2.4)



Table 2-1. Acceleration Levels due to Track Profile Inputs
below 0.5 Hz

CLASS | mph | fps | (in® - cy/ft) (cy/ft) (8's) |from 0-54Hz (g's)
1 15 | 22 7.9 _ 7.1 0.001 0.025°
2 | 30| 44 4.5 7.1 - | 0.003 0.029
3 60 | 88| 2.5 7.1 0.006 0.048"

4 o | 117 | 1.4 | 7.1 6.007 | o.050

s 90 ;;Az o079 |71 ]o0.007 -~ 0.042

6 110 | 161 10.45 7.1 0.007 | 0.040

*From Statistical Representations of Track Geometry (1).
**For resonant frequency of 1.0 Hz and damping ratio of 0.7.

For very low frequencies, the relative displacement sensitivity

2

“varies as wz/m0 . In the high frequency limits, the response

function approaches unity.

From Appendix B, the relative displacemeht, cd,’due to profile or'align=
- ment inputs of frequencies below the resonant frequency, fO’ is
‘given by '

. . ’—3 2 "'v “ | R R - . . -
oy =\/VA¢C‘ £ . | S 2.5
Y |

Values of g4 due to track profile are listed in Table 2—2.VLThes¢h
values were calculated for f£f' = 0.5 and fop = 1 Hz. It can be seen
that tHeé relative displacement induced is less than 9.07 inch.
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Table 2-2. Relatlve Displacements due to the Track Profile
Inputs below 0.5 Hz

©

v TRACK SPEED A x 107 ¢ X 10-3, 9 Dlsp}iﬁi’;’;‘ent
CLASS (fps) | (in" - cy/ft) (cy/ft) | (inches)|from 0-54 Hz (in.)

‘ 1 22 7.9 7.1 0.014 0.07

2 44 4.5 7.1 | 0.028 | 0.12

3 88 2.5 7.1 . 0.064 |  0.17

4 .ii7 1.4 7.1 0.071 .0.17

5 132 | o079 | 7.1 0.071 | 0.15

6 161 | 0.4 1 71 0.071 | ~ 0.14

*From Statistical Representations of Track Gebmgtry (1)
%*For resonant frequency of 1 Hz and damping ratio of 0.7.

The response function (see Appendlx B) for the forces 1nduced
at the wheel/rail interface due to track inputs is given by

2
2 f ™7 <1 ' ﬁ) <b1w ’ k) (2.6)

Fy(w)
2 ]
-mw” + biw + k

—mow

For low frequehcies, Fs(w)~varies as -(mo + m)mz. In high fre-

' quency limits,Fs(m)'varies'as“- mowz and’ the suspended mass is’
effectively isolated. The forces acting across the wheel/rail
interface due to track inputs of very small frequencies below the
resonant frequency are less than one percent of the vertical
static. L |

The track inputs of frequencies below the resonant.frequency of
- ‘the system have been shown to induce insignificant amounts of
acceleration in the carbody, the relative displacement, or
. the forces across the wheel/rail interface. Also, at very high~



frequencies, all the displacement is taken_by the suspension -
system and the suspended mass is effectively isolated. Thus

the track inputs at frequencies well removed from the resonant
frequencies of the system are not expected to be significant for

vehicle dynamic response analyses.

Rail cars and locomotives are sprung by one or more stages of sus-
pension such that the natural frequencies of the rail vehicle
motion, such as bounce, yaw, roll and pitch,.are between 0.7 and

3 Hz. These frequencies correspond to different wavelengths
depending on the speed of the train. |

'Wavelength is related to the temporal frequency by )
A= T (2.7
where f is the‘tempdral frequency in cycles/second,'v is the speed
in feet/second and A is the wavelength in feet.

A top speed of 110 mph corresponds to a wavelength of 230 feet at
a resonant frequency of 0.7 Hz. On the other hand, a low speed of
10 mph corresponds to a wavelength of 4 feet at a resonant fre-
quency of 3.5 Hz. Thus the wavelength region of interest lies
 between wavelengths of 3 and 300 feet. Track inputs of wave-
lengths outside this region are not as important to the vehicle
dynamics. However, such inputs may be important for other V
reasons. ' ' |

In the broad spectrum of 3 to 300 feet, certain wavelengths are of
“particular interest. It was shown in the study of statistical
characterization of track (1), that track with ‘jointed rails

has a strong periodic component induced by wavelengths equal

to the rail length. This periodic phenomenon causes the well

~ known rock and roll behavior«which can lead to derailments.

The geometrical construction of a truck makes it more sensitive to
a certain range of inputs and less sensitive to others. Vehicle

sensitivity in lateral and yaw modes of motion is analyzed in



Appendix B. Figures 2<3 and 2-4 show the ratio of vehicle motion
amplitude to track input amplitude in the lateral and yaw modes due
to truck spacing. The most significant input wavelength is equal

to the truck spacing for translation and twice the truck spacing
for yaw. These figures can also be used to indicate the sensitivity
to track input in carbody bounce and pitch modes for a two axle
truck if 2 is set equal to the axle spacing. The profile per-
turbations of wavelengths close to the axle spacing would strongly
affect truck bounce; whereas wavelengths close to. twice the axle
spacing would have a more pronounced effect on truck pitch.

In summary, track inputs can be divided into three wavelength
régions; The wavelengths much 1arger than the resonant wavelengths
are important primarily for train handling and need not be con-
sidered for single vehicle dynamic response.analysis. Wavelengths
shorter than 3 feet could cause component fatigue, but as such are
not reldted to dynamic response motion which could cause a car to
leave the track. The wavelength region between 3 and 300 feet is
important from the vehicle dynamic point of view. Track inputs

in this region may lead to response motions which could result in
derailments. Thus, track geometry descriptors and measurement
techniques should emphasize these wavelengths. =

2.3 CURRENT TRACK GEOMETRY MEASUREMENTS

Track maintenance standards based on geometrical measurements have
been used'by railroad engineers since the early years of railroad-
ing. The availability of automated measuring equipment has in-
creased the usage of track geometry measurements, and classifica-
‘tion thresholds have been defined in the Federal Track Safety
Standards (5). "These standards are now used by the railroad in-
dustry in addition to their own standards.

During the initial layout and construction of railroad tracks,
station and line references are established through survey tech-
niques. The vertical and lateral alignment of rails is accomplished
by maintaining the proper distance offsets from the survey refer-
ence lines to the lining rail. Gage then determines\the position
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of the second.rail, followed by the introduction of proper super-
elevation to the outer rail in curves. The survey-type absolute

‘references are generally lost after the initial construction.

Evaluation or maintenance of the track in subsequent years are
largely based on relative measurements of track geometry. Paranm-
eters like gage, profile-mid-chord offset (MCO) and alignment'MCO
are commonly used. Track geometry standards in the form of maximum
allowable deviations in the relative measurements are used both in
maintenance and for assuring safety. Tkese relative measurements
do not give a direct indication as to whether the rails conform to
their original design which allows -any long-term drift of track

position to gojundetected.

The simplest method to make a field measurement of rail vertical

or horizontal variations (profile or alignment) is the process of
"string lining" the track. This involves stretching a string

against the rail and measuring the gap between string and rail at
the center of the string. This is known as the mid-chord offset,
and is the traditional method of measuring track variations. iThe

most commonly used MCO is the 62-foot MCO which is incorporated

in the current'Federal Track Safety Standards.

As shown in Appendix C, the frequency/wavelength response of_an
MCO is given by '

F (¢) = 2 sin® (mwoL), ‘ | (2.8)
‘and . I o . | S
F (A) = 2 sin? <%§>, I (2.9

where ¢ 1is the_Spatial frequency in cycles/foot, A is the wave-
length in feet and L is one-half the length of the MCO in feet.

The wavelength response of a 62-foot MCO is shown in Figure 2-5.
Several features of the wavelength response of an MCO are important.
For example, the Segs{tiyi;y to wavelengths larger than 200 feet

is less than 0.5. 1In addition, an infinite number of zero
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sensitivity or "blind" spots exist in the chordal response. As
shown in Figure 2-5, a 62-foot MCO will not detect wavelengths of
31 feet, 15.5 feet, 10.33 feet ... (31/n, n =1, 2, 3 ...). The
node at 31 feet is particularly 1mportant due to the presence of
some track with rail lengths of 33 feet whlch can show up as a
strong periodic variation.  Even the wavelength of the 39-foot
rail lengths is attenuated to 72 percent of its amplitude. Wave-
lengths of 62 feet; 20.67 feet, 12.4 feet ... (62/n, n =;},'§; 5
«++) appear at 200 percent of their amplitude indicating that variations
of these wavelengths will be over émphasized'_ The b11nd spots and
unequal welghtlng make the use of the 62-foot MCO (and for that .

© matter an MCO of any other chord length) deficient since it does

not give. sufficient coverage of the important spatial wavelengths.

2.4 NEED FOR ADDITIONAL TRACK GEOMETRY DESCRIPTORS

In the previous section, it was shown that .the 62-foot MCO does
not adequately cover the wavelength regioﬁ of interest. Since
the wavelengths from 3 to 300 feet are important to vehicle
dynamic response, it is necessary to develop'ad&itional track
geometTy descriptors that can be more closely identified with

“significant track inputs to the vehicle dynamic response. An

alternate set of descriptors will be given in Section 3.0 which
will be adequate to control severe track geometry variationms.

2.5 METHODOLOGY

Track geometry data collécted.By the automated track inspection
vehicles were reviewed to identify key track geometry signatures
which might cause severe dynamic.respoﬁse. Track geometry de-
scriptors were developed to monitor the essentialtdynamic in-
puts which result from key track geometry signatures. .These
descriptors are the result of arithmetic operations on the

basic track geometry parameters. Alternate desériptors were
developed to provide equivalent information for key signatures,
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Of these descriptors, a set capable of yielding information
on selected key signature inputs was selected. Measurement
techniques are described to monitor these track descriptors.

Statistical representations of the selected descriptors were
developed analytically based on available track geometry varia-
tion models. Track geometry data for each of the current FRA
track classes were processed to verify the statistical dis-
tribution of selected track geometry descriptors. 1In edch of
the FRA track classes, twenty miles of track geometry data _
from dlfferent sections of U.S. track were selected at random.
‘A constraint was applied to the track such that the track
descriptors would not exceed the values specified in a candidate
performance statement provided by TSC for controlling harmonic
roll inducing crosslevel track inputs. The track geometry data
were processedrto determine the statistical representation of
this constrained track.

Regressioh analysis was performed on track geometry data col-
lected in 1978 énd 1979 to determine the track degradation
rates. Based on the results of this analysis, inspection
strategy was developed to ensure track compllance with the
track descrlptor specifications.
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3. RESULTS AND DISCUSSIONS

&

3.1 KEY SIGNATURES

- 3.1.1 IDENTIFICATION

Observations of track geometry data reveal that the variations
of crosslevel, profile, and alignment are made up of three key
signatures, the cusp, bump and jog.* ghese key signatures
occur either as singularities, in succession or in combination
with each other. The severity, number and arrangement of
_these signatures can combine to cause a derailment.

3.1.1.1 Cusp
A cusp is a pointed-end signature formed by two oppositely
directed curves. This signature is usually observed at joints
in bolted rail in crosslevel and profile. The shape of the
cusp signature is shown in Figure 3-1. The disturbance has
' its peak amplitude at the center and returns to the-baseline
* . on either side. A distinguishing feature of the cusp is a

. distinct discontinuity in the first derivative at the center.

The cusp can be described by any of~the following anélytical

forms.
(a) y = Ae'klxl
(b) y = A(l-sin |wkx|) = " | (3.1
= A(|2kx|-1) %,

(c) vy

where A is the peak amplitude and k is the duration related
constant. '

" *Track geometry data were analyzed in the space curve
N representation. The space curve is a pseudo reconstruction
of track without the effects of local terrain. The shapes
of signatures are distorted due to the high-pass nature of
- , the space curve. '
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(a)

ABSOLUTE SURVEY

(b)

——

RESPONSE OF SPACE CURVE

Figure 3-1. Cusp Signature
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The exponential form (a) is suitable for mathematical analysis,
however, it cannot be simulated by stable recursive algorlthms
The 51nu501da1 form (b) is more easily simulated than the ex-
pontial form. The quadratic form (c¢) is most readily simulated
by a moving strip algorithm.

3.1.1.2 Bump

The bump signature is Shown in Figure 3-2. This is a bell
shaped curve which usually occurs at a depression in the rail.
This signature also attains the peék amplitude at the center
‘and returns to the baseline on éither side, The function and
at least its first derivative are continuous-th?qughpu;_;hg‘,
disturbance. The descriptive analyticél forms for bump are

n -

(a) y D sech (kx)
. . ) 5 » ‘
(b) y = pe lkx)™ _ (3.2)
(.C ) ‘= —T—D. ’
7 l+k.x2

where D is the amplitude at x=0, and k is the duration related
constant. ' ' ’ :

The . bump signature can be simulated by the following finite

impulse form:

0, 2 <fx|< =

y = D v%i-%(kx)z \/__(sgnx)kx,iz <|X|§§>'. (3.3)
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a) ABSOLUTE SURVEY

y (x)

b) RESPONSE OF SPACE CURVE

Figure 3-2. Bump Signature



3.1.1.3 Jog

The jog signature is shown in Figure 3-3. This is a very
critical signature and can occur in both the profile and
alignment. In the case of jog, the signature does not ‘re-
turn to the base line and the disturbance reaches its maximum-
amplitude away from the center. The candidate analytical
forms. for jog are: ”

. i v @
(a) vy = = D tanh (2kx) _
(b) y = %1tan'ICka) A(3.4)’
() vy =1D erf (fikx)

2

: Dkx
(d) Yy = ’
[1-+ 4k2x2]% :

where D is the maximum amplitude and k is the duration related

~

constant.

The jog signature can be simulated by the following finite
impulse form:

9 .
((7sen % gp 2l <e )
_ %% (kx)3 + % kx - sgn x[% (kx)z + %%],
y=0 & | | % (3.9)
| o< Ixl <o |
\ -5t (e v k0, ¥l )

w
1
(92}
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b) RESPONSE OF SPACE CURVE
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Figure 3-3.

Jog Signature



3.1.1.4 #Periodic Structures

When the behavior of the track is considered in the context
of its interaction with vehicles,.periodic structures are
~seen to be important factors in producing potential derail-
‘ment situations.  The periodic Behavior often observed in .
crosslevel for lower class track can result 1n dangerous
oscillatory behavior of a consist.

‘The periodic crosslevel deviations ushallyAarise on lower
class track with'half-rail-length staggered, bolted tréck
Since depressions often develop at joints, the half- stagger
'results_;n alternating low spots on each rail. "In the track .
geometry data, this behavior is usually evident in the cross-
level traces. | '

Other periodic behavior can exist in track. For example,
alignment measurements often reveal 90-foot wavelengths

- which have been 1mpressed on the track-due to the dynamic
behavior of passing consists. This again creates a situation
where a perturbation can éause a derailment.

Data from a region of track exhibiting this periodic behavior
are shown in Figure 3-4. ThlS sectlon includes a reverse curve
with a short brldge over a river. The geometry traces reveal
that at the brldge there are oscillations with 90-foot wave-
-1engths (2% rail lengths) in alignment. These‘oscillations ;
are in phase for both rails, huild up through five discernible
cycles in the spiral west of the bridge, reach a maximum
excursion of 1.0 inch peak to-peak at the middle of the long
span, and decay through four discernible cycles in the reverse
spiral at the east end of the bridge. These alignment oscilla= -
tions, which are analogous to the rock and roll behavior
obser&ed in crosslevel, have apparently been impressed on
the track by the dynamic behavior of the vehicles. Marshy
characteristics of this region have probably played a role
in the development of this signature.

3-7



‘Right Alignment

~xfw§¢«ffﬁg/*~/muﬂbﬂﬂwff»f@r/?\/’ngQK*\/rh;/\y;f\Vfﬁ\/ﬁjglx\f"w\/f\~«ﬂfX;/E>xk
e S T T T O O O et

) Left Alignment
. ~ A SR ' A ANAY :A\ A
e Ao B = /'\J/ x;,‘n\.;f'-f\»;t-\'mf\ 1\7 \V\/ -\;/-‘\;J» \}: -\\J-JJ \‘:J \w/k-/b'x». £

1.0 inch

'Figure 3-4. Periodic Alignment Behavior

3.1.2 TYPICAL OCCURRENCES OF KEY SIGNATURES

Typical occurrences of key signatures are identified in Table
3-1. These are listed as individual occurrences, occurrences
in combination with each other, and as periodic.structures as
observed in track profile, alignment and crosslevel. The
columns left blank are occurrences that could not be found
in the observed track geometry data.

The cusp sometimes appears by itself in either one or both
rail profiles. Isolated cusps occur at a jpint in continuous
welded rail (CWR). A single cusp usually occurs at joints
where a cﬁsp on one rail is usually accompanied by a depres-
sion on the opposite rail. This méy be due to vehicle dynamic
behavior or track structure. An example of cusps on one |
rail and bumps on the opposite rail is shown in Figuré 3-5.

A series of cusps can occur in Singie rail profile or cross-
level near turnouts and interlocks. Alternating cusps in

crosstevet tauses Tock and roll phenomerna, An example of
the typical rock and roll track is shown in Figure 3-6.

- 3-8



Table 3-1. Indentification of Critical Track Geometry Variation Signatures
Individual ,Systems of Occurrences Periodic
Occurren;e CUSP Jjog BUMP Structures
. Cusp
o | _ i
o Change in track|- Bridges and
s | JoG | structure Grade Crossings .
= H (Stiffness) : . : ] . .
A T d Bridges and e Mud Spots (a Quasi-Periodic
BUMP Lo;allzet Grade Crossings succession of Succession of
soft spo . - "bumps) Bumps
e Insulated joints e Bumps in rail Rock and Roll
-~ CUSP ® CWR Buffer Rail | ---------=--- > opposite single
9 0o e Turnouts or double cusps
L > :
- o
1 8wl JoG
@ 2k
o Low Spot in
v v g BUMPL one rail
cusp
Fuy
£
5
SE | JoG
= & ‘ A
— Succession of Bumps| Vehicle induces
< BUMP at 90- foot inter- | 90- foot bumps (S,
- ' vals . - c, I) :
Bolted Joint . ' " le- 39-foot high-rail
- . t (P L g
e CUSP is cwr’ (Curve g‘,‘,ﬁ"%‘;ogg O1nts e 39-foot alternating
g5 or Spiral) d infout joints
o & JOG high-rail ¢S or )
~ 00 ’
ol -H
=N
a1 BuMP

S - Spiral, C - curve, I - ﬁi—speed interlock
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A periodic cuép-behavior in single rail alignment is sometimes
observable in curves and spirals. This usually occurs every
39 feet (one rail length) in the high rail. The alternating
39-foot joints may create a periodic 78-foot wavelength'
behavior. A periodic behavior in alignment can interact with
crosslevel roll and result in a serious derailment situation.

A bump in one rail is also normally accombanied'by,a bump

in the oppdsite rail. However, a single bump may occur in

- -profile due to localized soft spots. An exampie of a single
'bump is shown in Figure 3-7. A single bump. can also occur

in mean allgnment in curves and grade crossings as shown in
Figure 3-8.° Periodic bumps are observed in tangents near
.interlocks. When the train exits high speed interlocks it
changes from a curve-type motion to tangent-type motion -and
as a result bounces back and forth a few times. This pro-
‘duces characteristic 90-foot periodic bumps in mean align-
ment which are a vehicle induced phenomenon 'caused by a
typicai 45-foot distance between truck centers.

A jog in mean allgnment ‘can occur by itself (Figure 3- 9(a)) due
to changes in track structure. This happens when going from
one weight rail to another, from a solid track to a bridge
or from an area of track which has been maintained to one
which has not been maintained. A pair of jogs can occur in
alignment near grade crossings and bridges. An example of

a pair of jogs“found in a_curve,isvshdwn in Figure 3-9(b).
Systems.of jogs are found both in profile and alignment near
bridges and-in curves. A jog tybically occurs in a dogleg
spiral. Splrals are laid out as a tran51t10n region to ease
vehicles from tangent sections into curves and vice versa;
however, over many years and under megatons of traffic per .
year, the curve body will work outward. The change that
occurs is -illustrated in Figure 3-10(3._)° As track is moveq
outward from its original curve, a dogleg develops at the
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entry point. Figure 3-10 also illustrates how this anomaly
appears in the track geometry data. Figure 3-10(b) indicates
the effect on curvature data. Figure 3-10(c and d) illustrates
how alignment traces are affected by this mié-spiral condition.
Doglegs developing in spirals can be a serious maintenance
'problem for two reasons: the lining and surfacing machines
could enhance the dogleg characteristics and maintenance crews
may attempt to correct the problem by adjusting crosslevel
rather than alignment, again enhancing the problem. |

3.1.3 STATISTICAL PARAMETERS

Table’S-Z.lists the.parameters associated with critical
signatures as found in various track structures. ‘Duration
related parametérs are usually a function of track stiff-

" ness and are fixed for a section of track. Free parameteré '
are related to track degradation.,-

The key signatures are characterized by amplitude which is
a free parameter and duration which is a<fixedvparameter.
Values of the fixed parameter as found in track gebmetry
data are listed in Table 3-3. The duration of a signature
is proportional to 1/k where k is the constant used in the
énalytical forms of key signatures. Different values of

k are found in different track classes. The value of k
usually decreases with the track class. ' ‘

A_62-foot‘MCO was passed through the fundamentaltsignatures.
An analytical deécription of this process is given in Appendix
C. The ratios of 62efoot MCO's to the maximum amplitude of
key signatures are given in Table 3-4. As the duration of

a signatﬁre'inéreases, the sensitivity of the MCO decreases.
The 62-foot MCO does mot badly distort the amplitude of a
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Table 3-2.

Statistical Parameters of Analytic
Representation of Critical Track Signatures

Analytic Free -Restricted
Situation Representation Parameters \Parameter
Normal new Periodically 1 1

welded rail

modulated ran-
dom process

Mean amplitude

Decay rate

.BoIted jointed
rail B

Periodically
modulated ran-
dom process

1
Mean amplitude

1-‘.
Decay rate

Bridges

. .

Jog+, jog+ : 2
+ bump+, Amplitude, - Duration
bump ¢ "Length
Grade Jogt,¥jog 2 _ 1
Crossings Amplitude, Duration
Length
Dogleg Spiral Jog¥, and 2 2
Spiral Amplitude, Duration
Spiral rate Distance in-
to spiral
90 -foot oscil- " Quasi 3 2
lation of mean periodic and Amplitude, Duration,
alignment and spiral spiral rate, location of
spiral Number of instigator
cycles
90-foot oscil- Quasi- 2 2
lation of mean periodic Amplitude, Duration,
alignment preced- Number of Phase related
ing .and following cycles to interlock

the interlock

points
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Table 3?35; Values of Fixed Parameters in Track.Gedmetry Data

Track Geometry

Key Signature

Free Parameter

Fixed Parameter, k

Ft’l)

to

Profile - Cusp Amplitude 1 1
5 8
Bump | Amplitude 1tol
: : 5 10
Jog Amplitude 1 tol
: 1 5
Alignment Cusp Amplitude 1 tol
' ' 2 9
Bump Amplitude 1,.,.L
' ’ 8 20
Jog Amp1litude 1. 1
& P 50t° 50




Table 3-4,

‘Ratio of 62-Foot Mid-chord Offset to the Maximum
Amplitudes of Key Signatures

JoG*
k . . -
(ft°1) CUSP*#* BUMP** Ratio Distance, S
from or1g1n
(ft)
1/2 1.0 1.0 1 0.495 18
1/5 1.0 . 1.0 . 0.485 18
1/6 0.99 1.0 0.48 18
1/8. | 0.98 1.0 0.475 18
1/10 | 0.95 0.99 0.47 18 .
1/15| 0.87 0.88 0.45 18
1720 | 0.79 0.70 0.435 18
1/30 | 0.64 0.41 " 0.39 19
"1/40 | 0.54 0.26 0.355 19
1/50 | 0.46 0.17 0.315 20
* y=0D e'klxl s MCO is maximum-at x = 0
**', -1 (kx)z - - o
y =D e 27 , MCO is maximum at x = 0
+ y = % tan -l-(wkx), MCO is maxirum at S feet from origin
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Table 3-5. Amplitude of Key Signatures Permitted by Track Safety Standards

12-¢

Track Class
Track | Key- 1 - :
Geometry | Signatures k- 1 2 , 3 4 5_ : 6
' (£ft) TSS*] A% [ TSS A TSS A TSS A TSS A TSS A
Alignment Cusp -6 5 5.1 |3 3,03 | 1.75|1.77 1.5 | 1.52 | 0.75 | 0.76 0.5 0.51
(Tangent |- :
Track) Bump 8 5 5 3 3 1.7511.75 1.s‘ .1.5 0.75 | 0.75 0.5 0.5
Jog 20 - 5 11,5 |3 6.9 1.75 } 4.0 1.5 | 3.45 1 0.75 ] 1.7 jo.5 1.15
Cusp | 6 3 3,03 | 2,75} 2.78 | 2.25 |2.27 2,0 [2,02] 1.25| t.26]0.5 0.51
Profile - Bump .8 3 3 2.754.2,75 | 2.25 | 2,25 2.0 |2 1.25 | 1.25{0.5 0.5
Jog 1 20 3 6.9 2,75] 6.32 | 2.25)5.17 2.0 | 4.6 1.25 | 2.87 ]0.5 1.15
§;325' Cusp. 6 3 3.02 | 2 2,02 ] 1.75|1.77 1.25)1.26 | 1 1.01 |0.625] 0.63
(Tangent Bump 8 3 3 2 2 | 1.75 |1.75 1.25) 1.25 | 1 1 .|0.625]0.625
and Curves] : mh
Setween Jog 20 3| 6.9 |2 4.6 | 1.75 |4 1.25] 2.87 | 1 2.3 10.625]1.44
pirals) -
+ Federal Railroad Administration, Track Safety Standards, P. 6-7, 1973 ’ <

* Track Safety Standards (inches) ‘
** Maximum amplitude of a signature (inches)



single bump or a cusp of common duration. However, its max-
imum sensitivity to the jog signature is limited to 0.5.
Table 3-5 lists the amplitudes of key signatures which would

exceed the current federal track safety standards. These
vaiues are for single occurrences of key signatureso It

should be noted that these signatures may occur 1nd1v1dua11y
or in combination as discussed abovec

3.2 TRACK GEOMETRY DESCRIPTORS

A track geometry descriptor is'derived from the basic track
. geometry variables- through arlthmetlc operatlons and is used
to describe variations in the track geometry parameters over
a prescrlbed length of track. '

It was noted in Section 3.1 that severe track geometry varia-
tions can be described by a combination or a series of key
signatures of different wavelengths. A descriptor must be
‘able to accurately indicate the severity of these sigﬁatures°

. From an analysis of vehicle dynamics, wavelengths much longer

than the longest resonant wavelength of the vehicle do not
need to be considered. This allows the track geometry data
to be high-pass filtered to preserve the short wavelengths
and to eliminate long wavelengths which do not influence the
—vehicle-response-ef interest. Very short wavelength variations,
such as a cusp at a joint, induce very large forces across the
wheel/rail interface which can result in component-fatigue
related failures. Track inputs can be magnified due to the
resonance and periodic behaﬁior of the track. Therefore,

a descriptor must be sensitive to broadband, short-wavelength
- inputs particularly to periodic and resonance type inputs.

A candidate set of descriptors was developed and tested on the
available track geometry data. These descriptors can be used
to monitor the severe track geometry variations previously men-

tioned. Section 5.4.1 presents the candidate descriptors.
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3.2.1 GAGE NINETY-NINE PERCENTILE

Gage is a very well defined parameter and is the most tradi-
tionally used track geometry measurement. The 99 percentile
of gage over a prescribed length of track can be used to
monitor severe variations of gage.

3.2.2 RMS VALUE OF SECOND FINITE DIFFERENCE

The Second Finite Difference (SFD) is a complete representation |
- of the sampled alignment or profile data. . This measurement
produces a signal whose amplitude is -twice that of a short MCO
which is two sample intervals long. The rms value of the SFD
over a prescribed length of track can be used as a descriptor
for~shortAwavelength variations..

The wa?elength response of the SFD is given by:
F(A) = 4 sin® Z%, | (3.6)

_ where A is the wavelength and x is the sample interval.--

The iong wavelength response is given by:

2 _
F(a) =4 T X, (3.7)

Thé wavelength.résponse characteristics are shown in Figure
-3-11." The SFD is highly responsive to all of the shorter
wavelengths including the shortest valid. wavelength for
sampled data. The insensitivity to longer wavelengths

is not a shortcoming, however. In the inertial
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Figure 3-11. Response of Accelerometer and
Second Finite Difference
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‘measurement systems currently used, an accelerometer generates
the long wavelength portion of the geometry data. The
response of an aécelerometer to these wavelengths when
corrected for forward speed is shown as the dashed line

in Figure 3-11. A comparison of the long wavelength response
-of the SFD and of the accelerometer reveals that they are
~identical. - Therefore, the SFD has as much long wavelength
information bearing capacity as an unprocgssed accelerometer

. Q
.Ssignal. -

The SFD is generated és an intermediate working step on two
track geometryvinspection cars: T-6, operated by the FRA,

and RDC, operated by the C&NW. It is the first signal in

the processing chain which is corrected for.phase distortion and
speed dependence which usually appear in unproceséed accel- |
erometer data. The alternaté'fépTESethtions of track

geometry which emphasize longer wavelengths can be obtained

by processing the SFD signal with digital filters.

The SFD for typical track geometry data is shown in Figure 3-12.
It resembles a completely random signal. However, it has }
detailed information about short wavelength variations such

‘as corrugations and rail discontinuities.

The rms value of SFD over a preséribed length of track is
potentially useful for evaluating the impact‘of shoft wave-
length roughness or component fatigue. Periodically large
-pulses indicate the'location'of joints or welds in}the rail.
Otherwise, this descriptor gives little indication of the
longer wavélength deviations in the rail that are capable
of causing a derailment. B
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3.2.3 PEAK-TO-PEAK VALUE OF SPACE CURVE

Track geometry variations are completely described by the
absolute space .curve of a given track segment. Peak-to-peak
value of space curve over a specified length of track can
monitor the severe track geometry variations.

The spéce curve can be obtained from a survey of both rails in
space referenced to a fixed coordinate s&stem. However, an |
automated track inspection program whose processing is based
"on an absolute space cu:Ve~would be neediessly costlf. It
'is possible to construct a pseudo-spacé curve from a sampied
track geometry data using digital signal processing techniques.
The SFD is the digitél equivalent of analog double differentation.
In principle the inverse operation that restores an absolute '
space curve is a two-fold numerical integration and two i
initial survey constants. Accelerometer noise and the
sensitivity of accelerometers to uncompensated gravitational’
input prevent integfations over unlimited distance along
the track.* However such long term integration is not
' ,nécesséfy. An integration filter is adequate if it produces
a reasonably constant response for all wavelengths from
folding (1-5 feet) to some maximum wavelength (appfoximately
300 feet). | | '

Algorithms to generate alignment and profile space curves
were developed. The space curve used in this study is con-
structed from ‘the alignment/profile data collected by the
.T-6 track inspection vehicle. A second finite difference
is first computed and is corrected for speed and gravita-
tional effects. A runhing mean is removed from:this data
to eliminate.long,wavelength trends. A double integration

*In a rail car, accelerometer axes are continually changing.

- due to variations in crosslevel and grade angle. The
accelerometer can not distinguish between gravity, whose
direction is constant, and true acceleration,
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is then performed on the mean-removed SFD to obtain the
space curve. This space curve is high-pass filtered to
remove any residual long wavelength offsets.

The frequency/wavelength response of the space curve is
shown in Figure 3-13. The gain for all the short wavelengths

are filtered out. The cut-off wavelength can be selected
by varying the filter window, N, for a fixed sample
interval.

The cut-off wavelength (-3db point) is given By

Ao ¥ 1.3 Nx, (3.8)
where
X = the sample interval in feet
N = the number of samples »
Ao = the cut off wavelength in feet.

The space curve response to the critical track signatures

was shown in Figures 3-1 to 3-3. For signatures of short
durations, the space curve indicates the true severity of

the signature. However, it will be insensitive to signatures
of very long duration.

Space curves for typical track geometry data for class 2 and
4 track are shown in Figure 3-14. The traces shown are the
left alignment space curve, right alignment space curve, left
profile space curve, and right profile space curve. Note |
that a larger number of severe variations appear on class 2
track than class 4 track. This is especially true for the

alignment—traces-

(93]
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3.2.4 PEAK-TO-PEAK VALUE OF COMPOSITE MCO

One way to correct the deficiencies of the MCO measurements
is to use two or more chords that are complémentér'y‘° For
instance, a combination of a 62-foot chord, a 31-foot chord:
and a 15.5 foot chord can eliminate the blind spots at very
short and long wavelengths (see Figure 3-15). In actual
practice, this will require that three MCO measurements be
made at each location and peak-to-peak value of the composite
measurement over a certain distance be used as a track _
descriptor. The constfuction_specifitations:(7) of the 250
mph LIMRV track built at the FRA Transportation Test Center
(TTC) used 4 chord lengths to define the profile and align-
Table 3-6. While it is questionable that these tolerances
could be met physically, it is a first attempt‘at defining
performance-oriented track specifications.

Although a combination of MCO's of appropriate length can remdve
the blind spots from the chordal response; the responsé is nSE o
uniform through the wavelength region of interest. Nevértheless,
the multi-chord system is suitable for obtaihing'estimates of
track variations using'non—automatedvapproacheslin field measure-
ments made by ‘track inspecfors. '

3.2.5 PEAK-TO-PEAK VALUE OF ASYMMETRICAL CHORD

A simpler method to correct. for deficiencies of MCO measure-
ments is the use of an asymmetrical chord or a multi-point

chord, the effect of which is to merge the response of two

or more chord lengths into a single measurement:rprocess° The
responsé of the asymmetrical chord system used in the Matisa

M422 profile system is shown in Figure . 3-16 by the solid line.
Also shown (by dotted line) is the response of an MCO measurement.




Table 3- 6 A Multlchord System

Chord Maximum Allowable MCO Deviation for
%%%%%% ‘ Profile and Alignment (inches)
10 3/64
. 31 » 3/32
100 . 9/64
700 : . 1/4

The peak-to-peak value of asymetrical chord offset over a
certain distance is a useful descrlptor, since by a proper
choice of the ratio of the distance between the three measur-
ing points, the chordal respense can be molded to achieve

‘a desired shape. Due to the asymmetry of the chords different
values of offset will be obtained for different directions

" of measurements. This is a major disadvantage of the ACO
since a lot of traek is bidirectional.

3.2.6 NINETY-FIVE‘PERCENTILE'OF_WARP

Ninety-fi#e percentile of warp over a prescribed length of
track can be used as a descriptor for the periodic rock and
-Toll phenomena. Warp is the difference in superelevation
between two points. It is a measure of the variation of the
horizontal plane of the track over the selected chord iength.

- Since warp is‘the‘spatial rate of change of crosslevel, it

can be calculated from crosslevel measurements,w An apprbpriate
chord length for warp measurements is one-half the rail length
~Since periodic low joints occur every one-half the rail length
due to staggering of ra11 lengths.
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Figure 3-17 shows the warp measurements along a section of
class 3 track. Since the rail length in this section of
track was 39 feet, computations were made for 20-foot warp.
~ An examination of Figure 3-17 shows strong alternating pos-
itive and negative peaks every one-half the length of rail.

3.2.7 RMS PROCESSOR o R

From the‘previOus sections, periodic trackaehavior was shown
to be more serious than localized defects. Thus in addition
to the peak level information, the characteristics of extended
regions of track from which periodic behavior can be deter-
mined are of interest. An extended region of tféck:Can be
described by an rms processor. This processor‘can be used

to describe the crosslevel and alignment oscillations.

An rms processing technique inveétigated in this study involves
crosslevel data, with the running mean removed (to eliminate

long wavelength trends), which is‘squared and averaged over some
desired length of track, e.g., 100 feet. ' The square root of

this value gives the rms deviation for crosslevel at the mid-
point of the averaging interval. This procéss is repeated

for each data point measured along the rail, yielding an Tms
deviation as a function of distance along the track. ' (This

is easily calculated by a computer using a recursive algorithm).

Piguré 3-18 shows the rms crosslevel for a section of track.
The traces shown from bottom'to'tdp are: raw crosslevel,
lob-foot mean removed crosslevel, 100-foot rms, and 400-foot
‘rms. The rms value is larger around an area of:large periodic
crosslevel values and also in the vicinity of an isolated
large crosslevel value. In additibn, the 400-foot rms is
smoother than the 100-foot rms because the 100-foot rms re-
tains more localized information than the 400-foot rms.
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Figure 3-17. Warp Mea ement Along a Section of Class 3 Track



9¢-¢

400-Foot rms

100-Foot Tms

100-Foot Mean-Removed Crossleyel

Figure 3-18. RMS Crosslevel




3.2.8 NARROW BAND RMS PROCESSOR

An alternate descriptor for periodic phenomena"ié a band-
limited rms processor. A band-limited rms processor has a
response which is tuned to a chosen wavelength. To produce
band-limited rms deviations, sine and cosine of the desired
anelength-ére generated along with mean-removed crosslevel
data. These two signals are filtered througq?a_running
average of five-wavelength duration. The results are squared,
summed, and the square root of the results is taken. '

" Results of this processing are shown in Figure 3-19. The.
seven traces shown are, from bottom to top: raw crosslevel,
mean-removed crosslevel, full-band 100-foot rms deviation,

- full-band 400-foot rms deviation, narrow-band rms at 33-feet,
narrow-band rms at 36-feet, and narrow-band rms atA39=feet,
The x-axis is scaled to 2000 feet of data per inch, and the

' y-axes are scaled to 5:1 for the corsslevel traces and 1:1
for the rms traces. The 33-foot rms trace sysfematically
shows larger rms deviations than the 36-foot or 39-foot rms
traces. In several instances, strong spikes in the crosslevel
signal appear as large, total-band rms variafions but do

not appear in the narrow-band rms signals. Additionally,
several instances occur where clearly visible, narrow-band
variations are not emphasixéd in the full-band signal. '

The band-limited rms processor can be used to single out
periodic phenomena by tuning it to a certain resonant wave-
length. It can also be extended to study the effects of
joint parameters such as alignment and crosslevéla
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3.3 MEASUREMENT TECHNIQUES

The track geometry descriptors are based on gage, crosslevel,
alignment and profile measurements. These measurements must
be made accurately for a reliable estimate of track conditions
and should also be made under a load to obtain an exact des-
cription of the track under normal traffic.

Conventional track measuring tools have two major deficiencies.
First,_thé measurements are made with no load on -the track and
thus, do not give an accurate description'of'track under load-
ed'conditions. Second, the measurements are limited to dis-
tantly-spaCed sampling stations because the process is tedious
and time consuming. Aside from the ‘loss of short'wavglength
information, the distantly-spaced data points preclude the use
of mathematical teéhniques to derive adequate track desériptors
ras discussed in the previous section. However, éwrough
estimate of the track condition can be obtained using some of
the alternate forms of descriptors which wil1 be discussed -
later.” The automated techniques to obtain track descriptors
are discussed in the following paragraphs.

3.3.1 AUTOMATED TECHNIQUES

‘Automated test cars are currently available which make the _
continuous measurement of track geometry at fixed sample intervals;
The collected data contains detailed information on the track
including as broad a range of WAveléngths as the sensing system
>1covers. Full size track measuring vehicles with axle loads

greater than ten tons can generally take up all the slack in

the track structure such that further deflections due to additional
static or dynamic loads are relatively small. Thus, the measure-
ments made with these vehicles give a description of track as it

actually is,
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One of the most sophisticated test cars is the T-6 vehicle
operated by FRA. This car measures track geometry ﬁsing one

of the most advanced instrumentation systems available.

However, the data processing techniques currently used do not
produce the track geometry descriptors as proposed in Section
3.2. Gage and crosslevel. are currently ‘available in the form

of the space curve. However, alignmeht and profile measurements
are made in terms of the 62-foot MCO. Track descriptors as |\
gi#en in section 3.2 can be derived from the basic track geometry

measurements. The measurement technique for the rms processor is .

givén in the following paragraphs. Croéslevel‘is.uséd as an -
example here; however, the same technique can be applied to rms °
alignment measurements. ' *

The first step in processing the rms‘crosslevel data is to sub-
tract the aVerage crosslevel of a rectangular window, N, from
the raw crosslevel measurements. - This process removes the
effects of long wavelengths. The mean-removed crosslevel is
squared and averaged over a window of length, M. The square

root of this quantity is the rms value of the croSsleve1 at the
center of the'-mid-point of the averaging window. This process

is répeated by shifting one pointvat a time to obtain the moving-
point rms crosslevel for a section of track.

Assuming N = 2n + 1 and M = 2m + 1, the rms crosslevel can be
computed by the following recursive algorithm: '

5i % %i-1 i;n i-n-1

Y; = ‘xi - s;/N ' ] . : : | :
7t <Yj+§>2 ] .<yj-m-1>2 | (3-9) »
uj =, tj/M 2 .
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where X3 is the crosslevel, si-is the running sum, Y; is the
mean-removed crosslevel, t. is the running sum of squares and
u. is the rms crosslevel. Note that j should be adjusted with

3 _
respect to i depending on the values of m and n.

A stand alone rms processor can be implemented with eifhef the
analog or digital circuitry as shown in Figure 3-20. The hard-
‘ware for the measurement of crosslevel is givén in Appendix D.

In the analog rms processor, the crpssievel signal is first
passed through a high-pass filter and is then passed through an
rms filter. ‘The rms crosslevel can be displayed on a strip chart
recorder. The proéess can be simplified by establishing the
thresholds on ‘the mean—équare value of the crosslevel, which will
allow the use of a mean-square filter instead of the rms filter.
RMS crosslevel can also be obtained by making the warp measure-
ments. The analog rms processor is usﬁally much faster than its
~digital equivalent; however, it lacks the flexibility of a
digital processor. Furthermore, the time constants of filters
must be adjusted for the test car speed. The analog averaging
and Squaring operations are only approximate and it is very

hard to achieve an accuracy of better than three percent.

In the case of a digital rms processor, the crosslevel sigﬁal
is digitized and fed to a microprocessor. 'The microprocessor
performs the filtering operations required to generate the rms
crosslevel. The digital crosslevel data can be displayed for
visual inspection and/or stored on magnetic tape for future
analysis. A microprocessor can easily handle the rate of data
acquisition and the processing required for normal test car
speeds. The digital précésSbr also has the advantages of
accuracy, flexibility and real-time feedback. 1In addition, the
test car speed variations can be handled in the software.
Furthermore, the permanent data records can be used for future -
analysis. » ' '
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3.3.2 NON-AUTOMATED FIELD MEASUREMENTS

The track geometry descriptors such as peak-to—peak space curves
and rms crosslevel which are suitable for automated techniques
can not be measured as such using non-automated techniques. ‘It
would be very expensive to perform a survey to obtain an absolute
space curve for any extended section of track. Simiiarly the
processing involved to obtain the rms crosslevel is almost
totally impracticable. The manual measurement of track is
limited to distantly-spaced sampling stations due to the labor-
iousness of the 6peration. Therefore, alternate measurement
procedures should be used which can give an estimate of track
descriptors without a need for either continuous sampling or

complex processing.

It was noted in the pievious section that the deficiencies of
the 62-foot MCO can be corrected by using an asymﬁetrical chord
or a combination of two or more chords that are complementary.
‘Both techniques are suitable for non-automated measurements.

In the case of asymmetrical chords, measﬁrements should be

made in both directions for the bi-directional track. A com-
‘bination of 62-foot, 31-foot and 15.5-foot chords can eliminate
most of the blind spots in the wavelength region of interest.
This will reqﬁire’that three MCO measurements be made at each
location and checked against selected thresholds.

Crosslevel variatibns of track can be investigated using

a 20-foot warp measurement. This measurement technique is
practical and can be implemented in the field. An alternative -
techniqﬁe involving the "stacking" of crosslevel data was in-
vestigated as an indicator of periodic behavior. In this
process, five‘points of data at intervals of one rail length
are averaged to produce the trace. Figure 3-21 shows the
results of this process on class 3 track. Trace 1 (lower most)
is the raw crosslevel data, trace 2 1s the mean removed cross-
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level data and trace 6 (uppermost) is the rms deviation func-
tion.  Traces 3 through 5 are the results of stacking five
points together which are 33 feet, 36 feet, and 39 feet apart,
respectively. Note that the periodic tendency of crosslevel is
emphasized by the stacking operation, particularly for the
39-foot stack. 1In this case, 39 feet corrésponds to the actual
rail length of this section of track. Thus the periodic
behavior of crosslevel can be studied by the stacking operation.
The automated processing technique is a continuous operation
~ including all of the points of the rail. However, this can be
implemented in the field,by.measuring and averaging the cross-
level at each of five consecutive joints.

In summary, it is difficult to measure the track geometry des-
criptors. that are necessary to monitor the dynamic inputs of
critical track signatures using non-automated techniques. An
estimate of localized defects can be made using an asymmetrical
chord or a combination of more than one chord that are comple-
mentary. The periodic behavior of track, especially for
crosslevel, can be estimated either by 20-foot warp measure-
ments. or by stacking opefations»on consecutive joints.
However, the automated techniques are preferred since the
measurements can be made continuously and under load and since
the actual track descriptors can be computed.

3.4 STATISTICAL DISTRIBUTION OF TRACK DESCRIPTORS

3.4.1 RMS CROSSLEVEL

The distributional properties and.expeCtations of rms crosslevel
arg derived in Appendix_P-" The analytical description is

based on the assumption that the joints of bolted rail are
represented by a random amplitude operating on a joint shape

3-45



function. The crosslevel for the half-stagger bolted track
can be represented by (1):

[}

- -1 '
Yo (x) = 2 c (-1)"e k[x-%nL| (3.10)
n= “93, )

where

b'q = distance along the track

y4(x) = crosslevel as a function of distance

along the track

n = counting index

. = amplitude of the n'" joint

k = joint decay réte

L = rail length.

The amplitudes of each joint are independent of each other and
have a probability distribution given by '

3

p(c) = =
-3¢ 4
It is.assumed that randomness in the joints is independent of

variations associated with the stationary process, both in the
taw geometry, filtered geometry, and filtered geometry squared.

These assumptions yieid the éxpectation value and the standard

deviation for the Tms deviation as follows:

~<I
]

\
and 1

128¢” | -4c/T . (3.11)

1 ,
e, \7 , ,
1
(1——,, 71 “/Bi (3.12)
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where

.5 =
By =z2kT ¢ *t9
e = 4R+ 2

_ 2
R =g,

1 (55\=a, 4
B2 N<m)°~ vio.

" Analytical results of the.rms crosslevelAarefsummarized in
Table 3-7. The results are given for class 2 and class 3 track
since these classes are known to exhibit the periodic behavior.
RMS crosslevel was calculated for a 100-foot and 400-foot moving
window for the above track classes.. The‘expected value for
class 2 track for both the 100-foot and 400-foot window is 0.28
inch. The standard deviation is 0.06 inch for the 100-foot
window and 0.03 inch for the 400-foot window. For class 3
track, the expected value for both the 100-foot end 400-foot
window is 0.22 .inch. Values of standard deviation for this
class are 0.048 and 0.024 1nch for the 100- foot and 400 foot
windows respectively. ’

As shown in Table 3-7, e, whicn»is analogous to degfees of free-
dom, is of the order of 22 or more. Hence the associated
T-distribution is well represented by a normal distribution.
.Using this assumption, the following additional'infbrmation«is |

computed and tabulated:

e The probability of exceeding thresholds
of 0.35 inch and 0.6 inch.

° The thresholds needed to produce an ex-
ceedance one percent and 10 percent of
the time. :



Table 3-7.

Analytic Results

for RMS Processing of Crosslevel

Data
N CLASS 2 CLASS 2 CLASS 3 - CLASS 3
PARAMETER | 100 FOOT RMS | 400 FOOT RMS | 100 FOOT RMS | 400 FOOT RMS COMMENTS
< 0,32 in. 0.32 in. 0.25- in. 9,25 in. v
t - : alues from
KL 6.25 6.25 6.25 6.25 Reference 6
g 0.20 in, 0.20 in. 0.16 in, 0.16 in. ,
8 8.0x10"%in? | 8.0x107%n? | 5.0x107%n? | 5.0x20 %102
N 5 , 0 5 20 -
8, 1.2x0% 50 | 3.0x07%n* | 4.8x10"%n% | 1.2007%n® | Intermediate
Computations
By 8807508 | 5.000%18 | 120758 | 7,507
R 5.3 21.3° 5.3 21.3°
e 22 86 22 86
- L . . . . Expected value
y 0.28 in. 0.28 in. 0.22 in. 0.22 in. and fluctuations
s 0.060 in, 0.030 in. 0.048 in. 0.028 in, about- expected
4 . - : value
Yy 0.60 in. 0,60 in. 0.60 in, 0.60 in. (
— Threshold of
POPYy) - ———- cmmo S 0.60 inch
REQ'D 5.3 o event i ‘10.7 o eveﬁx 8.0 ¢ event 16 ¢ event
Ys 0.35 in. 0,35 in. 0.35 in. 0.35 in.
- Threshold of
POy, 0.12 0.011 0.004 ccon 0.35 inch
REQ'D 1.2 ¢ event 2.3 ¢ event 2.7 C event 5.4 ¢ event
P(yrys) .0.01\ 0.01 0.01 0.01 What threshold
- - produces 1% .
REQ'D 2.33 g event | 2.33 ¢ event | 2.33 ¢ event | 2.33 ¢ event | exceedance of
¥ 0.42 in. 0.35 in. 0.33 in, 0,28 in. threshold?
P(y>y,) 0.1 0.1 0.1 0.1 What threshold
4 . produces 10%
REQ'D 1.29 g event | 1.29 ¢ event | 1.29 o event | 1.29 G event | exceedance of
: > _ : ; threshold?
Ya 0.36 in. 0.32 in. 0.28 .in, 0.25 in.
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Table 3-8.

Bolted Track

Distributional Properties of RMS Crosslevellfqr

Mean Removed

Crosslevel 100-Foot RMS 400-Foot RMS
(Inch) ' (Inch) (Inch)
Length | ean | $12Gard | ean | Standard | yean | Standard
30772 |0.000 0.244 0.231 0.078 | 0.236 | 0.060
40372 0.000 0.268 0.257 0.076 | o0.261 07056
36372 |0.000 0.326 0.317 0.075 0.322 0.050
41572 {0.000 0.352  |0.343 0.076. | 0.348 0.050
36672 |0.000 0.210 [0.210 0.058 | 0.205 0.042
52072 |0.000 0.274 0.261 0.080 0.267 0.057
25872 |0.000 0.315 04301 oi091' 0.308 0.062
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Empirical results were obtained by processing two sections of
track which exhibited the type of periodic behavior to which

this technique should be sensitive. On the class 2 section of
track, it was found that y = 0,21 inch and ¢ = 0.066 inch for a
'100-foot rms over 3,800 feet of track. These values are in fair
agreement with the predicted values of y = 0.28 inch gnd c =0.06
jnch for class 2 track. On the class 3 section of track, the
100-foot rms yielded y = 0.17 inch and o = 0.04 inch over 9,700
feet of track, also ih fair agreement with the predicted values

of ¥ = 0.22 inch and ¢ = 0.05 inch, In both cases, the empirical -

expectation value is one o lower than the predicted value. -

.Seven other zones of class 2-and class 31bolted“frack were
processed to study the cohsistency of the results which are
tabulated in Table 3-8. Notice that the mean and standard devia-
tion for the 100-foot rms are consistent with the ‘analytic results
presented in Table 3-7 for class 2 track. The 400-foot rms
standard deviations are significantly.larger than the theoretically
expected values. The analytic results were based on the assump-
‘tion that the joint amplitudes are independent of each other. |
However, the examination of field data reveals that a low joint

on one rail produces a correlated depression on the opposite rail,
Furthermore, the consecutive joints on one rail and adjacent joints
on opposite rails correlate with one another. This is believed to
"be the main reason for the higher value of standard deviation for
the 400-foot rms crosslevel.

Twenty miles of track geométrybdata were selected at random
for each of the FRA track classes. Means and standard ,
deviations for mean-removed crosslevél, 100-foot.rms cross-
level and 400-foot rms crosslevel are tabulated in Table 3.9.

(&3]
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As expected, the mean values decrease és‘the track class
increases. The mean values of both the 100- foot and 400- foot
rms crosslevel are lower than the analytical values for class

2 and tlass 3 track. This is attributed to the random selection
of the data without regard to whether the rail was bolted or
continuously welded. Furthermore, the presence of a signifi-
cant amount of tangent track will tend to lower the mean values
of rms crosslevel. The'standard deviations of rms crosslevel _;;
are significantly larger'than the expected values. This againn
may be attribﬁted to the correlation among joints. Notice that
the standard deviation of rms crosslevel for class 3 track is
1argér than the values for class 2 track. A study of these data
showed that the class 3 data had the largesf percentage of
curved track. ' '

Table 3-9. Distributional Properties of RMS Crosslevél for
. Randomly Selected 20-Mile Sections of Track o

Class Deviation of RMS Crosslevel 2MS Crosslevel
Mean-Removed (Inch) (Inch)

Cr%i;tigel Mean |Standard Mean | Standard
~ Deviation Deviation

1 0.40 | 0.38 | 0.115 | 0.39| 0.079

2 0.19 0.18 0.055 0.18 0.039

3 . 0.15 S| 0.12 0.079 0.13 0.068

4 0.10 | 0.09 | 0.048 0.10 0.039
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As noted before, rms crosslevel descriptors are approximately
normally distributed, random variables. The cummulative
distribution properties of these descriptors are shown

in Figufe_s 3-22 and 3-23. These figures reveal that both the
100-foot and 400-foot rms crosslevel lie below 0.4 inch for

class 3 track. For class 2 track, the 100-foot rms crosslevel'
lies below 0.5 inch and the 400-foot rms crosslevel lies below
0.4 inch. The 0.3-inch limit (specified in the candidate perfor--
mance statement) for the 100-foot TmS crosslevel would affect B
less than five percent of class 3 track and approx1mate1y 37 »é——
percent of class 2 track. The same limit on 400-foot rms will
-affect negllclble amounts of class 3 track and approximately

25 percent of class 2 track. These dlstrlbutlons are based on

a least-squares regression line that includes four zones of

class 2 track, five zones of class 3 track and interpolations
from seven zones of class 4 track and one zone of class 1

track. Each zone avefaged four miles in length with the short-

est being one mile long.

Twenty-mile sections of track for each FRA track class were
processed regardless of whether the track was bolted or welded.
Table 3-10 lists the percentage of track which does not meet a’
0.3-inch specification 1limit for rms crosslevel. Notice that if
the track was selected without any prior knowledge of its type
or condltlon most of class 1 track will not conform to a

0.3- inch spec1f1cat10n limit, only a small percentage of class 2
and class 3 track will need upgradlng, and track of class 4 or
better will not be affected. The percentage of lower-class track
affected as a function of different specification limits is shown
in Figures 3-24 and 3-25. Notice that a specification 1limit
above 0.8 inch will not affect any track whiie a limit of 0.1
inch will za¢fect most of class 1, 2 and 3 track.

3-52



s
. 44
40
36

28 -

24

. 20

16

12

L .
- g RMS DEVIATION

& OVER 100 FEET

Liw

(=]

8

T
- =

L

g

& ,
! RMS DEVIATION

OVER 400 FEET
1 1 1 [ RS TSR SRS R VR TR | 1

0.2 0.22 0:28 0.26 0.28 0.30 0.32 0.34 0.36 0.38

RMS CROSSLEVEL LIMIT (INCHES)

‘Figure 3-22. Percent of Class 3, Bolted Track
: "Requiring Upgrading vs. RMS Crosslevel

3-53



44

40

36

32

28"

24

20

16

b4
(%]
=
o=
[
[=]
R=
= RMS DEVIATION
= OVER 100 FEET
=
d
L. <=
RMS DEVIATION
OVER 400 FEET
] L .
0.26 0.28 . 0.30 0.32 0.3 0.3 0.38 0.40 0.42  0.44

RMS CROSSLEVEL LIMIT (INCHES)

Figure 3-23. Percent of Class 2, Bolted Track
Requiring Upgrading vs. RMS Cross-
level Limit '

3-54



80 L
70 CLASS 1
5
s0d-
50 CLASS 2
"4
(& ]
<<
=
]
o 40
[L-]
<<
f—
]
2
&
30 =
20 -
1 1 3] 1

0.0 0.2 0.4 0.6 0.8. 1.0
RMS CROSSLEVEL LIMIT (INCHES) ”

Figure 3-24. Percéntage of Track Which. Needs Upgrading
' Versus 100-Foot RMS Crosslevel Limit
as Calculated from Actual Data Samples

3-55



. PERCENYAGE OF track -

10

8.4 0.6 0.8 1.0

RMS CROSSLEVE, LIMIT (INCHES)

Figure 3-25, .Percentage of Track Which Needs Upgrading
Versus,llOO-Poot RMS ¢ ‘ imi
as Calcug




Table '3-10. - Estimated Percentage of Track which Exceeds the
0.3-Inch Specification Limit of RMS Crosslevel

Class | 100-foot RMS | 400-foot RMS
1 74.0 | ss.0
S BN | . 1.75
3. 1.27 o 1.65
e ©0.53 0419
5 0.58 o ‘0;03-
6 0.47 | 0.0

3.4.2 SPACE CURVE

Table 3-11 lists the standard deviation of alignmeﬁt and
profile space curves for typical track geometry variations
found in different'track‘classeé, These results are based
on 20-mile sections of track in each class selected randomly
from different geographical locations. The standard devia-
tions show a general decreasing trend as the track class _
increases. Howevéf; track classes 2 and 3 do not show coﬁsistent(
results. Furthermore, no distinction,is indicated between class
5 and 6 track. These are preliminary results based on a small
statistical sample of track. Further qualification is re-
quired with regard to bolted/welded and curved/tangent track.
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Table 3-11. Standard Deviation of the Alignment and Profile
Space Curve (Inches)

Track Mean . Mean
Class Alignment Profile
1.11. 0.50
0.37 - 0.22
3 039 o0.27
‘4 0.30 - - 0.11
5 0.08 ©0.08
6 0.14 ' 0;09

The -cumulative distribution functions of mean ﬁrofiie and
mean alignment for the test data are shown in Figure 3-26,
Ninety-five and'ninety-nine'percentile'1evels of the dis-
tribuxions are shown.in Table 3-12. Notice that the per-
centile levels of the space curve are good indicators of
track class. '
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Table 3-12, Ninety-five and Ninety-nine Percentile Levels
of the Alignment and Profile Space Curve

\

'Track Mean Mean

Class Profile Alignment
o5 | 99 | 95 | 99
1T | o.78 |1.19 [ 1.44 |2.6
2 | 0.31]0.49 | 0.49 |0.94
3 0.24 | 0.43 | 0.23 |0.80
4 0.13[0.25 | 0.12 {0.36
5 0.09 {0.17 | 0.08 [0.16
6 0.08 | 0.11 * *

%Reliable data not available.
3.5 CONSTRAINED TRACK™
For the purpose of this'study, the constrained track is
defined as the track for which the moving point crosslevel
does not exceed 0.3 inch at any point. For the analysis of
constrained track, a_data base'was-established consisting

of track geometry data for each FRA track class. ‘Each track

class contained approximately 20 miles of data which were
processed to generate mean-removed crosslevel, 100-foot

TMS crosélevel,.mean profilé, mean alignment and crosslevel.
The processed data were separated into'three';ategories:
‘Normal track, 100-foot constrained track and 400-foot con-
strained track. Data for the 100-foot coﬁstrained track
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were extracted by limiting* the 100-foot rms crosslevel

to 0.3 inch. Similarly, the data for the 400-foot. constrained
track were extracted by limiting the 400-foot rms crosslevel
to 0.3 inch. Due to limitations on spatial resolution, the
data were reformated to include only every fifth sample.
Statistical processing was performed on the reformated data

to generate ‘the probability density functions, cumulative '
distribution funct@ons, means and standard deviations.

The probabiiity density funttion; £(y), provides a methematical
model for the population- relatlve frequency hlstogram. The '
total area under the curve, f(y), is equal to one and the area
1lying above a given interval will equal the . probablllty that

y will fall in that interval.

For the purpese of this study, probability density estimates
were obtained by generating the sequence

P. = g '_' . S | - (3.14)

where, Nj is number of occurences of a sample value in the

jth interval, N is the total number of occurrences, and W is

the intervel width.

Pj ‘can be 1nterpreted as the derlvatlve of the d15tr1but1on

A functlon at the midpoint of ‘the Jth interval. Thus, the dis-
tribution function can be obtained simply by summing the
probability density estimates. A maximum value'of'the prob-
ability density estimate will occur at the sample Value with
the maximum number of occurrences.

*by eliminating data samples
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Presented in Figures 3-27 through 3-38 are the probability
density functions for track classes 1 to 4. Probability
density functions for normal track are included along with
100-foot and 400-foot constrained track for comparison
purposes. As noted in the previous section, class 5 and
class 6 track are not affected by a constraint of 0.3 inch
on the rms crosslevel; therefore, these track classes are not
considered here.

Class 1 track shows a notable difference between ‘the normal
and the constrained track. . D1fferences in other track classes
are not as pronounced, However, certain general observations
are notewerthy° The mean-removed crosslevel, mean profile
and mean alignment have the highest probability density at
zero since these quantities have a zero mean. (Among different
track classes, the probability density at zeTo increases with
the trackAclass. The constrained track in general shows
higher densities than the normal track with the 100-foot
constrained track having the highest value. Traces for
crosslevel have peaks correéponding to non-zero crosslevel.
These peaks correspond to curved track.
From digital printouts of the probability density estimates,
the 100 foot rms crosslevel for class 1 track has jits maxlmum
~at 0.37 inch for normal track, 0.28 inch for 100-foot con-
‘'strained track, and 0.24 1nch,for 400-foot constrained track.
For three track categories, i.e., normal, 100-foot )
and 400-foot constrained track, the maximum densities appeared‘
at 0.17 inch for class 2 track, 0.07 inch for class 3 track
and 0.07 inch for class 4 track.
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The 400-foot rms crosslevel peaks for class 1 track appeared
at 0.35 inch for normal track, 0.32 inch for 100-foot con-
strained track and 0.29 inch for 400-foot constrained track.
All three track categories had their maximum densities at
0.17 inch for class 2 track, 0.1 inch for class 3 track,

and 0.07 ‘inch for class 4 track

.Table 3-13 lists the ninety-five peréentile‘levels for

normal and constrained track. The percentile level decreases
with the track class as expected' The most notable dlfference
is found between the normal and the constrained track in

class 1. Class 4 track does not show any difference between
the normal and constralned track in any track geometry
parameters.

Table 3-14 summarizes the means and standard deviations for
various parameters. Mean-removed crosslevel, mean profile
and mean alignment have a zeTo mean and are not listed in
the table. Constrained track, in general, has a lower mean
and standard deViation than normal track. Again class 4

track is found to have no difference between normal and con-
stralned track. ’

From the description of the possible track geometry variations
for constrained track, constrained class 4 track based on a

- 0.3-inch rms crosslevel 1limit appears to be similar to normal
"class 4 track. Mathematicdlfrepresentatiqns of track geometry
variations for class 4 track as given in Reference 1 can also
" be applled to constrained track. However, it should be noted
that these results are based on a statlstlcally small sample
of track and should be verified by using a larger data base.
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Table 3-13. 'Ninety-five Percentile Levels for Normal and Constrained Track

(Inches)
CLASS 1 CLASS 2 CLASS 3 CLASS 4
T00-Foot | 400-Foot T00-Foot] 400-Foot 100-Foot [400-Foot 100-Foot | 400-Foot
Normal | Con- Coh- Normal | Con- Con- Normal |Con- Con- Normal | Con- Con-

strained| strained strained| strained strained |strained strained | strained
Mean Removed ) ’
Crosslevel 0.61 0.37 .0.38 0.28 0.26 0.27 0.17 0.15 0.16 0.13 0.13 0.13
100-Foot rms v .
Crosslevel 0.59 0.29 0.34 0.28 0.25 0.27 0.23 0.22 0.23 0.18 0.18 0.18
400-:Foot tms . ‘ . . . .
Croislevel 0.51 - 0.41 0',29 0.25 0.23 0.24 0.20 0.19 0.19 0.17 0.17 0.17
Hean e 0.78 0.69 .0.66 0.31[ o0.30 0.31 0.24 0.23 .| o0.24 0.13 } 0.13 0,13

: .

Mean ' : Y
Alignoent 1.44 1.2.0 0.94 0.49 0.47 0.48 0.23 0.22 0.23 0.12 0.12 _ 0.12




Table 3-14. Comparison Between Normal and Cdﬁstrained Track

LL-%

Mean Removed 100-Foot 400-Foot . Mean Mean :
Type __Crossleve] S Profile | - Alignment | Crossleve}
L Mean Mean o a Mean o
Normal 0.40 0.38 0.39 0.50 .l.l.l 0.30 3.04
100-Foot \ i }
Constrained 0.24 0.25 0.32 0.43 l?.BAZ 0.13 2.94
400-Foot , =
Constrained 0.26 0.2‘5 0.26 0.43 0.67 0.51 3.09
Normal 0.19 0.18 0.18 0.22 0,37 -0.06 6.82
100-Foot . :
Constrained - . 0.18 0\.17 0.18 0.722 » 0.35 0.71 0.81
400-Foot : o R .
Constrained g 0.19 0.17 0.18 0.22 Ov.3v6 0.07 0.81
Normal 0,15 0.12 0.13 0,27 0.39 0.16 2.18
100-Foot 3 ’
Constrained 0.12 0.11 0.12 0.20 0.32. 0.17 2.18
400-Foot . .
Cons trained 0.13 0.11 0.12 0.19 9.32 0.15 2.18
Normal 0,10 0.09 0.09 0.11 0.29 0.09 | 0.92
100-Foot
Constrained 6.10 0.09 0.09 0.11 0.22 0.09 | o.92
100-Foot
| Constrained ~ 0.10 6.09 0'99 0.11 0.09 0.92

* 'All quantities are in inches

. ** Standard deviation




3.6 TRACK DEGRADATION

Five zones of class 2 and class 3 bolted track were selected
at random to evaluate track degradation rates. Each zone

was approximately two miles in‘length; Track geometry data
were collected on these zones approximately one year -apart

in 1978 and 1979. No maintenance was reported for these
zones between the two track geometry surveys. The rail
weight for these zones was 131 to 136 pounds per yard and the
annual gross tonnage was approximately 10 million tons.

" The data were proeessed to compute the~100-fpot rms and
400-foot rms crosslevel for the two time'periodéw- The mean
and standatd deviation for the rms descriptors for each time
period are shown in Table 3-15. The mean rms values for
1978 agree with the average for class 2 and class 3 track,
as given in Table 3-9. For'1979, these values correspond-
to the value for class 2 track. The standard deviation of
the rms descriptor did not change 51gn1f1cant1y between 1978
and 1979.

The test data were divided into 1/8mile segments. Mean values
of rms descriptors were computed for each segment. The rms
descriptors for 1979 were plotted against 1978 values.

Least squares regression lines were drawn between data points
to estimate the degradation rates. The results are shown

in Figures 3-39 and 3-40 for the 100-foot rms and 400- foot

rms crosslevel. For the purpose of this discussion, the

least squares regression lines are represented by an equa-
tion of the type: ‘ :

y = a + bx, o o (3.15)

where y is the rms crosslevel for 1979, x is the rms cross-
level for 1978, a is the intercept, and b is the slope which

corresponds to the degradation rate per year per inch.
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N
1



Table 3-15. RMS Crosslevel Descriptors for 1978 and 1979

(Inches)
1978 ., | 1979

PARAMETER |  MEAN STANDARD ’ . STANDARD
: a DEVIATION MEAN | DEVIATION
Mean

Removed : _ )
.Crosslevel 0.000 - 0,160 ' 0.000 . 0.190 |
100-Foot ' ‘

TmS S ' _

Crosslevel 0.143 0.051 X 0.179 . 0.057
400-Foot

TmS _ .

Crosslevel 0.146 - 0.041 : 0.183 0.044

For the 100-foot rms crosslevel, the intercept was 0.06 inch
and the slope was 0.85. ° For the 400-foot rms crosslevel, the
corresponding values were 0.06 inch and 0.86.

Assuming an annual degradation rate of 0.85 inch/inch (average

- for the 100-foot and 400-foot rms crosslevel), a class 3 track
will degrade to class 2 track in approximately one and one half
“years (refer to Table 3-9). On the otherhand, a class 4 track
~will degrade to class 3 track in approximately Qne»yearn(

It should be pointed out that these results are based on a
limited data base, and data show large variation about a regres-
sion line, This study does not take into account variations

in other parameters which affect‘tfack degradation such as
physical, traffic and environmental conditions. A further
study 1s required to evaluate the degradation rates in rela-
tion to these conditions.

W
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4. CONCLUSIONS AND RECOMMENDATIONS
4.1 CONCLUSIONS

The principal conc1u51ons from this study can be summarized
as follows:

] Severe track geometry variations are com-.
posed of three key signatures: the cusp,
bump and jog which occur either as single
events, in periodic succession or in com=
blnatlon with each other.

® Track inputs in the wavelength range of 3
to 300 feet are important to vehicle dy- -
‘namics. Therefore, a track geometry de-
scriptor must address this wavelength range.

'@ The MCO measurements do not glve enough
weight to certain wavelengths and have

blind spots at other wavelengths of 1nter-'
est.

° Severe track geometry variations can be moni-
' tored by such track geometry descriptors as
peak-to-peak value, extreme value, and/or the
rms value of the band-limited space curve of-
various track geometry parameters over a pre-
scribed length of track.

° Track geometry descriptors can be implement-
ed by modifying the data processing schemes
used by current automated track geometry
cars. For non-automated field measurements,
an asymmetrical chord or a combination of
two or more MCO's can remove the deficien-
cies of single MCO type measurements. The
periodic crosslevel behavior can be esti-
mated either by 20-Foot warp or by average
crosslevel on. consecutive joints.

) A 0.3-inch specification limit for. rms

crosslevel will affect most of class 1" track,
a significant portion of class 2 and a small
amount of class 3 track. Track classes 4, 5
and 6 will not be affected by this specifica-
“tion 1limit. For track class 4, constrained
track does not show any varlatlon from normal
track.

4-1-



4.2 RECOMMENDATIONS

Existing automated track geometry vehicles do not measure
the state-of-wear of the railhead. The contact point at
the wheel/rail interface plays an important role in vehicle
dynamic behavior. Therefore, a study should be conducted
to characterize railhead profiles. Measurement techniques
should be developed for automated measurements of railhead

profiles.

Track degradatlon rates are expected to be a functlon of the
'phy51ca1 and operating conditions of track. Short term
degradatlon is slow and data from successive runs may be
contaminated with instrumentation noise and sampllng errors.
A long term data base should be established and analyzed
with respect to the physical and operating conditions and
the maintenance history of track to determine degradation
rates so that the frequency of inspections can be ascertained.




5. REFERENCES

Corbin, J.C. "Statistical Representations of Track Geometries, "
Vols..I and II FRA/ORD-80/22,1I,I1 -- DOT-TSC-FRA-80- 4 1,11,
March 1980.

Safety Recommendation Bulletins of the National ‘
Transportation Safety Board, Washington DC, 1975-1979.

. "Track Train Dynamigcs, Accident Investlgatlon,“ Associa-

tion of Amerlcan Rallroads, Chicago IL, 1974.

A. E. ‘Shulman and C. E. Taylor; "Analy51s of Niﬁe Yéars
_ of Railroad Accident Data,'" Association of American :
* Railroads, Washington DC, April 1976, p. 18, 21, 24-37.

"Track Safety Standards,”" Federal Railroad Administration,
Reprinted from Railroad Track Structures, as publlshed
in the Federal Register, February 1973,

W. Flugge, "Handbook of Engineering Mechanlcs," McGraw Hlll
New York, 1962, p. 56-11, 59-9.

. "LIMRV Track Constructlon, High Speed Ground Test Center,

Pueblo, Colorado," Federal Railroad Admlnlstratlon,
Washlngton DC, 1974. :

5-1/5-2



APPENDIX A
REPORT OF NEW TECHNOLOGY

The work performed under this contract significantly contrib-
utes to the state of the art in the area of analytical de-
scription of track geometry variations. Analytical descrip-
tions were developed for dynamically severe track geometry
variations. Track descriptors were devéloped to monitor
these variations.

Critical signatures for severe track geometry variations
consist of .a cusp, bump. and jog. These signatures can occur
as single events, in systematic combination with one another,
or in a pefiodic succession. Track geometry descriptors were
developed to monitor the severe track geometry variations.
These descriptors are based on either the extreme value or
the rms value of a track geometry parameter over a prescribed
length of track. ' '
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APPENDIX B
VEHICLE RESPONSE

It is impoftant for the derivations which follow to consider
three types of response functions: motion response of the
carbodyQto-track inputs, the relative displacement between
the truck and carbody, and the forces acting across the

‘wheel/rail interface.

\

':Thesé response functiohs are derived from the simple Vehiéle
‘model shown in Figure B- I.  As 1nd1cated 1n ‘Section 2.2,
this model is quite adequate to illustrate the 1mportant

points about vehicle response to track 1nputs

~B.1 CARBODY RESPONSE TO TRACK INPUTS

The\equa;ion of motion for the simple model. in Figure B}l
is given by: '

mj + b(y - x) + k(y - x) =0,
where m 1is thé body mass, b is the damping coefficient, k is
the spring constant, x is the track-geometry input and y is
the displacement induced in the carbody. The dots indicate
time derivatives.
EQuatidn_B.l‘cah be_writfen ast

my + by + ky = bx + kx,

whose solution is given in reference €.

(B.1)

(B.2)
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Figure B-1. Simple Vehicle Model




The response function, Fl(w) which describes the motion of
m due to motion at m, is defined as

' = : .3)
F, (w) f i(g), (B.3)

where w is the radian frequency.
N
From reference 9
Fo(w) = 28i(elug) * 1 . L (B4
1- (w/wy)? + 281(w/m0J |

‘.The magﬁitude of Fl(u) is‘given'by:

1+ 4g% 93%
m _
lFl(w),l = S 0" — (B.5)
1 - o )2 + 48° w2
mOZ woz
where ’
8 = damping ratio = b ’ - (B.6)
w, = natural frequency = ‘—%—'. , B . (B.7)
B.2 RELATIVE DISPLACEMENT BETWEEN WHEELSET AND CARBODY
"The response functlon for the relatlve dlsplacement between
m. and m, can be derlved as follows.
"SUbstituting u = y - x.and y = u + x in'EQUation B.1 it can
be written as: ' ’ '
m(i + X) + bu + ku = 0, | (B.8)



which can be rewritten as:
mi + bu + ku = mk, : ‘ - (B.9)
‘'whose solution is given :ia reference 6. Some of the intcr-

mediate derivations which will be used in Section B-3 are given
below. ‘

Let U(s) be the Laplace Transform of u(t) and X(s) be -the
Laplace Transform of x(t). Upon substitution, the Laplace
Transform of Equation B.9 is given by

(ns? + bs + WU(s) = -msX(s). @0y

The reéponse function, Fz(s) for the relative displacement
between m and m, is given by ’

Fo(s) = %%%T. | - )  (B.11)

- From Equations B.10 and B.1l1l the response function can be
written as

o,
Fy(s) = — ms A (B.12)
~ ms~ + bs + k '

Substituting s = iu, wy =yk/m and B8 = b/2v/ mk

Falw) =1-(£L)2 + zsi(ﬁL) R - (B3
. w w . ‘ . .

B.3 FORCE AT WHEEL/RAIL INTERFACE

Forces acting at the wheelset/sideframe of the model are shown
in Figure B-2. For equilibrium conditions, the force at the

wheel/railinterface canbe written—as

£(t) = myk - ku - bu. : : (B.14)



ku + bu

0

Figure B-2. Forces Acting at the Wheelset/Sideframe
_ for ‘the Simple Vehicle Model

Taking the Laplécé Transform of both sides;of Equation B.14
F(s) = mys’X(s) - (k + bs)U(s). | (B.15)

F (s), the response function for the forces induced at the
_ wheel/ra11 interface due to the track geometry input can be
written as

E(s).

FS(S) BIOR (B.16)
From Equations B.15 and B.16
e <2 . u(s) . ;
F3(5) = m,s (k + bs) MO (B°17)'
Substituting sy from Equation B.12
2 (k + bsjms2 ‘ -
Fo(s) = mys” + — (B.18)
ms® + bs + k :
which can be written as
2
- MS (1 + ——) (bs + k)
™o
2 (B.19)

F,(s) = m,s
3. 0 ms® + bs + k

B-5



Substituting iw for s,

[ -mw® + <1 * %L)(biw 5 )
) 0

Fy(w) = -myw . (B.20)

“mw® + big + k

B.4 ACCELERATION DUE TO LONG WAVELENGTH TRACK INPUTS

It was shown in the statistical characterization of track
geometry (1) that in the long wavelength limits the alignment
or profile power spectral density (PSD) is given by:
4A¢c . . 4 A ‘ - S - :
S(¢) = T’ ' (B.21)
) ' .

where S(¢) is the power spectral demnsity in inz/cy/ft, A
is the roughnéss coefficient in in2 cy/ft, ¢ is the
break frequency in cy/ft, and ¢ is the spatial fréquency
in cy/ft. ’

The distance domain PSD, S(¢), can be converted to the time

domain PSD, S(f), by the transformation of variables. Since
= f/v . '

S(0)de = S(£)df = As_ " Lp df, | | (B.22)

‘where v is the speed in ft/séc;'and f is the‘temporal frequency
in Hz. '

The acceleration 1nduced in the carbody for all the frequen01es
up to a certaln frequency, f' is glven by

2. f‘f'

-

g ‘= ./ (2nf) S(f)IF ()] T (B.23)
0

B-6



The function in the integral is multiplied by (2nf)4
convert the displacement type motions to acceleration since

2
Acceleration = &% F-To (2pp)?  POWET (5r5)4
' dt : '

The vehicle response as given by Equation B.5 is unity for
very long wavelengths. Substltutlng the values of S(f) df
and IF (£f)] in Equatlon B.23

: B ‘ 3 : L o :
2 _ 4 2 v7 . L o
s f (ene)® no.” g, e

Thus, the standard deviation of acceleration is given by

o, = 41r2¢c vIAET . (B.25)

B.5 RELATIVE DISPLACEMENT DUE TO LONG WAVELENGTH
TRACK - INPUTS

The power of the relative displacement for low frequency-
inputs is given by

£ )
=<f S(£) |F, (£) | 2at, . . (B.26)
g _
Wheré_f‘ is the frequency limit in Hz,
The fesponse function for the relative dispiacément is given -

by Equation B.13. For low frequencies, the response func-

‘tion varies as

win | w £\2 e

wm . wl . (f_) . - (B.27)
w
0 ' |



Substituting the values of le(f)l and S(f) in Equation B.26

£! - :
3 .
2 _ . 2 v f \4 .
) 0
which gives
2, 2.3( ¢ | ‘
Gd = A¢C v (E—I) o (B.,Zg)

'Thué, the relapive,displacémen; due to loﬁg_waveléngth profile
or alignment perturbations is '

: f
0 -

B.6 TWO-DEGREE-OF-FREEDOM MODEL

The vehicle dynamic.behavior was analyzed using the two-degree-
of-freedom model shown in Figure B-3. The analyéis provides

an understanding of vehicle Sehsitivity to track inputs for
translation and yaw rotation of the carbody. For this analysis,
it is assumed that the carbody is rigid, the center of mass is
at the geometric center of the car, the damping is viscous and
the angle-of-rotation is‘smali, i.e., sin 6 = @.

‘Summing.the forces yields

N A
N’

M = -Kl{x(tj - % e(t)} + ~K1y<t +

[N
~—"

-Kz{x(t) . e(t)} T (t ;

LN B




-

5
A

DISPLACEMENT DISPLACEMENT=

. y(-f»‘%) : ‘/’/y(f'i“g‘)

Figure B-3. A Two-Degree-of-Freedom Model



o)

-C; { fc(tj -

¢y {xe) + B o} g (¢ -

é(t)} + Cli (t +

which after collecting like terms yields

MZ + (Kl + Kz)x + (cl + cz)i

+ L (KZ' -'Kl)e'(t) + 2 <c2 ,"_C‘1>é(fy)'

T

= i3 - L
= Kly_(t + 2>'+ sz (t 2

+‘C19 (t +‘%> + C2§;(t -

Summing the moments, about the center-of-mass yields

% =+ bx {x) - foro} -
:%Q{xu)+%6&ﬂ+
+ 2 C; {.i(t) - %'é.(_t)}‘-
;%Q{ﬂw+%éuﬁf'

where R is the radius of gyration.

)
).

o) [V ) on

o

Md'

N

N A

N
N

tof A

(B.31)

(B.32)

(B.33)

—— ——Euqati - 33 can be written as
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. ¥} W I L _ T

=7 Ky (t * ‘z‘)* 7 KoY (t 7)
L . T L . T A : :
"7 Gy (t * 7) 7Sy (At_ - 7) - - (B34

_;If>(K1 =’K2) and (Cl'= Cz) thenAthe equations of motion for

translation and rotation can be decoupled and treated

independently.
For translation:
. o . _ L T\ , T
Mx + 2Kx + 2Cx —,K; y((t + 7) + y(t - 7)2

- eli(s

(B.35)

+
rj A
~—
+' .
e
—
ct
1]
N A
[
Spary—
L]

For yaw rotation:

2. 2
L LY s _
> Ko + 5 Cé = &

MR2E +

[N N o
D Y
<
—
ﬁ,
)
| A -
e
o
\< .
——— :
r?
+
N A
e
———

‘+ C %-;i(ﬁ - %) ; ;(f}+ %)f, (B.36)

A track input'can be assumed to be an aligﬁment'deviation»of
the form ‘

y(t) = Aocos ZTYt, (B.37)

B-11



where: A peak amplitude in feet

o
V = velocity of vehicle in feet per second
A = track wavelength in feet

t =-time in seconds.

After performing the trignometric transformation and substi-
tuting t = L/V, the equation of motion for body translation
becomes

jMX.f 2Ci»+.2KX'= ZKAOCOS(f%)COS(ZW %f).

v BAY vt
v--4nCA0 X cos(wx)51n(2n 77)
Similarly,. the équation for yaw‘rotation can be written as:
2 L2 nL 2mVe
A

L2 . ) AN T
ZFCG + 5 KQ ,KLAOs;n ( )cos( Y 2)

25 ;

MR

(B.38)

'+.2WCA6 % sin (%%)sin(zn %} - %).

The solutions to Equations B.38 and B.39 can be written
.in complex algebra notations as:

X = Aocos(jr) [1 - (ﬁL)Z]Z " (ch £L)2 e e (B.40)
'wt \ t wt
1 + /2; ﬁL\Z o /ZﬁVt T\ .
I 19 i - =
6 = A sin (f%ﬁ = . r/ ——e e \ % Z) (5.a1)
R | R e i AR C |
| W T Wy,



where

w, = natural frequency (translation)
w,. = natural frequency (rotation)

Ly = damping ratio (translation)

L = damping ratio (translation)
¢t = phase angle (translation)
¢. = phase angle (rotation)

‘Thus, the carbody is most sensitive to alignment perturbations
of wavelength'equal to the truck spacing in the translation
‘mode. The most detrimental wavelength in the yaw mode is
equal to twice the truck spacing. ‘

B-13/B-14



APPENDIX C
MID-CHORD OFFSET

C.1 WAVELENGTH RESPONSE OF MID-CHORD OFFSET

The mid-chord offset, §(x), at point x is given by

8(x) = ¥y(x) - 3 [y(x - L) + y(x + L)], .1y
2y .

where y(x) is the track input and L is one-half the MCO length.

‘If the sample 1nterva1 1s one foot, the z- transform of
Equat1on C.1 can be written as: ’ )

F(z) = - 3+ 27" - 2 2720 (€.2)
. . +iw . . ,

Substituting z = e in Equation (C.2)

Fo) = - 7+ e 100 . 1 g-2iul (C.3)
which can be written as

.F(w) = efle[l "% (elmL + efle)], (C°4)
which can be simplified to

F(w) 1“’L[1 - cos wLl. | (c.5)
The magnitude of F(m) is

IF(w)l 1 - cos wL = 2 sin? %%= o (C.6)



Substituting w = 2m¢, the magnitude of the frequency response
is

F(¢) = 2 sin® moL.. €.

The wavelength response of the MCO is then given by

F(A) = 2 sin? %%. | (C.8)

C.2 RESPONSE OF KEY SIGNATURES TO MCO
Cc.2.1 CUsp

A cusp can be described by:

2z = aeKlxl, (C.9)

where A is the maximum amplitude at x = 0 and k is the decay
Tate.

A mid-chord offset (MCO) of length 2L at x = 0 is given by:

1
T = :i ciAe"k‘xi|’ (C.10)
i=-1
where C =1 C,. =1, C, = i X = -L, x5, = 0, and
-1 22 70 L | 22 ©-1 > 0 i

Xy = L. Thus Equation C.10 becomes:

% = -% ekl 4 g % eckL, | : (C.11)
which can be simplified to:

T _ _ .-kL . _

g =1 e . (C.12)

.




For a 62-foot MCO, % is given by:

. o-31k,

>l
]
[

C.2.1 BUMP

A bump signature canAbe described by:

y = Do L/2(k0)%,

‘where D is the amplitude.at x = 0.
An MCO of length 2L at x = 0 is given by:

1
2
BRI ciDe’l/z(kX;)_:

i=-1

(C.

(C.

(c.

- where C. and xi’aré the same as for Equatioﬂ C,iO} Thus,

1

FRNCHAICA R

N TER

For a 62-foot MCO, Equafion C.16 becomes

: 2
% 1.__3-1/2(31k) .
C.2.3 JOG
A jog signature can be described by:

y = % tan'l(nkx),

where D is the maximum amplitude.

C-3

e

(C.

(C.

13)

14)

lSj

.16)

17).

18)



An MCO of length 2L at x; is given by:

_ D -1 1 -1 : v
T =z {tan (nkxi)-f {tan 1rk(xi + L)
+ tannlwk(xi - L)}}} (C.19)
The first derivative of the right hand side of Equation C.19
is 0 at xi2 =,% E;i;7‘+ ;2 _Thus,_T will be afmaXimum at:
| 1 2]
X; = ffz {———x *+ | P
* /é {(nk) } |
‘For a 62-foot MCO with k'= sk ££°1, x; will be 18.3 feet. ,
The ratio E‘fqr,k = 55 ft is 'approximately 0.43: .For. )
k = %ﬁ{_XiLWiiifbé £i7f9913ﬁd thg.rafibA%,wili beAgéprximate1y
0.47.
.
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APPENDIX D

STATISTICAL REPRESENTATION OF -
RMS CROSSLEVEL

Crosslevel data are high-pass filtered to eliminate long
wavelength trends. Then it is"squared, averaged over a
predefined length, and the square root of the result is
taken. In this appendix, the distributional properties
and expectations of this»statistical representation are
" derived using the crosslevel models given in;Reference.6.

'D.1 ASSUMPTIONS

The assumptions are given as follows: crosslevel geometry
consists of a stationary random component completely‘character-
ized by a bivariate normal dlstrlbutlon, the key: Statlstlc

of this dlstrlbutlon is its correlatlon functlon, or ‘equiva-.
lently, its power spectral den51ty, 301nts of bolted rail

are represented by a ‘random amplltude operatlng on a 301nt
'shape functlon and - 301nt related crosslevel, or half- stagger

track is glven [1)

y4(x) 23 Cn(:l)nefklx-%nL[; - ~ 1> “ (D.1)
n=-o . - . <
where o _
X =,di$tance“along track
y4(x) = crosslevel as a function of dlstance
~along track :

n = counting index

cﬁ 5,amp1itude'of nth'joint

k = joint decay rate

L = rail length.



The <,

are 1ndependent of one another and have a probablllty
distribution given by

3 -
p(c) = 128c” _-4c/c (D.2)
e

randomness in the joints is independent of variations

associated with the'sta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>