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PREFACE

Analytical descriptions of track geometry variations are
essential for various design and simulation studies intended to
improve the performance, reliability and safety of the rail
transportation system. Accordingly, this report gives the
analytical descriptions of geometric variations of the United
States track in a form suitable for these studies. '

The work described in this report was conducted under the track
characterization program. This program was directed by the
Transportation Systems Center (TSC) in support of the Improved
Track Structures Research Program of the Federal Railroad
Administration's (FRA) Office of Rail Safety Research. These
efforts were carried out under contracts DOT-TSC-1211; DOT-TSC-
1631; DOT-FR-64113, Task 462; and DTFR53-80-C-00002, Task 105.

The authors wish to acknowledge the contribution of Dr Herbert
Weinstock of TSC in the technical direction of the program. The
authors also wish to thank Messrs. W. B. O'Sullivan and R. Krick
of FRA for their support and comments.

Appreciation is also expressed to ENSCO co-workers Messrs. E.
Cunney, E. Howerter, K. Kesler and Drs. M. Kenworthy and R.
Owings for a thorough review which greatly improved the quality
of this report. The efforts of Mrs. C. McAlee in typing, editing
and assembly of this report are greatly appreciated.
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Approximate Conversions to Metiic Measures

When You Know  Multiply by To Find
LENGTH
inches °25 cantimeters
fast 30 centimeters
vards 09 meters
miles 16 kilometers
AREA
squere inches 85 squars centimetars
squara (get 0.09 squasrs meters
squars yerds 08 square meters
squsre miles 26 square kilomaters
acras 04 hectares
MASS (weight)
cunces 28 ' grams
pounds 0.45 kilograms
short tons 09 tonnes
(2000 ib)
VOLUME

teaspoons 6 milliliters
tablespoons 16 millilitars -
fiuid ounces 30 milliliters
cups 0.24 litars
pints 0.47 liters
quarts 096 fiters
gallons 38 liters
cubic feat 0.03 cublic meters
cubic yerds 0.76 cubic meters

TEMPERATURE (exact)
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temperature
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Approximate Conversions from Metric Measures
Symbol When You Know  Multiply by To Find Symbol
LENGTH
mm' millimeters 0.04 inchas -in
cm centimaters 04 inches in
m meters 3.3 faet ft
m meters 1.1 vards vd .
km kilometers 0.6 miles mi
AREA
cm? square centimaetess 0.16 square inches in?
m square meters 1.2 squere yards yd?
km? square kilometers 04 square miles mi?
he hactares {10,000 m2) 26 acres
MASS (weight)
K grams 0036 ounces or
kg kilograms 2.2 pounds Ib
1 sonnes {1000 kg) 1.1 short tons
VOLUME
ml milliliters 0.03 fluid ounces fl oz
| liters 2.1 pints pt
1 liters 1.06 quarts gt
| liters 0.26 gallons ge!
m? cubic meters 36 cubic feet fd
md cubic metars 1.3 cubic yards yd3
TEMPERATURE (exact)
oC Celsius 9/6 (then _ Fahrenheit OF
temperature edd 32) temperature
of
of 32 98.6 212
- (1] 40 120 200
—40 -20 40 60 80 100
oC 0 k)] og




TABLE FOR METRIC CONVERSION OF PSD LEVELS

Given:

ft¥/cy/ft
in*/cy/ft
in*/cy/in

fr®/rad/ft
in®/rad/ft
in®*/rad/in

mé{cy/m
cm® /cy/m
cm?/cy/cm

m?/rad/m
- cm®/rad/m
cm?® /rad/cm

To find:

in?/cy/ft

cm?/cy/m
Multiply by:

144.

1
8

[=> e Vs

.00
.33

.05
.28
.52

5.09
0.509

w

[N N V)

.09

.20
.20
.20

x 10-2

x 102
4

x 1¢°

x 10°°

x 10"

x 10-?

2.83 x 102

1.97

0.164

1.78 x 10?2

12.4
1.03

1.00
- 1.00
1.00

.28
.28
.28

oo

x 10"

x 10-2

x 10*

x 1072

TABLE FFOR METRIC CONVERSION OF SPATIAL FREQUENCY

Given:

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

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

To find:

cy/ft cy/m-

Multiply by:
1.00 3.28
12.0 39.4
0.159 4.85 x 10-32
1.91 4.04 x 10-3
0.305 1.00
30.5 , 1.00 x 102
4.85 x 10-2 0.159 -
4.85 1

iv

5.9



TABLE FOR METRIC CONVERSION QF
ROUGHNESS PARAMETER UNITS

0.752

v/vi

- ~ To find:

in?® cy/ft cm2-cy/m
Given: Mulciply by:
fri-cy/ft 144. 3.05 x 10-°
in?-cy/ft 1.00 21.2
in?-cy/in 12.0 254.
fti-rad/ft 22.9 485.
in%*-rad/ft 0.159 3.37
in%-rad/in 1.91 40.4
m?-cy/m 472. . 1.00 x 10
cm?-cy/m 4.72 x 10°? 1.00
cm®-cy/cm 4.72 100.
m?-rad/m 75.2 1.59 x 10°
cm?-rad/m 7.52 x 10°° 0.159
cm?- rad/cm 15.9
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APPENDIX A
DATA BASE

A.1l TYPICAL TRACK GEOMETRY VARIATIONS

A data base was established:consisting of 29 zones of track.to
characterize the typical track geometry variations. These zones
reflect various types of operating conditidns and maintenance
practices of different railroads. Typically, the 2zones vary in
length from one to ten miles. 1In all, this data base consists of
approximately 150 miles of track.

Of the 29 zones, 10 represent historical data, 14 were processed
under this research effort, and 5 were processed under a
companion effort.*

Over the years, a small number of PSD's have been gathered from
track geometry data. These were assembled and graphically
summarized and used as a baseline for further PSD processing. A
brief summary of this PSD data including the methods used to
measure the track geometry, general geographical locafion of the
surveys, track classes involved, and other pertinent information
is provided in Table A-1l. '

The earlier PSD's are rather restricted with respect to frequency
and dynamic range. Furthermore, some trends present in them may
have resulted from processing errors. Therefore, new zones of
track geometry were processed using the best available tools for
generating PSD's. An overview of these data sources is provided
in Table A-2. These data were collected by FRA track geometry
cars and a Track Survey Device (TSD). TSD collected data has a
low noise floor. Main features of these data are given in Table
A-3. Typical PSD's and tabulation of parameters are given in
Appendix B.

* Cokbin, J., "Correlation of Statistical Representations of
Track Geometry with Physical Appearance," Final Report, FRA-
ORD-79-35, June 1975.
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TABLE A-1
SYNOPSIS OF OLDER PSD DATA SELECTED FOR ANALYSIS

British Rail ENSCO 1971 ENSCO 1973 SNCF
| Mean Profile Manual Survey - - Mauzin Chord
Individual . ' . ' ]
Rail Profile | 14.5' MCO 14.5' MCO
Mean Alignment Manual Survey - - Mauzin Chord
Individual _ _ )
Rail Alignment 14.5' MCO .
Crosslevel Manual Survey Self-Erecting Gyro - -
Gage - Capacitive Capacitive -

Broken Down by Class 4 § Better c1 S 4.3 Class Super Not Known

Track Class Main Line CWR ass 9,959 6,5,4,3,2

Territory Great Britian Northeast (NE) New Construction France

Covered . Area NE Area, Chicago
Pittsburgh,Florida

Number. of 3 12 10 ' 2

PSD Diagrams

Number of o

PSD's per 12 3 (average) 3 (average) 2

Range Diagram

§¥p522;/%gggth Unknown 3 mi. (average) 3 mi. (average) 1-2 km

gzsgéziéon Unknown 0.05 Decade 0.05 Decade Unknown
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TABLE A-2

SYNOPSIS OF PSD'S DATA GENERATED UNDER THIS PROGRAM

Track Geometry Cars
1977

Track Survey Device,
Data from TG-69 (1973)

Mean Profile

T-3 Profilometers

Laser Tracker + Corrections

Individual Rail
Profile

T-3 Profilometer

Laser Tracker + Crosslevel +
Measurement Frame Dimensions

Mean Alignmént N/A Laser Tracker + Corrections

Individual-Rail N/A Laser Tracker + Gage +

Alignment Crosslevel + Measurement
Frame Dimensions

Crosslevel ggzgegiztgﬁ Accelerom- ~Electronic Pendulum (Low Speed)

Gage N/A Hydraulically Loaded Wheels

Track Class

Class 6 thru Class 3

Class 6 thru Class 1

Territory Covered

Northeastern Area
U.S5. (NEA)

Area of Pueblo, Colorado

Resolution of
Peaks

8.0 x 107" cy/ft

1.0 x 10°? cy/ft

No. of Diagrams

2

Number of PSD's
Per Range Diagram

4

Typical Length
of Data/PSD

5 mi. to 25 mi.

700 ft. to 7000 ft.
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TABLE A-3

SUMMARY OF CHARACTERISTICS OF TG-69 ZONES

Speed Rail Tie Ballast Zone Length,
Class by Rail Weirght, Length, Centers Depth & Application
Geometry M{r. fi Year Joints Stagaser & Cond. Shoulders § History

6++ 136 RE CC B6 39! ,50% 194" Sg,22",12" 1.70 mi, Nh

CF§I 1973 ’ [
6 100 RE CC B6 39',50% 23" Gr,17",21" 0.40 mi, Uz
CF§I -1972 . [of
6+ 119 CC W 39',18% 24" Gr,15",12" 0.36 mi, Nh
CFg§I 1970 P
6+ 119 CC W 39',36% 24" Gr,15",21" 0.59 mi, Ut
CFEI 1971 [of
6 119 CC W 39',50% 19%" Gr,18",10" . 0.63 mi, Mh
CF&I 1971 [
4 112 RE OH B4 39',504T 23" Gr,6",N 0.30 mi, Ah
COL. 1941 LBFR CR M
4 112 RE OH B4 36',50% 20" S$%,10 ,N 0.57 mi, TMh
COL. 1943 LMB 39',50% BC MSW .
3 115 RE CC B4 38',45% 21k" SL,N ,N 0.13 mi, Mh
CFEI 1951 LMB CR MSW
90 OH 7
COL.1912-29
85 CFg&I wogn
2 1905-08 Y 33',v3 A oh.8".6 0.64 mi, TSt
: 85 ILL.STEEL -
. 1904-06
85 CAMBRIA
1896-1903
1 75 ILL.STEEL B4 28",50% 20" NN, N 0.63 mi, S2
1896-99 ' LMBRX ’ MCS ’ 4
Legend
. Applications
Joints Rail Lengths Ballast & History
Welded T Typical Gr Granite N New
Jointed, 4-hole V Vvariable S& Slag U Slightly used
Jointed, 6-hole . N Nondescript/None M Main
lLoose Bolts Ties ° M Fouled with Mud A  Yard Approach
Missing Bolts B Battered S Fouled with Sand B Branch
Battered Joints R Rotten P Polymer Stabilized S Siding
Broken Rails ¢ Crushed W Asperitics Worn Y Yard
Broken Joint Bus M Missing C Compacted h lHeavy
Joint Bars applied L Loose L Light
at Rail Flaw T Taken out of
_Rail Weight service

CC Control Cooling
RE Rail Dimension Code
OH Open Hearth




A.2 NEW DATA BASE

New data as collected by the FRA T-6 vehicle during 1980 and 1981
were available during the latter phases of this project. These
data included an improved representation of alignment generated
from the inertial alignometer. Therefore, these data were used
to develop the analytical descriptions of isolated track geometry
variations and to develop the relationships between track
geometry parameters. -
A synopsis of this data is given in Tables A-4 through A-6. The
characteristics used to classify track are FRA Track Class, rail
type, and track curvature. For the purpose of this study,
allowable speeds for passenger trains is used as the criteria to
determine track class. The categories of rail type used to
further classify the track are bolted rail and welded rail.
Tangent track 1is defined as a section of track having no
curvature greater than 2 degrees, and curved track is a section

of track that contains one or more curves greater than 2 degrees.




TABLE A-4
- ' DESCRIPTION OF DATA BASE

SECTION LENGTH POSTED SPEED BOLTED CURVED

ID - NO (miles) ~ (mph) OR WELDED OR TANGENT
1-1 5 10 B C
102 5 - 35 B T
2-1 4 25 B C
2-2. 10 25 B C
2-3 5 25 B C
2-4 10 25 B C
2-5 3.2 25 W C
3-1 28 45 B&W C
4-1 9 | 10 W C
4-2 10 79 W T
4-3 65 B C
4-4 79 B C
5-1 10 70 W T
5-2 5 70 B C
5-3 10 70 B T
5-4 10 70 W T
5-5 5 90 W T
5-6 4.5 90 W T
5-7 5 79 B T
6-1 17 105 W T
6-2 21 110 W T
6-3 22 100 W T




TABLE A-5

COMPRESSED DATA TAPE

COMPOSITION
Compiled Beginning Ending
Tape Track Record Record No. of
Number Class ID No. Number Number Records
TRN-1 1 1-1 1 330 330
' 1-2 331 660 330
TRN-2 : 2 2-1 531 854 324
2-2 1 530 530
2-3 855 1120 : 266
2-4 1121 1650 530
2-5 1651 1811 161
TRN-3(New) 3 3-1 1 1551 1551
TRN-4 4 4-1 1 539 539
4-2 964 1493 530
- 4-3 1494 1758 265
4-4 540 963 424
) TRN-5 5 5-1 1 529 529
5-2 530 ' 793 264
5-3 1323 1850 528 -
5-4 794 1322 529
5-5 1851 2130 280
5-6 2131 2396 266
5-7 2397 2661 265
TRN-6-1 6 6-1 1 1021 1021
TRN-6-2 6-2 1 1199 1199
TRN-6-3 6-3 1 - 1251 1251



Compiled
Tape
Number
TN-1

TRN-2

TRN-2
TRN-3

TRN-4

TRN-4

TRN-5

TRN-5

TRN-6-1
TRN-6-2
TRN-6-3

PROCESSED DATA TAPES

Processed
Tape

Number

TRNP-1

TRNP-2

TRNP-2
TRAMP 296W#*
TRAMP 296B
TRNP-4

Vol 1
TRNP-4

TRNP-5

TRNP-5

TRAMP 1114
TRAMP 1115
TRAMP 1116

TABLE A-6

ID No.
Processed Tapes
(in order)

on

No. of Records
on Processed
Tapes

1-1
1-2

- *Tape TRAMP 296W
Tape TRAMP 296B

660

1120

691

1548

1104

985

1322

2661

1021
1199
1251

contains all welded sections.
contains all bolted sections.




APPENDIX B
"POWER SPECTRAL DENSITIES (PSD'S)

This appendix contains the PSD's of typical variations generated
under this project and a tabulation of parameters of these
PSD's. These PSD's satisfy the objective that they improve upon
the reliability and the wavelength range of the older PSD's Some
descriptions of data used for these PSD's are contained in
Appendix A. '

This appendix also outlines the method for extraction of
parameters of PSD models given in Section 2, of Volume I.

B.l TYPICAL PSD'S

Figures B-l1l and B-2 show the PSD's generated using the data
collected by T-3 from the United States Northeastern Area
(NEA). The bandwidth for these PSD's is 8.0 x 10°% cy/ft.
Figures B-3 through B-10 contain the PSD's generated from the
data collected by the TSD. The bandwidth for these PSD's is 1.0
x 1073 cy/ft.

B.2 PARAMETER EXTRACTION

Figure B-1l1l 1is an example of an empirical PSD used to
characterize the typical track geometry variations. PSD levels
are plotted as a function of spatial frequency in 1log-log
format. This 1is particularly useful for studying power law
relationships. The ordinate covers a dynamic range of 10"4 to
4
10
1.0 cycle/ft corresponding a wavelength range of 1000 to l-foot.

inz/cy/ft and abscissa covers a freqﬁency range of 0.001 to

In Figure -B-11, a symbol;, x, indicates the PSD level at a
particular frequency. Where more than one linear PSD value
falls in a logarithmic frequency band, they are stacked and the
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B-10




PSD LEVEL, in?/cy/ft

- 10"

10°%

102

10.

1.0

10°!

10-2

1073

10-*

108

WAVLENGTH, ft
10? | 10 1.0

L

6, Class 4 Main Bolted
~ |=—=—---.Zone 7, Class 4 Main Bolted
8, Class 3 Main Bolted

= = | e - <Z0ONIE

N RV A o oL

—-+Zone 9, Class 2 Siding Bolted
Zone 10, Class 1 Siding Bolted
At Spectral Peak and Zone #

—— . — — — o

10-3

10-2 0.1 1.0
FREQUENCY, cy/ft

Figure B-10. Gage, Various Bolted (TG-69)

B-11



_ WAVELENGTH, ft

1000 100 10 1.0
10 : ]
A MAXIMUM VALUE IN BAND
< X AVERAGE VALUE QF BAND
vV MINIMUM VALUE IM BAND
103T—=
102
XA
- b1
s e .
> v A
g XA
o~ x
) 3 A A
T 1.0 S
- * V3 rwAn
2 P A
> Vv' % “A X
< v ¥ % A
VXA
S 19-! -
v
44 VAT I
x.x
v A AAA
10-2 v
Vak N
Xy
v
R - V x
1973 v
MRV,
197
001 01 0. 1.0
FREQUENCY, cy/ft

Figure B-11.

B~-12

Example Log-Log Format PSD, Right Profile




maximum/minimum levels are indicated by aa /v , respectively. 1In
this way, spectral variations and distinct peak/null frequencies
can be noted.

The first step of the parameter extraction consists of
eliminating superfluqus data from the log-log PSD. Thus an x is
retained if it corresponds to a good continuum value, and a A is
retained at frequencies <corresponding to the rail length
periodicity and ‘its harmonics. Application of this procedure
results in a PSD graph such as shown in Fiqure B-12 where the raw
data of -Figure B-1l has been used.

Next the continuum is £fit using the profile -4, -2, -4 power
law. This procedure is shown in Figure B-12.

As discussed 1in Section 2.2.2, psb models for profile and
alignment are of the form:

2 2 2
_ Bgbyy (07 + 675)

S. (¢) (L)
1 4, .2 2
67 (6% + 67y
where
81(¢) = power spectral density
Aq = roughness constant

$13,974 = break frequencies.

The values of parameters of the model given by Egquation 1, i.e.,
Ay, 013 $14 are estimated as follows:

¢13 = frequency where the spectrum changes
from the first -4 to -2 power law

¢14 =frequency where the spectrum changes
from -2 to the second -4 power law
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and Ay = PSD 1level where the -2 power law
- spectrum intersects the abscissa at a
. . . frequency of 1 cycle/foot.

The pertinent parameters extracted from Figure B-12 are

 follows:
A = 1.6 x 1074 inZ-cy/ft
13 = 6.3 x 103 cy/ft
$14 = 5.6 x 1072 cy/ £t

as

Spectral peaks can be used to estimate the mean joint amplitude,

C, and decay rate, K. It can be shown* that the peaks are

bounded by an envelope,se(¢) of the form

R S = \2 -2
S.(6) = %(—fﬂ Lo+ 2] o002

length.

(2)

where B is the resolving bandwidth of the PSD and L is the rail

When converted to log-log form, Se(®) 1is characterized by two

straight 1line asymptotes; one having a constant level as
approaches zero - frequency, and the other having
characteristic as frequency approaches infinity.

Constants that can be used to characterize the Jjoint

it

(j)_4

are

prescribed by the intersection of the two asymptotes. This

* Corbin, J. C., "Statistical Representations of Track Geometry",

March 1980. -

Volume I, II, Report Nos. FRA/ORD-80/22.1 and FRA/ORD-80/22.2,
National Technical Information Service, Springfield, Virginia,




intersection defines a frequency on the abscissa, %o, that is

related to the  decay rate by:
k = 2 wdo. (3)

The PSD ordinate at zero frequenéy, Se(0), gives the average

joint amplitude:

Bse(otf/z (BSe(O) 1/2 |
c =tk | —— =+ nog(—5— (4)

The sign uncertainty is a consequence of the loss in phase

information in PSD processing.

The fitting of the So (¢) to the spectral peaks is shown in Figure
B-12. The values of different parameters are:

3.2 x 10'? cy/ft

¢0 =
Se(dg) = 4.0 in?/cy/ft
k = 0.20 ft~1

and T = 0.1l1 in.

The resolving bandwidth of the PSD processor in this case was
4.1 x 1074 cy/ft.

B.3 EXTREMELY LONG AND SHORT WAVELENGTHS

Routine PSD processing from track geometry data cover a
wavelength range of 2 to 1000 feet. The determination of the
railway track behavior beyond this range requires the use of data
other than the usual track geometry measurements.



" To Characterize>extremely short wavelength behavior, some data .
already exists in the literature in the form of 13 octave RMS
levels*. These were converted to PSD's and the results are
contained in Section 2.3, of Volume I.

Survey data from railroad track charts were used to estimate the
extremely 1long wavelength (ELW) Dbehavior of profile, and
alignment. In the theoretical analysis of ELW profile let y, be

the height in ‘inches at the distance location, x measured in

nl
feet. If the slope 1is uniform between X, and Xn+17 then the
contribution to the Fourier transform of slope (slope spectrum)

between x, and xp ., is given by:

“i2 0% sin(mdL )

Ul,1 (¢) = Mne % ’ (5)
where’ U,($) = complex spectrum due to slope
segment,
Xn = mean location of segment (ft),
= (Xp41 + %) /2
L, = length of segment (ft),
= Xp31 < ¥%nv
and My = slope of segment (in/ft),

(YrH-]_ - yn) /Ln'

Note that the term in the brackets is the Fourier transform of a
rectangular pulse of duration L, and centered symmetrically about
the origin. The exponential premultiplier is a phase shifter
that moves the pulse away from the origin.

* Remington, P.J., et al, "Wheel/Rail Noise and Vibration", final
Report (2 Volumes), UMTA-MA-06-0025-75-10 and UMTA-MA-06-0025-
11, May 1975. : -
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A length of track, L, is a linear combination of such track
segments. The total spectrum due to N such segments is given by:

- Nt-l
U(d) = Un(¢) ' - (6)
n=1

where UN+1(¢)'is a spectrum detrending term. It is generated as
above with: ) ' :

N+l = (Bye1 *+ x1)/2,
LN+l = Xy+l ~ X1 7 Ly
My+1 = (hyy1 - hyp)/L.

The ELW profile PSD, S3(?%), is then obtained by computing:

1

4 2¢2L

S3(¢) = U(hux(d) , . (7)

In the theoretical analysis of ELW curvature, let Qn be the

th

curvature of the n segment, expressed in (degrees/100 ft). Let

X, be the location of the curve mid-point and I, be the included
angle of the curve. The the Fourier transform of a curvature

segment is given by:

. sin(¢ L)
Vn(¢) = ™1 ¢Xn Qn ——76—-11— ' (8)
th segment,

where V,(®) = complex spectrum due to n

Ly length of segment = 100 (I,/&,)) feet,

and L conversion constant



T in/ft
1500 Degrees/100 ft °

The total curvature spectrum due to N segments is given by:

N+1 )
V(p) = 1 v (6) | (9)

n=1

where Vy,1(¢) is a spectrum detrending term. It is generated as
above with:

. N
Cye1 = ~ ) I/t
n=1
and XN+1 = 1/21.

The ELW alignment PSD, Sy(¢), is obtained by computing:

1
S, (¢) = ——5— V()V*(4) , (10)
Y 16 4¢4L : .

where the frequency <correction for double integration is
included.

Results for ELW profile and alignment are given in Section 2.3 of
volume I.

B.4 TABULATION OF PARAMETERS

The amplitudes and break frequencies of the continuum portion of
the spectra shown in Figure B-1 through B-10 were evaluated.
These are summarized in Tables B-1 for surface variables, and B-2




for 1line variables. The standard deviations of. the MCO's
constructed on the continuum portion of these spectra are listed
in the first part of Table B-3.

Also recognizable in the PSD's of Figure B-1 through B-10 are the
line spéctral components that are associated with the periodic
process. The characteristics of this process were evaluated by
applying the procedure described in Section 2.2.4, Volume I, to
individual rail profile and alignment PSD's (not shown). The
mean jointvamplitude,"C'and the decay rate, k, were obtained and
these are listed in Table B-3. ' '



CONTINUUM PARAMETERS FOR SURFACE GEOMETRY.

TABLE B-1

; Profile Crosslevel
N. o e | e < x - e < < < >
S| S| = |7 |2 17 = S A B :
o0 2 - - - ;' - - - - - ;'
(o] -+ (g g g i 0 O 0 0 O i
@ & ~< < < ! ~< ~ ~< ~< < !
7 < ~ ~ ~ 0O ~ ~ ~ ~ ~ ]
R - h " < h h h h " N
] ! .l = ) iy .l = - ~ ol
= — rh mh
[ -] X X X ot X X X X X (a3
(3 0 X X
o] 1] p— — p— — — — — p—
- sl e |s|s8l=|=|=s|=|=s |5
, @ w N = w w w N N =
1
NEC 6 | 8.9 5.6| U [1.3 T | 4.5| 7.1| 4.5 2.0
NEC | s | 7.9 s.o| U [2.0 | T | 6.3|11.2] 4.5 3.2
NEC 4 |11.2| 5.0 U |2.5 T 3.2 5.0| 4.5 3.2
NEC 3 1 7.1] 4.5 U 4.0 T 3.9 14.1 4.5 5.0
y Al A zo.o}
*t 1 6++ ;11.2 A .A 0.05 {2‘0 5.0l35.5 15.8 U 0.25
[é 2 6 7.11 5.0 (12.6(0.32 A A '110.0(17.8 U 0.32
;m 3 6+ .01 2.8 110.0|/0.50 | 4.5| 0.0 !135.5]17.8 U 0.40
ig 4 6+ 14.1] 4.0 7.910.13 A A .9117.8 U 0.40
i“ 5|6 5.0 4.0 |11.2{0.79 | A | A .0]12.6 | 17.8] 0.50
L6 |4 5.0| 2.8 |14.1|1.3| A | A |8.9|2.0] 3.2|1.6
' 7 4 5.0 2.8 ]14.111.3 A A 5.6 7.9 |17.8| 1.0
S 8 |3 6.3| 4.0 12.6/2.5 | 3.5(12.6 |20.0| 10.0 | 17.8{ 0.63
S 9 |2 6.3| 4.0 | 15.8/1.6 | T A| 4.5 6.3[0.8
Ew |1 4.0 4.0t 12.6|l6.3! T | A Al 1.4 2.5|1.
NOTES:
A - Degenerate case - set both frequencies to arbltrary but
equal values.
T - Frequency below PSD range, set to 10 -3 cy/ft.
U - Frequency above folding, set to 0.5 cy/ft.
T - Best fit value - spectrum does not obey usual model.
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TABLE B-2
CONTINUUM PARAMETERS FOR LINE GEOMETRY

N a Alignment : Gage
g % < =3 < b < < < =3 a-_er k-
o ~* | s - @ z . - : = ®
m : - - - ;. - - - - - ;.
g 0 s 0 o 0 O 5! 5! O o
m n ~ ~ ~ : ~ ~ ~ < ~ '
= < ~ ~ ~ a ~ ~ ~ ~ ~ I
o o " o T ~ " rh - rh h ~
(g o o o - ~ o+ (] - (] - ~
o (=N ) Pty ) I
Lo ] ~ X X X -+ X X X X X [
! X X
et - — e — - e -t ot
] (=] < < fmd < (=] < [==] < i
7 o ' \ [~ ' \ 1 v [l [
(7] w » - L w w ~ ~ - 'g
1] 6++ [12.6| A A |0.25] A A | 1.0 | 14.1] 2.0] 0.20
o 2 6 12.6 | A A |0.251 A A | 1.8 | 11.2| 2.0{ 0.40
& 3| 6+ [12.6] A A |0.25] A A | 2.0 12.6| 2.0] 0.25
= 4] 6+ |12.6 A | A |0.25] A | A | 1.4 | 7.9] 2.0{ 0.40
5| 6 7.1 10.0 1.4 | 0.63] 2.2 | 5.6 | 2.5 | 12.6] 3.2] 0.63
6| 4 11.2 | 5.6 (1.3 ]0.8| 3.5 | 7.9 | 1.0 5.6 1.1 1.26
o 7 4 6.3 5.6 | 1.3 ] 1.0| A A | 1.0 5.6| 0.9] 0.50
© 8| 3 7.1 6.3 | 1.4 |1.3] A A | 0.8 7.9/ 1.4} 0.40
9/ 2 |15.8]7.9]1.811.6] A | A | 1.4 6.3 1.1] 2.00
10| 1 5.6 | 4.5 | 1.6 | 5.0| A A | 1.1 | 7.9} 2.2] 2.50
NOTES:

A - Degenerate case - set both frequencies to equal arbitrary
values. .




TABLE B-3

CHARACTERIZATION OF PERIODIC PROCESS AND 62-FOOT
MCO OF CONTINUUM PORTION OF SPECTRA

62 ft MCO, Periodic Process
Continuum Profile ~Alignment
o (3] = S =M= Q. > o ~g o)) o ~g N
(@] (4] 0 (@] [ e QD (@] = O (%] (@] O 3]
= o e e =H O e —~ 0 - —~ 0 -
(¢ = - = o Hh oW, -] SI=1 R = ")
o o+ - = oot - = =B e - - =
g la| & | 56| F3 | "= | T=| 8 |~ | 8
w < =] o e ] 5 Y 5 & ’
e . - 3 (=] O e+ = o+ ~ = o+ ~
0 O -+ o - W R — ® e p— ® e
= - j=x " o+ - o - = e - -
sla| | S|25| 28| 2| ~| 7| 8] =~
o) w *h =1 oo a e
& Sl == | =5] ° 2
NEC| 6 39 50 | 0.27 N 0.19 | 0.201} 0.15 N N N
NEC| 5 39 50 | 0.32 N 0.19 | 0.14 | 0.13 N N N
NEC| 4 | 39 | 50 {0.43 N | 0.18 |0.16|0.13| N N N
NEC| 3 39 50 | 0.42 N 0.27 0.2210.22 N N N .
‘; 1| 6++| 39 50 | 0.06 }|0.15 0.06 10.25]10.05 ] 0.09| 0.40]0.09
£ 216 |39 |so |0.08 |0.15 | 0.10 |0.40/0.10 | 0.17] 0.71|0.17
™~
- 316+ | 39 18 |0.12 0.15 | 0.09 0.40 {0.09 0.16 | 0.89(0.16
z 4 | 6+ | 39 36 [(0.11 0.15 0.07 |0.350.07 0.08| 0.4510.08
= 516 39 50 (0.16 -|0.17 0.10 0.22 |0.08 | 0.13| 0.40(0.13
k] -
o 6|4 gg 50 |0.20 |0.24 | 0.18 [0.18 {0.13 | 0.15|0.16 |0.11
5 714 39 50 (0.20 0.20 0.23 |0.10 |0.08 0.11 ( 0.28 | 0.09
o 8|3 |38 |45 |0.31 [0.24 | 0.26 |0.13|0.16 | 0.19|0.22|0.15
o .
& 9|2 33 Var./ 0.25 [0.44 0.21 10.13 |{0.05 { 0.2710.18 |0.08
& 101 28 50%|0.44 |0.43 0.15 [0.16 |{0.06 | 0.17|0.25]0.13

N - Data not available.
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APPENDIX C :
EXAMPLES OF ISOLATED TRACK GEOMETRY VARIATIONS

This appendix gives examples of selected isolated track geometry
variations. These are given as single events, periodic
signatures and combined variations. Table C-1 gives an index to
the Figures. ‘

The alignment and profile traces are given in the space curve
form. The space curve is a pseudo reconstruction of track as a
curve in space without the effect of local terrain or
curvature, Gage 1is plotted from a base line of 57.0 inches.
Crosslevel is given both as measﬁred crosslevel and crosslevel
deviations from uniformity. The crosslevel deviations are

calculated by high-pass filtering the measured crosslevel.




TABLE C-1

INDEX TO FIGURES

SINGLE EVENT SIGNATURES

Figures
- Figures
Figures
Figures
Figures
Figures

C.l.a.l through C.1l.a.9
C.>.b.1'through C.1.b.9

C.l.c.l
c.1.d.1
C.l.e.1
C.1.f.1

PERIODIC VARIATIONS

Figures
Figures
Figures

C.2.a.l
C.2.b.1
C.2.c.1

COMBINED VARIATIONS

Figures
Figures
Figures

C.3.a.1l
C.3.b.1
C.3.c.1

through
through
through
through

through
through
through

through
through
through

C.l.c.12

C.1.4.15
C.l.e.3
c.1.£.9

€C.2.a.11
C.2.b.9
C.2.c.6

C.3.a.7
C.3.b.9
C.3.c.2

Cusp

Bump

Jog

Plateau
Trough
Miscellaneous

Cusp
Sinusoid

Periodic with
Decay

Isolated Signatures
Periodic Signatures
Miscellaneous



c.1 SINGLE EVENT SIGNATURES



- Curvature 1°/Div. - f -
SN = __\,J ™ W"\M:’\h L e P g
::Gage 2'/D1v - ;

i

.
=
-

’ﬂ \M/ Ei\ 'v\

ll|||||ll||€§;| SERRERRNENRN

?

R (EERRERRRER

\

i
i

Figure C.l.a.l. Gage Cusp
(Class 2,

|

Near a Track Appliance
Curve).




‘Left Profile, 0.2"/Div.

s
VY

3
b

d

e yT

—,
-

o St T T T I O O O Y

AW -

Right Profile, 0.2"/Div.

:, r .'\J'iﬁﬁll
."/\,\f '\,..A’ f |
T
!
1"‘
A

Crosslevel Deviations, 0.2"/Div.

e

‘x‘\d J

b
.,

Pra i
-
N
S
||n\q3|||||||||||
\

= N R
N A Y =
“' A et el s D o - " .
j /-f =Y oYl -

Crosslevel, 1"/Div.
- A
e N et e e —

]
]

Figure C.l.a.2. Profile and Crosslevel Cusp
Due to Low Joint on the Low
Rail (Class 3, Bolted, Curve).




‘Left Profile, 0.2'"/Div. z Z
) w.: e - ,'F\., ,*'-,:.‘\ . _ﬁ_/\._,fE\,\ ' )
0 ."\.-J — . -’ \ g \‘ o \L../ —_— "
v - vz aUHf - 1"\[{
Right Profile, 0.2'"/Div. =
—— A NN . FANP __'_’..—E'ﬂ "

el
N
{

W

Crosslevel, 1"/Div.

b

|

NRERRE ' ARREN
4

NERREE (RARRE
RERRI
——-‘-“‘f"j
- |
XEERRERRREN RERERRR RN AR RNy

RN IR NN

—1000]

Figure C.1.a.3. Profile and Crosslevel Cusp
(Class 4, Tangent).




Crosslevel Deviations, 0.2"/Div.

i, — . A
o e N '/?VV\\

=V 2T =

-_— kY ! p—

- oz

— 'IIUII —

Crosslevel, 1", Div,—
= T :-.,_;-d-'\,k. . v——" :_q-.- u—

- K% -

5
i

Figure C.l.a.4. Crosslevel Cusp (Class 3,
Bolted, Tangent).

- Crosslevel Deviations, 0.3'"/ Div. E

:\ . /JAI. & ..,-.. e — o _ :_ o

: " *‘.%/F \ / : — ra : \:T-—\":_‘M =7 -"-: o ——T
E = — — -

- Crosslevel, 1'"/Div. - Z

— = Z = =

: T —  Z = Z

- ALD = - - -

2 1) = - - =
T«—106t—>T - -

Figure C.l.a.5. Crosslevel and Profile Cusps at a
: ' Switch (Class 6, Tangent).



Crosslevel Deviations, 0.3"/Div.

It

==
=

|
¥
|+

o

-l
/
N
NERRREINRE

AEEEEN ]

Crosslevel, 1'"/Div.

‘ﬁ‘.' - — —
— -
S —

!

L I ST L T O I O I O I A I O
IIIIIIIIIlIIIIIIIIIIIF__II‘I.'IIIII

P et e e e e

1
;

Figure C.l.a.6. Crosslevel and Profile Cusps Due to
Staggered, Jointed, Buffer Rails
(Class 6, Tangent).

Crosslevel Deviations, 0.3"/Div.

Z p Z -

: 1"1. l’ El.: : :

= b J" k! = by — i 2, -

v A T _.‘l re——— 7 e £ e

—— — t, — ——

Z Wz z =

Crosslevel, 1'"/Div. = z
- P ~ e

e e e e

!
1

Pttt vt

bbb

Figuré C.l.a.7. Profile Bumps and Crosslevel Cusps
Due to Staggered Bolted Buffer
Rails in CWR (Class 6, Curve).




— — -l

Z Left Profile, 0.2'"/Div. z Z -
N : - = -
} SR A = — — M, —
N 4’/ Hn_ lj l Iad ;‘\'('qu (\' \ e s P A n f “, —~— a
T e ! R - Y\:Zﬁ/"\, (“Vr 1""’&./ j ! I'n./‘-x,r -

‘{unu
<J
|||<ft AR
S~
Lod b 0 L7 a8 s

- %&——100' Z
-~ Right Profile, 0.2"/Div. - - -
— _ . — = _
- - - 7 A Z _ _
—7 Yw AN AV A ) S A U
ﬂ‘rff\x:‘ '|"‘ : ; /‘ M ‘-\. N r\,z' ™, ,/‘/ T j“’r kY A‘-‘ '}:J"Mﬂ v,«"'.‘

oM e~ - -— L& J’ - -
- = | L - - -

-— JI - -— - —_

— Crosslevel, 1"/Div. = - —
- — - - - —
—— -— . - pu— —

- - 5 - - —
Z = ) = - -

— ALD — 2. = — /\ -
- _ 7 Z = 4 —
P - a _ — Z
t—100—> - - -

x Z _ Z

Figure C.l1.a.8. Profile Cusp at a Switch (Class 4, Tangent).



01-D

Left Profile, 0,2"/Div.

ht3

Figure C.1l.a.9,

¥4——————256L—————*+

Cusps in Mean Profile at a Grade Crossing (Class 3

, Bolted).

- ox - - I FIRST JOINT -
z z - , - - + o
A W ANVANY=T .\./\ AV N N A D PAA A A s o~ D
— =~ Lol £ Lo N e —
N N \[ \v"i AV \ lf \/ N - v/ \/ < VY \;_/ NV / Y “/’/-__: lt‘ '1 YEKEE
z | FIRST JoINT ) - = \[ -

z nght Profile, 0. 2"/D1V. - z

- X * , z z
il \ww AARE RS A BIUAR A1 AR AE
- i T FIRST JOINT ZFiRs Sz

GRACC cnnssan\/ - FiRst Joiht



lllf'}?lllllll

Left Alignment

IIIIII&)IIIIIII

/‘J‘\ = o . :
o T Poanrcmae " q:- - — T
— N —_
- ¥ —_ p— -
— — O 4 1A —_— —_— —_
=% - . —. -
- - Right Alignment -

s e AT — e L
— = = e = —
Z Z RN -

- F—100—F -

57.0'= - Gage - —

- - ANz =

- - A= -

- = 7T =

e N — - / T 2 —

(S ™, - . ! PANE W —

‘ﬁ,\,ul””..l "uf‘w‘h‘»"‘J\l‘n,.l"“k“"_"". E’_\){‘-U\H}M’J :\," ’-»‘-n-f'l/ e K ‘: R S “:“- e

“ X 0,20 Z = z

- - - Z

Figure C

.1.b.1.

A

Bump in Gage.



i
)

Z Left Profile, 0.5"/Div. - -

- z = /TN -

- - - /’/ 5.\_-4-‘\ -

—-— — -— f‘ — :

- - - ,.ff - \\ -

= = /- = N

z N = z N
~ Right Profile, 0.5"/Div. - Z

- - = /i"’\; -

- = =/ DN -

- = = N =

— / — : : : ‘V’ ~, *— '\\“

= = '\/w’/: - - =

Figure C.1.b.2.

Profile Bump in Both Rails at
Transition of Reverse Curve
Class 1).



. Z Left Profile, 0.5"/Div. = =
- = ~ - - Z
- ‘—‘_\\ - ff \» S - . Al — )

- NS - S ~ =7
. — Right Profile, 0.5"/Div. z -
i — -_— —-— - -—
- - Z - -
— : P '\,‘ : : :
e, —— — ," "\ . ot har S e, | —

Z T m T NS ==

~ Crosslevel, 1"/Div: - =
o - - - -~
- - - - -
v.’:-—~.~_rv"“'-_ .'—"—-.:_-.- ——_ _ __: : — :

et : — — — —_ —
Z ALD z Z - z
= r% = ) - -
. ' -
Z ) Z Pz
_ 3 — | - | —

e T T ™ e | 4t e gl 87 g | SN NN N ___fw':._—-—. e

- - - - | -
100 T - - | =

Figure C.1.b.3. Signature of Profile Bump on a
Bridge (Class 2, Tangent).

C-13




Left Profile, 0.2"/Div.

>

7

~

- /N\\_.’M\ .

,
.
b 'S

III{{IIIIIIIII

= B AV S - =T
= = w2 - - v
= Right Profile, 0.2"/Div - - =
N EE

- - ! | = - -
;Vﬁw#*A E : E \n = fvﬁzf*\v’\\_ E
STITTIOUALT T
- R E :
CRTL S -

- - z |z z =

Figure C.1.b.4. Profile Bump (Class Z, Tangent) .




1)

LEFT BROFILE, 0.2'"/Div.

AN — e AN : N\ Fa% "\:4/'\ o s ;4
R VAR A R > I~ o VAL S S
+ - z © 4 BRIBGE [« =
DIP AT DRAGGLNG - A z
EQUIPMENT DEFECTOR - = -
RIGHT PROEILE, 0.2"/Div. - - =
N e o Lomn N A = /\ N AN - =Y A =
> ~ 7 - N~ — = V= A~ 7 13 T M v = =
! - - - -
DIP AT DRAGGING - - =
: - BRIDGE =
EQUIPMERTZDETECTOR - 4 A BRIDEE[ z
LEFT ALISNMENT . 0.2"/Div.. ) x -
e PN et NP N ,:‘ o ../ oL, =N o T ! [al A\ _-f\ r“‘-h-"/\A Bnin N
NS VTSNS Y e YT ~ — 2
(LOW RATIL) ot + X 4 s
= - ALIGHMENT -
= - KINKS AT BRIDGE -
RIGHT ALIGWMENT, 0.2"/Div. - Z ' =
SN A “'_l’:*ﬁ VLN / Indh =\ XA\ Wt "fl e N ~N\ T
v, \-.Lll' - : j Vi - v \ J : \},.' e BN \‘* : v v . v- :
(HIGH RALL) z X £ # =
- = ALIGHMENT =
T< 2561 e KINKS AT BRIDGE =

Figure C.1.b.5. Bump in Mean Profile at a Dragging Equipment

Detector and a Jog in Mean Alignment at a

Bridge (Class 4, CWR).



Left Prof

o

ile, 0.3"/

1iv.

o)

i
3
;

Trrrrreednttt

|

Right Proti

g

I IIIII{JIIIIH

le, 0.3"/Div.

-
e

)
3
||||||||||||||S{|||.||u||_'n|,|

)
j

ﬂ

Tttt
. (@]
]

o . b
w
v,
=
o
<
o
=

¢

j
|||||j)|||n

A S

i

\

3

, 1"/Div.

{

||||||1||||||1

IIIIII'IIIIIII§IIIIIIIIIIIIII

%

IIIIIIIIE’

te——lOOL—fi

Figure C.1.b.6.

terrdrrnrrrin

I
i
'
i
1

i
'
]

Profile Bump on a Bridge (Class 5,

Tangent

CWR).

C-16

¥



Left Profile, 0.4"/Div.

Piii

Right Profile, 0.4"/Div. =
S oS o
- a— \.‘ ‘.“_ e’ ——
bl I"‘-ll'— -
Crosslevel Deviations, 1'"/Div.
: : }n't Jr' l'\\.~ :
- = — »_: . oy - __/‘-J. __.‘v:_\‘ - ¢ -, e
z (R =
= VL -
- = -
Crosslevel, 1'"/Div. -
: : Rl S : —
- - N, -
— \";'_ —
j<—1001+—t -

Figure C.1.b.7.

Profile Bumps and Crosslevel Cusps
(Class 6, Tangent).

C-17




Left Profile, 0.4"/Div. - - - )
N - - :
.“,/: \\ _ _ =y — ~ /\:\\.
FE— ~ — o — — — -~
ez T = \ﬁ\ £ -
_ = - - \/§ Z
Right Profile, 0.4"/Div. = = =
\ - - - -
A= - - - |
. At fwf“//fi\\x\ L
— — —_— — \ — =
= z = \ /o z
Crosslevel Deviations, 0.3"/Div. = E
- = = o .
el = " —— T - — Ny - P s
Crosslevel, 1"/Div. - - -
e =
100+t - - -

Figure C.1.b.8. Profile Bumps Near a Tunnel (Class 6, Tangent).




‘Left Alignment, O.

P
(NN

~

"/Div.

- e
o L
— i‘ '.r
s -
oy ey — -t —y -,
T = oy — = r———— - - g o
i~ oy ed P oD ot T P ™

‘Right Aiignment, 0.4"/Div

IIIIIIIIIIIIIIQIIlllllllllll

-~ “.;!‘A H”v. —
—_ W (-
it = = > itz
RN R Tt B MG e e, T e
Curvature, 1.5°/Div.

T T T T T T T A O O R A O O I I O

RN (A N (NN AR

it

Figure

%—-iOO!—»E

C.1.b.9.

trbnapr vt
Ferrr ety bt et
I T T T T 1 IV O O I I IO

Mean Alignment Bump (Clasé 6, Curve).




(]

Crosslevel.Deviations, 0.2"/Div,

Y

= ' A
f‘h"‘xL :\ f';h"/ﬂ'l,‘ ','/ AV.Y)

:\: .
-'n'v o~ .-"“.'1\ [ ﬂf l| - : “'.‘ l“""":.‘h"
Nt ¥ * 1 — T —
/ VY A VIV AV
= - N/ = Y
Crosslevel, 1'"/Div. = =
e me —
= : Ry : S -.ﬁ/‘_"f— : T
z = - }
Curvature, 1°/Div. - =
) *‘_-.: J__,."‘1,.,,/'/,.. Ay : ‘ﬁ\ Ve - : J/ f\\_}' .
oo TV AWondhd Kiineading ~
ALD - - =
Z - | -
=14 = J —
Je— 1281 >f z

Figure C.l.c.l. Long Wavelength (100') Crosslevel
: ' Jog at a Bridge (Class 2, Tangent,
Bolted).




Crosslevel Deviations, 0.2"/Div.

AREN
~
puS

.: fffl\\ z'q'n E; \"‘", N ,:[‘
N ‘l\ g =TT
: =
Crosslevel, 1'"/Div.
| S :,./'\.‘
o — = e—————
"z
—1001—f

Jog in Crosslevel (Class 3, Bolted,

Figure C.l.c.Z.
Tangent) .

C-21




- Left Profile, 0.5"/Div. - -
S— - " - -
e =, - L~ 3 —_ -~ =
/ = F S ;o - 5 PN s 7
s, ;r - A . — - —_— Y — - - — .
"~ . % ¢ e’ W,
- , s —_ -_ } - —
- T - — jY ."‘. -
z Z - N /S =
- - - N _
- - - A — -
— Right Profile, 0,5"/Div. = -

A = T - . _hk; s = =
SN - 75 - —_
T = 7 ) I S TTN
St —— ;"' p Tyl = — *:. gy — '.‘ T = — — Tu"' -

: \ ¢ - - '\H f \‘«’L‘ -
P \ 4 - - AN f - -

A - - -, | —_ _
— —-— — ‘-‘. f — —
: - ’ - \"\.,/{| : :
- Crosslevel, 1'"/Div. - Z
- = A - A= -
R N YA -
_q;,._.,-", T - - -_— - \\-" oy — '

— N\//: —_— — —_— ".\P F— hand

¥4__JOOL_4$ _ — —

Figure C.l.c.3.
Curve).

c-22

Profile Jog on Both Rails (Class 1,




]

Rt N !’

Left Profile, 1"/Div.

’t |
t o ‘
YIIIIIIIIIII

{

I

s
.
¥

I\,

"Right Proflle, 1”/

lllllll:gll
\5 .
l/’l'lllllllll

(
|||Irllllllltlillllllllllll

=

V]

(

4

1

1
o

Figure C.1l.c.4.

-1
\”

(
<

™~

IIIIIIIIIIII:}IIIIIIIIIIII

||||'|r|:q'|||||_|||

Profile Jog on Both Rails (Class 1,

|

Curve).

/

/
5




" Left Profile, 0.3"/Div,

VAR
N~/

i

Attty

)
)

i

)
PEErE g e el

{

Right Profile, 0.3"/Div.

bttt eyt

>
)

——
/

Illlllll
{

Crosslevel, 1"/Div.

\

/..
{
gl

Curvature, 1°/Div.

:

;[
i

Figure C.1l.c.5, Profile Jog (Class 3, Bolted, Spiral).

C-24




Left Profile, 0.4"/Div.

)

)

-

i

<
(

glll
IIIIIIII\I [
s

{
||||||}||

llllllllllll\T‘Fbllllll

N
IIIIQIIIIIX‘..

o
e
<

Right Profile, 0.4"/

(
ll)Illllllllllll/l/l)lIIIII||IHII

Illllllllllll;}lIllllllllllleﬁlllll_llllIII

- - - CEN
Z Z - AN
- = - //: N
- e S —_ —_ ~
o g TN — [ = A -
N f - . -~ -~ -— "~ — g Y — — -
Vo= - \/ - - \\\, e ’/’}r -
z - z —\\\/// s
it b o= - - -
- g -
“Crosslevel Deviations, 0.3"/Div. Z
o= AN - :l -
/‘ K }" / L"-_ z'n\ -7, .,f\‘.. ) -, oY A - ',f‘ i
VA VAR S
-_— — Y -— p— _—
~Crosslevel, 1'"/Div. - -
== —— T

ALD

]
E———
[———

|

<

IIIIIIIIIIIIIIIIII?llllll

N
NI NN RN (NN

!

IIIIIIIIIIIIIIIIIIIIHIIIIIIIlllllé"

j
;

e et eI

Figure C.l.c.6. Profile Jog at Interlocking (Class 4, Tangent).

O O I T 1 £ T T T T ¥ T I ¢ 1 I T T T % O T T A O I I O O O



9Z-D

Left Profile, 0.02"/Div.

//

L~

!

\J'\

(_
Iyllllllllll
:

!

— Right Profile, 0.2"/Div.

.
I T
SRR
<
//
(’IHIIIIHHI
)
%Q_\
<h
BERRRRRRERRREINRREREE

A

\

-’

*'
K
\
SERERRRRRAEE AXRRREE
™
§
\"\
h!

Frrrrrerrnn
FEIbrnd

P

-/
Pl : L. /\:/_\""J’

-
1
1

I/IU/(H
?

-

~

:IIMHII'III
<
\

IIIIllIlllllHlIlIllIIIIIIHIHHEIIIlll'llllll}llll

PN Z Z \ = /? -
' - - \ - ;\//“ z
- - \\5,,/ -
~ Crosslevel, 1"/Div, " E E E - E
|z - - - T = -
=~ T = m—— -
F—100+>F - - - - -

Fig.

C.l.c.7.

Two Profile Jogs Due to Special Track Works (Class 5, Bolted, Tangent).




|

=
<
=
[
<

Left Alignment, 0.

|

e
Tttt

}

T
)

3

Right Alignment, 0.4"/Div.

)

ZUIIIIIIIIIIIII

Illlllllilllllilllllll

\
{

|||:|l|15|||||
N

Crosslevel, 1''/Div.

I

(
.Hmmmml}

A

<

RN IR R R R

IR

_{4_100'—%

Pt

.....S\......

(@]
ot
a1
<
@
e
[}
—
o

» 1°/Div.

RERN 'ARARY
?

. {
Frrrretenerrreprrervrrirnend

|

Figure C.l.c.8. Alignment Jog (180') on Both Rails

(Class 2, Tangent).

C-27



Left Alignment, 0.4"/Div.

\
?

I\klllll
//
e

\»

Right Alignment, 0.4"/Div.

-1

Z
{
{

:

>

3

{
‘T
</'

Crosslevel,

<,

p:

~

1"/Div.

b
)

1
¥

|

Curvature,

IIIIIIHIIIIII.’IH‘IIIIIIIII

|

1°/Div.

¢
1

r

3

N R AR NN (RN RN R RN

.|IIIIIIIIIIIIIII{IIIIIIIIlIIIIIIIIlIIIIIIIll

IIIIIIIIlIIIIIIITZJ’IIIIIIIIIIIII&_IIIIIIIIIIlll

Z - - ’ o
E Gage,. 2'/D1V.
A
P\ =Y JM/%‘\,M 'WWMW\'\(W *fvav
— ALD - - - -
- = z Fe—10023 -
EN N | -

{

Figure C.1.c.9.

Alignment Jog (120') Near a Switch and
a Bridge (Class 2, Tangent).

C-28




62~D

. Left Alignment, 0.4'/Div. - — - _ - -
- .y _ - - _ — - — -
AN - - - - - - -
- X”/E}/.\\\ ~ - I e - - -
- J/ - \*\\,___ — _ } ,Z’F \"v—_.—."’\_.‘_ — — e
‘\.\ ) oy ': - "t .. p— ‘_‘pr'ﬂq.p' — — S J ‘w‘ J.,L ‘\ —— £ —
i i - - \\\_ﬁ,_,,;//‘/ - - BN - ,../*’“"‘/_\Jr -
J— 4 —_ .
- - - - - - . .‘\ T
- - - - - - - Yo -
- Right Alignment, 0.4"/Div. -— o - - . -
: "v‘“\ - — _ _ — : : —:
\‘ - - - hmad - .
N / Somm ™y . - - —~ =z - - _
- [ s - _ T - —_ — -
- "I _ —h\"‘xﬂ_k_ — __,/"/:::'—’ = s ey — — _:___/" T
LY pages —— by — — — bty oy [ T
I e P . . . o
RN ) — - LN - — —_ n—n — o —
~ L — - " — - — — —
- - - T — - - - AN = -
- — —_ — — —_ — \“\;’N‘f—’: —
- Crosslevel, 1"/Div. - - - - - -
v . - Z _Z -z = — -
-‘-‘—‘——‘“-\_:—— N
- = ﬁ—\_‘_v_‘_ - — _— — _— —_ —
=z — —=_ = - - - = _
— — S — —_— — — —
= — — = S o =~ = =
- — —_— — _— _""“-"‘h\-\__v__,_—‘s‘_—__ — — J—
: -z - Z R — T~ = _
_ - : e o - _ __ T e N
- Curvature, 1°/Div. - ~ .- - - -
N Y VP - . = = - - -
SR v \‘x._,\,,v’v\‘ _ - - ~ - = -
Z — "’-'\,__ —_ — —_ . -— —_ — _
e,
- _ —— — — = _ - _
N — T v, C - = - Z -
pog = pouby A e S P P IR IGE T 7Y [y phosny — =
. —_ — — —_ e T —— — —
- — — - - “:xwwﬂ_d - — -
P _ = _ = = T - s
~ - _ - _ . - Vs . .’“'_" . e D
- j«—100t—} - - - - I -

Figure C.1l.c.10.

Alignment Jogs at Transition of

Reverse Curves (Class 3, Reverse Curve) .




Left Alignment, 0.4"/Div.

Figure C.l.c.1l. Long Wavelength Jog (400') in Alignment at Junction

of Reverse Curve (Class 3, Spiral).

C-30

v

= . - - - - - Z T
- ,’} NG~ - - - Z - -
- - < Z = T 2 - -
= = >~ = - = “Ze . .
= = = = Pt = = 7 priokes p
4 ~, -~ W S
= - — . — -~ — — . — ~ -
: - - \\v/ - - - \“. - "'/"-
- c— — — -— —-— LY -t
— — o — -— — —— powy \\'\wﬂ o :.:
- Z Right Alignment, 0.4"/Div. Z - - -
- N z : - - - . -
NP = - = - p
—_— w2 (S - - - ~. - — —
-~/ - ~. = - T = - -
—_ — e, — — L — T R Re——— ey —
= == = = = = o %= =
\Z‘ : — \'\\\ -"_“/' - — ._“x\ .
— — P - —_ - Y -
- - - ~— - - — - AN B
- = - - - - - T
- — Crosslevel, 1"/Div. - _ = -
. - - - - Z z T
- T = - - — - -
- - ———— - - _ —-_ -
-— - - N ———— — — - -
- - - Z i - .
- - - - Z - ——— -
— —— — —— — — —— -’—_‘——“ﬁl—*<‘-‘-
- - Curvature, 1°/Div. - - - -
= AN - - Z Z pt -
oy RV VoNS - - - - - -
- R z = - - -
- - T - - - — -
—_ — - — -— — i — .
— —— — BT T ey e S St ey — —— —
— -— — -_ . \"’l,v‘.“. oy — —-—
= - - - - [l -
- - - - - - T . .t
- Te 1001 5T Z z = T e




Left Alignment, 0.4"/Div. =
; ﬁ--:;_\r'.»‘. 'L-"""‘:_ - gy AT ':""‘“r'ﬁ e,
" T e - " parmer
Right Alignment, 0.4"/Div. =
R i T .
. re, S - : —y " .._.,- . v,

it -l\ .,.'(‘ : A'Jol‘»"'\\-\n"‘:
Curvature, 1.5°/Div. =

_./'_"--.._-_.__,.,__J-""'“ - T e T et et mpemme = T R e e et v, e
Je—1001+—>} -

Figure C.l.c.12., Alignment Jog and Trough (Class 6,
Curve).



Left Profile, 0.3"/Div.

— — w
: /Aﬂ f\i :
- t —_ ~
- — / y . ,"‘ "'x ~,
/ l"\./" N T ""\ = Yo Jo=
/ o = \‘jl
Right Profile, 0.3"/Div.
_ - -
— ’_—-" 4 —
- Y -
- |'| ] | = r‘,(‘g'l‘
% o~ o~ \ = e~
£ NP Y. -
=
Crosslevel, 1'"/Div. -
- = .
— _ Z e
pe—— — — o
Curvature, 1°/Div. -
e w N — ’_;-".\ " y)'l.‘L"” ___A_Nd Juas ™

ALD

(L T O A T - I I T I I T

bt

[
i

Figure C.1.d.1. Profile Plateau at a Bridge (Class 2, .
: Tangent). .




Left Profile, 0.5"/Div. ~ = -
~ — e — N e N ey .
= - - <= J - T =
Right Profile, 0.5"/Div. = - -
_ - = o~ I ~~_ =
— —  e—— ey - M 2 p— o — . L -
= VRV = =
Fe—100—>F - - - -

Figure C.1.d.2. Signature of Farm Crossing in Proflle
(Class 2, Tangent).



Left Profile, 0.5"/Div. - - -
/'A\-"\-‘ :_ A~ : ,,""-_“_/(F\-"-:;___ p—, ;.,. : : ~~
- —= !» — e N, .-':.\ e : —_— N ~ —_
: -\S:’f ,.‘\. vl _ — ™™ \\. el : \_:
Right Profile, 0.5"/Div. . - -
N e — N e — -
- N =S o TN T -
- NS - - d - -
Crosslevel, 1'/Div. — - - -
o = I S g - -
: : : - ‘\..;-—_ —-.——'4_.\,—\\‘ :- -
ALD - = — - - Z
Z = - - - z
! - bl : —
- ) - - L -
- = = = il = -
— — - s 1 ey
e— 100 +—>} - - - =

Figure C.1.d.3.

Profile Signature of Soft
End of a Bridge (Class 2,

C-34

Spots on Either
Tangent) .




Left. Profile, 0.5"/Div. - z
— : e ..,,-/- —'-'\E,.l. ,_,:_ e T
= — N =% 7 = =
- - - N/ - -

Right Profile, 0.5"/Div. = =
- I s - -
e U
- : : \ ."/-/ : -
Crosslevel, 1'"/Div, - Z z
. ‘F‘b—_\\:- . : . : : :
— T . - -
- - - T =: e
- - = - -
ALD Z - -
- T - - -
- i - -~ =
— Y Z oz —
= Sl == —~
F«—100"'"—»L - oz =

Figure C.1l.d.4. Profile Plateau at a Bridge at Reverse
Curve (Class 2, Tangent).



Profile, 0.2"/Div.

=
[0]

Hh
(-+

—

b

Illléllllllll
‘

C
nngnnnnn
. {
Illllltllt{ll

Right Profile, 0.2"/Div.

)

FHEbitd
[~
i/l)’l

7

>

{

—
%
)
|||||1||||||||_3i|u|||u|n
%

;

Y = oy

<
)

K
(

||||(%||||||
{

|||<<
}

Illlll—f

=

()

(e
IIIIII‘L
ettt
trrtrerreed

Figure C.1.d4.5. Example of Profile Plateau (Class 2,
Tangent).




Z Left Profile, 0.5"/Div. - _ _
el s = = E = M a m
- NS TN N
Z Right Profile, 0.5"/Div. - z -
: : : — T : : :
——— - — \' —_— Al -~ .A’;"q
: \\/“ :\./A‘f"“\/"‘: '—‘;——J -‘\-_J"' ’ :— —’ > :
— Crosslevel, 1"/Div. - - =
Z - == = e e =
- i -— pasay p——e -—
— ALD . — - - -
— = { {"_ — — ;p‘ — —
. 4 e SR A ——— —
Je—100'—>t - = - -

Figure C.1.4d.6.

Profile Plateau Signature at a Bridge
(Class 2, Tangent).

C-37



Z Left Profile, 0.5"/Div. Z z
- et -~ /""/_\_EF\\ ,——-‘-’F\“—\. —\: —
. - N Tt e, 3 — 3 pr— Y, —"
- - \s._/ / - e ~ - - -
= Right Profile, 0.5"/Div, = -
e - e ——— . e
: - - I_\\"__,‘!,‘ : ’ l"'v/ - t -~ - ':-f ~
Z Crosslevel, 1'"/Div. z =
————— ‘;"M“v ‘_‘m ,f-\"‘_/‘—aﬁ.f-_p‘—-—-—"‘_-_ IM“—-"'-/-. :
- - - — = = S~
-~ ALD p Z - -
- — - - -
- iy = = “
- = — = —
= NIRRT LR CR (e ) LS — [a——— —
+—100+— - Z -z

Figure C.1.d.7. Profile Plateau Signature at a Bridge
on a Curve (Class 2, Curve).

(@]
1

38




“Left Profile, 9.3"/Div. - - -
i = - = AT -
N | NI - - ray I[’ A\\'J r\:‘: - ..
~ VAo RN <7 I N T
iR - TN g -
Ry, = = = 3 -
= Right Profile, 0.3"/Div. - - -
- - - = AL AT -
£ \z '51\ . F‘M;’N\a, i : -, ,;. ) { \/—/\\: N : .
S A A R S T
z W/ z = \ fj = E/’ =
- - - NOT ~ _
=~ Crosslevel, 1'/Div. - - Z
- - - .z = -
—100—% - - - -

Figure C.1.d.8.

Profile Signature of Two Consecutive Concrete
Slab Ballast Deck Bridges (Class 4, Tangent).

C-39



A

Left Profile, 0.4"/Div,

)

\

zl

l//
Hilllllllll

/
\.,\
Y

i

NN SRERARN

Right Profile, 0.4"/Div.

Y
~

S

f

C

)

]

.‘
o

<.

h!

.

T
HH{IIIIIIH

ARERREEE RN N RN RN RN

-

Crosslevel Deviations, 0.3"/

AR AR N (A NN

Div.

IIIlllllllllII"l)IHIIIIIIIIII(}‘IIIIIIIIIIIII

"

IIIIIIIIIlllll\'fll,lillI_'IIIIIIJ(IIIIHI.IIIIII

. : —. -~ T o — P s f\-.
— ‘— — l —— “f .ll\’v _/N : l"&“" ""' -— p——— : "-.‘._kv e :
- - - z z z
~— Crosslevel, 1'"/Div. Z - -
P ‘ gy — \,._\\ = = -—
—-— . — — e e —
100> - z Z Z
— | — — — — —

Figure C.1.4d.9.

Profile Plateau (Class 4, Spiral Entry).

40




Left Profile, 0.3"/Div.

)
t-(lllllll

- TN, N _—
_— ~N ] Yz \ ) g
- |' '1 -— '.‘ y — ;
- 5 R ""._ -
- J ‘l‘ j / -
- V7 -
— 'l.r -
Right Profile, 0.3"/Div. -
- r"‘-\“/" . : :
e - N — /! -..N" : e : -
- " I e
pl . I'}‘ |lI _ ‘,"' ™ -n— .
- ~/ 5 - r"/ -
: I‘. :p’ -—
Crosslevel, 1"/Div. - = _
-— = m—r— __,.__: L - —
Curvature, 1°/Div. - -
S - - -
e o X —
- M e e S —
-z - A S
- - iy A~
ALD - Z z
f'E = ,J =
H i Z | =
 —— v —
e—1281—F -

Figure C.1.d.10. Profile Plateau at a Bridge (Class 2,
Tangent Between Reverse Curves).

41

(@)
1



Left Profile, 0.3"/Div.

|

>N = ’
- { "‘v‘\ :
. SN o ‘f' - Y - .ff'*-‘.\ .
=/ = ‘-’ ~
Right Profile, 0.3"/Div. N
— T Som—N
~ > Sl ! g - — - .-.'\
- - W
-4/ : N
Crosslevel, 1"/Div. -
T = e i -
- j -
Curvature, 1°/Div. -
L .l: \ —
= b 2 ,,_,W’A — q;yr-&_f s
ALD - -
= - ,fr\

Figure C.1.d.11.

Profile Plateau at a Bridge (Class 2,
Tangent).

O
'

42




=
(72
o
#*
H

5

184
Left Profile, 0.3"/Div.

vl

4

{

i
!

Lrreretieid

Right Profile, 0.3"/Div.

s
S

™~
’

|
{

:

Pttt

Ry

A

= \ST—" 0 C
— Crosslevel, 1"/Div. - =
— = - . =
E Curvature, 1°/Div.— z =
e E i — iw Al va"h — r: ~ _ -
- ALD = = - -
- A ﬂ, = =
Fe—100——>F - - =

Figure C.l1.d.12. Profile Plateau at a Brldge (Class 5,
Bolted, Tangent).

(g9}
1

43




Z Cross'level Deviations, 0.2"/Div. Z

- : - = - = -

- ,.I\,.\ — = (/"\\‘q - ‘II lE _

T s A ) v = A AN Y,

o R ~ : y - DN I e R i v

~ - ./ - x WA

:\u/ oo Y = f s \j

= Crosslevel, 1"/Div. = =
i s N "\..,/:--w—\_,-—ﬂ—v/ ’\;N-"'\""—’“\."‘—"

~ Curvature, 1°/Div. = =

- ™, - -
NW‘."‘MMM,,,-‘”‘-/‘§.'“” ‘w-*LW_»—w”‘"‘t"x,,,-,w'\m.\uﬂr T, r_,.-"’l“ A et

Lereerre iy

ettt

Figure C.1.d.13. Plateaus and Cusps in Crosslevel (Class 2,
Curve, Bolted).




Left Profile, 0.3"/Div. z
e — — T, ~ N
< e e . * - 4 \ et ‘ - .
— had — \v.’: — ]
Right Profile, 0.3"/Div. =
: .K/"E-/‘H ~ ’r::
,-"—f\“‘, — / - '."_ 'I,» AR
- —— ——= i —
— —_— K ,--‘\-./'.l :
Crosslevel Deviations, 0.2"/Div. Z
- A Y-
- s —- 1 -
|"l’ e ),-l’\{__ . 'r' -."1% = 'I',/ I'; - R
N N o/ ! ~

Crosslevel, 1"/Div.

|

IIIIIIIIIIII?/\;I

llllll‘)llllll
5

e L — : < e
Curvature, 1°/Div. - -
e g - e e e, .
rim—ct ooy g - -.--\,w y —
ja—— 128 — ot =

Figure C.1.d.14. Plateau in Profile and Crosslevel (Class 2,
Tangent, Bolted). '



“Left Alignment, 0.4"/Div. - -

- - - ,.,w\..,}""‘-.\: -

- e T, - 5 ’ : ) — "y

By TN s -m...,'li-,‘ N-’ —— ST o
ZRight Alignment, 0.4"/Div. =

- - - e, -

— : - - r‘. —_

— . - — N - & i vt

- ::W ) ", /:W" W*\wz._w’

Curvature, 1.5°/Div.

|
|'
f

{
RN IR NN

{

Gage, 0.2"/Div.

IR RN IR R R RN IR RN RN

Illlllllllllllllf!llIIlllIIIIIlI,LJfIIIlllllllll

3
§
<
||||1||1n13ﬁ|n||||||_
<

T . — A
o . "L"""f‘*"l I Y N ™, »F‘Mw

¢

IIIF}IIIIIHI

Pt or it e et
il

IIIIIIIIIIIIS

krq
e
[Fie]
o
I}
]

C.1.d.15., Plateau in Alignment (Class 5, Tangent).

C-46




- Left Profile, 0.3"/Div. - =
o = = z -
gl - - - =
- i - ~ - —
- — S - -

- d'\-/‘A\"A\— 4/—/:-/\\ bl d
TN~ iy VPSS - e e w_——
Z z - - =
Z Right Profile, 0.3"/Div. - y

Z  AAS 2 - -
AT N = —— . =
- Crosslevel, 1"/Div. = =
Je——100—at Z z -

Figure C.l.e.l. Profile Trough Signature on a Bridge
(Class 5, Tangent).

C-47



Left Alignment, 0.4"/Div.

)

el
\\
1

|
|~

e

C

IIIIII}}IIH
Pyt

SRR

Right Alignment, 0.4"/Div.

AEEEEERREREE IR RRREE

b

H

'y
)

tereargon
ﬁﬁ/?l

i
AN (AR RN (NE RN
.
f
AR RN
'

N\

L

Crosslevel, 1"/Div.

Litl

i
)

N (RN RN RNNAT: (RN N RNERNEN (RRERRNRRRRRREL RNERE

e gl

Curvature, 1°/Div.

LA

b
r‘
"IIIIIIIIIIIIII'IIII]}HiI,IIIIIIIIIII
/
1

3
¢
$
i
2

K

'/Div,

(]
3]
[tje]
(]
(]

AR N AR R (RN (AR R

el o

RN (RN
§
5
3

—100—

Figure C.l.e.2. Alignment Trough, Note also Change
in Gage (Class 2, Spiral).




- Left Alignment, 0.4"/Div. - - Z -
- - ™t e —~ — — - -

- - - N - - =
S St S - Z =
e - T - - "v"'\’ - ANE R
- - - - P A -
- - - - \;‘ .4/“\/ - -
: : v : : : “1‘{’ : -
- z oz _ Z ” T - z
Z Right Alignment, 0.4"/Div. = - - ~
- o N e e — - - —
— e e 2T = T TN — - e =
PN - ' — - e - N o *ww--:
- —_— . —_ _ N - Wt -_— —_
- Z ' - = ~ - -
: : i - - '\'r'\,_/‘ nad —
— (Crosslevel, 1"/Div. - - Z -
N = = - = - p
= IS~ = = = =
— — ' — ""'”\'-\‘ — — -— -
Z - ; - \Q"\v,- - = -
- . : - - g’ T‘\, MW’/ A‘\/'\-_-
Z Curvature, 1°/Div. = - - . -
- - ‘ _ = = - -
- - : - = - - -
- u-— T N e ' -— : : : :'
" —f Y YNS s WL =y — — — —
- _ ! v ‘,v;’\M\ful‘/ “-\,\‘— — - . -
- — ; - ‘I—W\‘\m - - -
—100 —>t | - - % SRRV NYVRY SERGIRY

! - - - - -

Figure C.1l.e.3. A Long Trough (400') and a Bump (120')
in Alignment (Class 3, Spiral). -

(!
1

49




Right
Allgnment

A

N Y

//E / f ‘/»wﬂ\. i f\ y
; \f” - - 7 o™ 2T/
\'J | .\\‘J / "}‘ \;{/{ N " "«.\//

. 7

es
Left S =T
Alignment .

la——
~N
—:; u o
b}

;

ffﬁ\.
/0

IIIII'J

w\/ AV

Figure C.1.£f.1.

L4
)

2
Y
q

k1

\A

.

lIILt?t
5
_1%
4
<
<

A Sinusoid in Alignment.

C-50




. Left Alignment, 0.4"/Div, - =
— _: et \ - . .v"’"-,-.-' st T e
. TN e A S Ty : :— ~ : T v -n: -
- Right Alignment, 0.4"/Div., it
S = =
AV PR Kl -~ 1t ", TS
""""-vzt Pn b BT RPN o h"f\-w-r.u o ST
- Curvature, 1.5°/Div. - -
st e T | T
Fe—100—>t - - -

Figure C.1.f.2. Sinusoidal Alignment (Class 6, Curve,
CWR) . .

(@}
]

51




T Left Allgnment

0.4"/Div.

Figure C.1.f.3.

52

Tangent) .

Sinusoidal Alignment with Decay on Both
Ends (Class 6,

J - - - - -

) N —-—

- S - R e W - - -

R e . _”‘ré;i L ov” ~ : . e -»."_... 2 o e e, | =Ihm,

T e et = = oot e

- : oy -— - -— -

S - - - - -

o - - -

-+ Right Alignment, 0.4"/Div. - - Z

o - - - - —

- - - - - -

: - - - - -

- - VS - - ~

earry _ ;., e - - - _’“,,4-" ’,1:_ e ren R, et ™ e

M (T o T ot T = T

Y - - - Z -

I, Curvature, 1.5°/Div = - -

-.: . - - — -

o - - pt - -

- - - - z -

! 2 - — - -
R R - = =
‘_k'—'l 00— - - - -




Right
Alignment
X
_// \ 2.25"
|

=

RN NN

,"\. . .J’\
N / A - | ! A Y o~ Y, o o
NS - NS LN \\ '/ s = S\ ~
= Left -
— Alignment -
-_ 1 -
- | -
~~ et .~ . — s ! s' i;"'\‘ ‘/:—‘v -, e,
it r— ag - p i N - RV
i.,\///‘ \,-v«/ \ "’f‘ - : '

Figure C.1.f.4. A Damped Sinusoid in Alignment (Class 3).

53



Left Profile, 0.2"/Div.

R ieh " — A — TN
s Y L=, . — .
f¥ l‘:n,,‘"\h ] W\.«-'_ x.

<
o
'_l-
<

Right Profile, 0.2

,

AR NN NEN NS (NN NNNRANEN

&
Lo
<

- Y -
: |( lg' — / /—,\\"U'\
. ',."\\ _ } | —a" Y
A 0y B Ny
"y -
! 3 :{ | j } -
v -

o

Crosslevel Deviations, 0.2"/Div.

— ".".‘. —
A 3 -—
Vi) ,'{ ;' ) f \J\‘«” o »
W N Y i =y /_.‘ T

Crosslevel, 1"/Div.

)
|

IIHII%IIIIII
i

IIIIIIIIIIIIIlllllllllllllll'ﬁllllll

Figure C.1.f.5. Sin x/x Signature in Profile (Class 3,
Bolted, Tangent).’




iv.

o R I

Left Profile, 0.3"/

L

FAVIREESA v W

=
“"“"—N

p
.

&
SEREE TR
>
_Elnl

b

NEREY
<
ol
g-«\/’nnninn
"lir+§||||||||||n
“-:\

- Right Profile, 0.3"/Div. - =

N S Y = (3 e =
-V VY W VW - T
- Crosslevel, 1"/Div, - -

U _:—:_. W{"‘-t—_/‘ S : = .—-N:‘\.«N\. ,\; D i N —:_ P
= ALD - = = -
= - oz - =
- PL = = -

) k\.—— J\Fﬁ‘_ \ —

)
e )

1

J
{]
LLEbd
q
S
IIIII&L
it

Figure C.1.£f.6. Profile Signatures at a Road Crossing
: (Class 5, Tangent, Bolted)

€=-55



9S-3

= LEFT PROFILE, 0,2"/Biv. iy 256! >
S e e AN A S VAN A NaWAN
- S T N (P ~— T v \Watd — w— — : \//
- £ - -
= FIRST PROFILE = + EX* 4 +oz + t £ ?
- DROP, = END PLER PIERE  PIER PIER PIER END
= RIGHT PROFILE, 0.22Div. = =
—A A . N N S, AN .V AN = :
S S VS e Al A T ¥ DR AR
- =+ EX* 4 b=t 4 +
= = END PLER PIEE  PIER PIER PIER END
L J

Figure C.1.f.7. Profile Signatures at a Bridge (Class 4, CWR).



LS-D

BROKEN RAIL

llll-!llllk:l

|
|

L] ® . . . .
= LEFT pROFILE , 0.2"/Div. = = = l BRIDGE; =
= N~ S : o F AN A YA N N e P S U r\,‘;'[\ A VAN
T~ ~ v = ~ = - v VY § ¥ v 7 4 VAR A R ARA
- - - = /= JOINT =
- : = AJOINT JOINT . =
- RIGHT PROFILE . 0, "/D1V. = ZSPUICE AT CRUSHED z BRIDGE z
E /\ /\ N é: JaN ~ . — » — _‘:: "\Q\/., \/—-\k'gm o~ P 1 ,.\C\/' :AJ -
- — R e ; Y- T = 7 7 e 7 WAV A =
~ oy EV vV TN Y A -3 \/ =\ A -
: : JOINT JOINT I = Jomnr =
: - - - SPLICE AT = -
- - e = RAIL BREAK - -
- 'WEFT ALIGNMENT, 0.2'"/Civ. - = = _ IBRIDGE | =
AN - L NS oM e N o NTA N Y A U N, WP NI ST A VAN N__p = N
T TN T R Ty TS A A A A A A v
i . oy - ~ BRIDS het
= RIGHT ALIGHNMENT > 0.2”/D1V. bt - - l SE =
A - = . Wy ot 20 e Dot A PPN Ak /v\r/\'-: 'r\ M'*'\ r{\ :f\ A
VI A TN VY Ty \,/ A VA
- — > () -—
- - SPLICE AT PROMINERT LINE -

IIIIIIII'{

KINK

Figure C.1.f.8. Cusps in Single Rail Profile and a Jog in Single Rail Alignment

(Class 3, Bolted).



LEFT PROFILE 0.2"/Div.

T

EES

B, .

:r\'v = e N =

N N X . -
. o > o - [

i3
FIRST-PROMINENT
CUSP

.
(g "- \_»

PROMINENT CusPp

I

RIGHT PROFIEE 0.2"/Div.

NN NN (RN RE R RN NN

i esniante ol e T ! Ll b i WERY . Solas s
AT ’l. Z R Quowemgy L S v " Vi o
FIRSTZUPWARD
RISE
LEFT ALIGNHMENT, 0.2"/Div.
xﬂ A =T S ey N et s ) 8 — A e i
e e R 5 e
RIGHT ALIGMHENT 0. 2"/D1V - ’
"‘( S £ 4 3, —a '“\\'n A r'-A. e S o
"JF"‘“' i ot 1, ,..n o, : "‘I-J' ( RN ._ka‘ i . e ".1.—' ¥ e s po =
< 256" >t

Figure C.1.f.9. Positive Cusps in Profile and Alignment Cusps
Towards Track Center Line at Welds (Class 4
CWR).
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C.3 COMBINED VARIATIONS
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APPENDIX D
FREQUENCY DOMAIN ANALYSIS

An analysis of the power spectra of track geometry parameters can
provide useful information about the relationship between track
geometry parameteré. The following sections provide a discussion
of the auto-spectra, cross spectrum and transfet function between

two track geometry parameters.

D.1 POWER SPECTRAL DENSITY
D.1.1 DEFINITION

The Power Spectral Density (PSD) of a signal describes the
intensity of power as a function of frequency. The PSD plots are
commonly used in the characterization of electrical signals
varying randomly with time. The area contained under PSD curve
between any two frequencies is equal to the total electrical
power delivered by the random signal within that bandwidth. In
mathematical terms, this can be expressed as:

2
/ Gy (£)df (1)

Py (f1,£9) =
£1
where
Gy (f) = . the PSD of function x.
PX(fl,fz) = power (mean sguare energy per

unit time) between frequencies
£, and £,
The total power is given by

el

P, = of Gy (£)af : (2)

For small Af a PSD function can be defined such that Equation
(1): - ) '



P, (£,EAE)= G, (£)Af (3) -

or more preciselv:

. P_(f,Af)
_ lim X

Thus, the power spectral density function of random data
describes the general frequency composition of data in terms of

the spectral density of its mean square value.

The nature of the PSD plot is illustrated in terms of two extreme
cases in Figure D-1 and D-2. The PSD of a perfect sine wave of

frequency fo is given by (2)

x2

Gy (£) = T3 [(f - £ (5)

where

amplitude of the sine wave

>
1

J(£ - £g3) delta function at frequency fy

In other words, PSD of a sine wave is an infinite spike at the
frequency of the sine wave (Figure D-1). The integral of the
power spectral density over any frequency range that includes fo
has a finite value equal to the mean square value (x2/w) of the

sine wave.

On the other extreme of the sine wave is the white noise. The
white noise has a uniform (flat) power spectrum across all
frequencies. Thus, the theotetical PSD plot for perfectly white

noise a constant denoted by a horizontal line in Figure D-2.
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The principal application of a PSD function is to determine the
frequency composition of data. This, in turn, can be used to
establish the basic characteristice of +the physical system
involved. For example, the %SD of the output of an electrical

circuit (Gy(f))_is given by (1):

Gy (£) = |H(E) |Gy (£) (6)
“where
.Gx(f) = PSD of.the input signal
H(f) = frequency response function of the

electrical circuit’

A track geometry parameter such as alignment is usually described
as a function of distance along the track. ‘The independent
parameter in this case is the distance rather than time. Thus,
the temporal frequency, £, normally givern in units of
cycles/second, should be converted to a spatial frequency, ¢,

given in units of cycles/foot.

When the PSD concept is applied to track geometry parameters
varying randomly with distance, the area under the PSD curve
between any two frequencies does not have a direct power
interpretation but it 1is closely‘related to the dynamic energy
delivered to a traveling vehicle by the track. Because of the
amplitude versus frequency information contained in the track
geometry PSD's, they are useful both as track quality indicators
and as input to dynamic models for vehicle response analysis. A
comparison of profile PSD's for different sections of track is
provided in Figure D-3. The following points should be noted
with reference to Figure D-3. ) '
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o - A track section of perfectly smooth surface
will have zero density at all frequencies.

o Tracks of better qualitv have lower density

value.
o Peaks at 39-foot wavelength and its

harmonics appear in all PSD's, indicating
" the existence of a periodic component at
that wavelength.

o The 39-foot periodic component is especially
pronounced in the bolted track.

D.1.2 COMPUTATION OF PSD

The PSD's may be computed by three methods (3). Each of the
three methods 1is based on a different but asymptotically
equivalent definition. The first procedure utilized filtering.
A bandpass filter with a center frequency, f), and bandwidth, By,
is designed for each frequency. Data are passed through the
bandpass filter, squared and then summed and normalized.

Thus,
- - 2
G, = .E;lﬁ ng yi(k) (7)
whefe G; = PSD at frequency £, 0 < £5 < £ < £,
F. = cutoff frequency (0.5/sample interval)
N = number of data points
y; = data points

The second procedure is the standard Blackman-Tukey method. 1In
this method the PSD is computed by taking the Fourier transform
of the correlation function. The correlation function, R,, is
given by



Rr TN - x i ¥ivr
i=1
where r = 0, 1, P
(x5) = data (assumed zero mean)
m = number of delays
The PSD, G, is computed from:
Gk = 2h (RO + 2 mil .chbs —%E + R _cos —%)
r=1 _ /
where k =0,1, ..., m

h = sample interval
m = number of lags
Gk = corresponds to the power near k/2mh Hz.

The third procedure is the direct Fourier transform method..

Xk be the Fourier transform of data given by:

N-1 _=2 ik
X, = 1 xieJN , k =0, , N-1
i=0
Then PSD is obtained as follows:
2h 2 N+1
Gk_N_‘Xk‘-,k=0, Ly ey 3

(8)

(9) -

Let

(10)

(11)




Here, the frequency interval (0, 0.5/h) is broken into N/2 parts,

so that the frequency increment, Af, is given by:

= 1
e

All three methods produce results that are nearly the same but in
general, they are not identical. Since the advent of the Fast
Fourier Transform (FFT) algorithms, the finite Fourier transform
method of computing PSDs is most efficient. Therefore, further

discussion will be limited to this method.

Care should be taken in computing PSD's since problems may arise
in direct application of Equation 11 (3). The following sections
describe some of the problems and the methods to handle these

problems.

D.1.3 TREND REMOVAL

A trend in the data is a frequency component whose period is
longer than the record length. Proper handling of data requires
that long-term biases and trends in the data be removed,
otherwise the distortion can occur in the estimation of the low-

frequency end of the spectrum.

The long-term trends may exist even after high-pass digital
filtering. Therefore, special £echniques are required to remove
such trends. The least square procedures can be applied for the

removal of linear as well as higher order polynomials.

Let (u,), n =1, 2, ... N be the data values. The trend .in these
data can be approximated by equatidﬁ of the type (1l):

~

un=b0+bln,n=l, 2, «.., N (13)




N N
2(28+1) ), _ e L :
where b, = n=1 . ~ » (14)

N N
12 ] nu - 6(N+1) ] nu

b, = —D2=4 s | (15)
N (N-1) (N+1)

Then the data after trend removal, x,, is given by

o]
"

1, 2, ..., N (16)

Trend removal should be performed only if trends are physcially
expected or clearly apparent in the data (1l). In terms of track
geometry measurements, we might expect such trends to arise as-a
result of extremely long wavelength phenomenon associated with
changes in elevation such as those encountered in traversing
mountains or valleys. However, these changes are in fact:
eliminated from inertial measurement of data by means of high-
pass filters. This is especially true for alignment and profile
space curve. Therefore, trend removal may not be necessary for

track geometry data.

D.1.4 TAPERING DATA

The power spectral density estimates are found by first computing
the Fourier coefficients of a finite length data record. The
specified length records are obtained by truncating a data
sequence after specified number of points. The abrupt truncation
of data gives rise to a type of distortion known as "leakage" in
spectrum computations. The problem of "leakage"™ is the one in
which the estimate of spectral density calculated for a
particular frequency contains some additional elements of power
derived from adjacent frequencies. This leakage has the effect

of reducing the accufacy and value of the estimate (2).
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The finite Fourier transform 1is equivalent .to the infinite
transform obtained by convolving the infinite léngth data record
with a rectangular window (Figure D-4). A finite length record
is in effect obtained by multiplying the infinite length process
with a rectangular window. The specific ‘effects of this
truncation are function of the Fourier transform of the window
function. The Fourier transform of the rectangular window is
shown in Figure D-5. The presence of large side lobes (Figure
D-5) make it difficult to distinguish between the lobe of a large
signal and the spectrum response of a low level signal which is
close in frequency. This is further illustrated by the PSD of a
truncated sinusoid in Figure D-6 (3). Because of the finite
value of the record, T; what would have been a delta function for
infinite T has become a sine x/x function centered about fo.
Thus, the power which was concentrated at a single point has been
spread over a much broader range. It is this spreading of power
that is termed as leakage.

~__ /" ™\
T e T T
| |

fo- —— N
°T 3T | fot a7

Figure D-6. Power Spectral Density of a Truncated

Sinusoid of Frequency fo
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Since the large side 1lobes arise as a result of the abrupt"
corners on the rectangular window, the suppression of the side
lobes (or. reduction of leakage) can be obtained bv rounding off
these corners. This can be done by multivlying the data with a

suitable window other than the rectangular window.

This process 1s known as "tapering" and its objective 1is to
"round off" potential discontinuties at each end of the finite

segment -of data being analyzed.

The reduction in leakage can be obtained by tapering the data
with a split-cosine-bell window (4). This window is defined as:

n-m,...,n-1

L Tt - 3)
5 1l - cos , £t =0,...,m-1
m
wy = 1, t=m,...,n-m-1 | (17)
. 'n'(n—t-l-%)
- - ' t =

o~

_'xl - cos

m

— . J
where m is chosen so that m/n is the desired proportion of data
to be tapered on each end. . It is suggested that the cosine taper
be used over one-tenth of each end of the data (1). This
tapering has the effect of reducing the variance of the tapered
data relative to the original data. Therefore, the spectrum
estimates should be multiplied by‘ a scale factor. The scale
factor can be calculated by taking the ratio of the area of the
rectangular window to that of the cosine window. Specifically,

for the above case, this scaling factor is (1/0.875).
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The filter shape corresponding to the cosine taper of Figure D-7
is shown in Figure D-8. Note that the width of the main‘lobe is
greater than that for the rectangulat window. Also, the half-
power bandwidth is approximately equal to 1/T, and side lobes are
significantly suppressed.

T
—qi
. .
2

Figure D-7. A Split-Cosine Taper Window

-1
2

Figure D-8. Effective Filter Shape with Split-Cosine Taper
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D.1.5 ADDING ZEROS

Most of the FFT routines usually handle the data records of

length N = 2P, In practiée; the data sequence 1is either

truncated or zeros are added to obtain the desired number of

points. The effect of adding zeros is to reduce the frequency
resolution of the spectral estimtes. For example, if N, zeros
are added to M data points so that N = M + NZ is 2P, the

effective resolution, Af', becomes

L1
e N_)h .. (18)

where h is the sample interval.

D.1.6 SEGMENTATION OF DATA

A raw power spectral density estimate is a CHI? variable with two
degrees of freedom (each spectral estimate 1is obtained by
squaring and adding the real and imaginary parts). It has been
shown that the normalized standard error for the PSD estimate of
white noise 1is greater than or equal to unity (3). In other
words, the standard deviation of ﬁhe estimatg is greater than or

equal to the quantity being estimated.
The standard error can be reduced by averaging -the results from

the separate time slices, each of N data points. The smooth

spectral estimate is given by:

where Gk,l is the raw PSD estimate at frequency fy; and Gy is the
smoothed PSD estimate.
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Gy has CHIZ? distribution with approximately 2qg degrees of

freedom. The normalized standard error is now given by:

.1l
= X 2
€ Jq ; (20)

The effective resolution bandwidth is determined by the length of
each segment and is given by:

_ 1
B = §n H

where N

i

number of points in a segment

o2
I

sample interval.

It can be seen from Equations (20) and (21) that good frequency
resolution and low variance are conflicting requirements since
increasing the length of a segment will decrease the number of
segments. An improvement in results can be obtained by dividing
the available data sequence into K overlapping segments of
length, L. For example, if the segments overlap by L/2 samples,
" the total number of segments is given by )

K= N' - L/2 (22)

L/2

where N' equals total length of data sequence.

The normalized standard error in this case is given by (5):

€ = _9—K . (23)
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D.1.7 COMPUTATION STEPS

Based on the discussions in the previous paragraphs, the

following steps are recommended for computing PSD's.

1. Based on the requirements of accuracy and resolution, divide
the available data sequence into disjointed or overlapping

segments each of length N.

2. Remove the trends in the data segment using procedures

outlined in Section D.1.3 (optional).

3. Taper the segment of data using the procedures outlined in

Section D.1.4 (thional).

4, Compute Fourier coefficients X, k = 0, 1, ..., N-1
(Equation (10)). using FFT.

5. Compute PSD estimate Gy k = 0, 1, ..., (N+1)/2 as in
Equation (11). ’

6. Repeat Steps 2 through 5 for all segments and compute the

smoothed PSD estimates G, as in Equation 19.
7. Adjust these estimates for the scale factor due to tapering.

D.2 CROSS POWER SPECTRAL DENSITY

The cross power spyectral density characterizes two time series
and is traditionally defined as the Fourier Transform of the
cross—~correlation function. The cross—spectral density 1is: a

complex number and can be written as (1l):

Cxy (£) = Cxy(£) - 3Qyy (£) (24)
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where the real part C is called the co-spectrum and  the

Xy’

imaginary part, is called the quad-spectrum.

Qxyl )

The cross-spectral density function can also be written as (1):

where ny(f) is called the amplitude spectrum and exy(f) is
called the phase spectrum. The amplitude and phase spectra are

given by:

_ [ 2 |
|6, (B ] = Jc2 () +0 2(6) (26)
~0, ()
A -1 Xy
e_., (E) = tan T —— = (27)
xy C g (0

The amplitude spectrum shows whether fredquency Components in one
series are associated with large or small amplitudes at the same
frequency in other series. Similarly, the phase spectrum shows
whether frequency 'components in one series 1lag or 1lead the
components at the samé frequency in the other series. The cross-
spectral density function can be used to determine the complete

frequency response function of linear sytems since (1):
ny(f) = H(E)G4(E) (28)
The cross-spectral density measurements can also be used to

determine the time delay through a system since the time delay,

T, is given by (1):



The cross-spectral dJdensity estimates can be obtained via FFT
since (1): . : i}

G . () =22 (x7v,) (30)
Xy 'k N k™ k
where - k= 0,1, .oy N-1
ny(fk)= cross—-power spectral density at

frequency fi
h= sample interval
N= length of time series x and y

Xy = Fourier transform of (xp)

Y= complex conjugate f Xy
fk= k/Nh.

The cross spectral density can be computed by the extension of
methods given in Section D.l. Assume two data sequences X, and
Yo of arbitrary length. The following are the steps to compute

the amplitude and phase spectra of the cross spectral density
function.

1. Divide x, and y, into K segments each of length N.
2. Remove trends from a segment of both time series (optional).
3. Taper the two resulting sequences (optional),.

4. Compute X, and Yy using FFT.

18
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5. Compute raw power spectral density estimate using Equation
(30).

6. Repeat steps 2 through 5 for all segments and obtain average
estimates. .

7. Adjust these estimates for the scale factor due to tapering.

D.3 TRANSFER FUNCTION

The transfer function describes the relationship between input
and output of a constant parameter linear system. For physically
reliable and stable . systems, the frequency response function may
replace the transfer function with no loss of useful
information. The frequency. response function H(f) relates the

input and output of a linear system by the formula (1):

Y(f) = H(£)X(£f) (31)
where Y(f) = PFourier transform of output
X{(f) = Pourier transform of input.

The frequency response function be written as:

H(E) = |H(£)[e 30 () - (32)
where |H(f)| = system gain factor
¢(f) = phase angle.

Discrete values of the response function Hp at frequencies £, =

k/Nh can be computed by wusing FFT procedures using the
relationship (3):



>

H, = >iyk (33)
A ka
where nyk = smooth cross-spectral density of x, and y,
Gykx = smooth PSD's of x,.
The gain factor and phase is given by (1):
A A 2
N (Ck+ Qi )l/
B | = —= (34)
xk
~ - -Q
6, = tan t{ K (35)
Ck
where Cy = smooth co-spectrum
Qg = smooth quad-spectrum
¢y = phase in radians.

D.4 COHERENCE FUNCTION

The ordinary coherence function in the frequency domain 1is

analogous to the correlation coefficient in the time domain. The

squared coherence function, szy(f) is defined as (3):
2
Xy < v

Using FFT procedures to compute smooth spectral estimates of
power and cross—-spectral densities, the coherence function is

estimated as (1):




~ Ci + Qi
Yk T T 37
CxkCyk

The coherence function theoretically should satisfy the

relationship:

Howéver, if raw spectral estimates are used in Equation (36), a
value of unity will always be obtained (1). Therefore, it is

essential to work with smooth spectral density estimates.

D.5 FEDAL

The software package, FEDAL, is developed for the Frequency
Domain Analysis of the track geometry data. The program
generates power spectral densities, cross power spectral density,
cross spectrum, phase spectrum, coherence spectrum, and the
transfer function.

D.5.1 CAPABILITIES AND LIMITATIONS

FEDAL operates on the processed T-6 tapes. Processing can be

requested on any section of the tape.

Processing can be done on any three track geometry channels at a

time.

Program operates on two data sequences at a time. The first data
sequence is taken from the first track geometry channel. The
second data sequence ‘is constructed from the second channel, mean
of second and third channel, or difference of second and third
channel. An option 1is provided to rectify the second data -
sequence. Another option provided is to take the square of the
first channel and the mean of the square of the second and third

channels, for the second data sequence..



The program has an option to remove trends from data. The user

can request the removal of mean or both mean and slope from data.

The length of a segment of data can vary up to 1024 points. The
length should be given in powers of two. The program has an

option to fill the last partial segment with zeros.

The program can work on disjoint or overlapping segments of
data. This option 1is provided to improve the accuracy of

spectral estimates.

Any proportion of a segment can be tapered using a split-cosine

taper.

The output is in the form of plots. The frequency axis can be
either on linear or log scale. Option is also provided to obtain

plots on both scales.
Table D-~1 gives names and function of subroutines in the program.

D.5.2 OPERATION

FEDAL is in the MOW library on disk RD3.3 and can be queued as
follows:

:NJ,L
:10,3,24,5,30,7,16
:QUB, FEDAL/MOW
Data Cards

:QUB, PLOTP2

+QUB, PLOTP3,,1

e XX

The above I/0 assignments assumes that the input tape is on unit

0. The input format is given in Table D-2.

Options available to change data sequences are shown in Table
D-3.
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~ TABLE D-1
SUBROUTINES IN FEDAL

Name _ Function
REDATA ‘Data input routine
TREND Removed trends
WINDOW Generates weights for split cosine bell
PSDXY Computes raw spectral estimates
COHER Computes cross spectrum, phase, coherence
and transfer function
DATOUT Prepares data for output
PLOTER Plots power spectra and transfer function
PHPLOT Plots phase and coherence
FIXLOG Fixes smallest and largest value for
plot, converts data to log
LXAXIS Plot X-axis (log) for power spectra
LABLXL Label X-axis for power spectra
. LYAXIS Plot Y-axis for power spectra
‘ LABLYL Label Y-axis for power spectra
) PAXISX Plot X-axis linear

PXAXIS Plot X-axis log scale
CYAXIS Plot Y-axis for coherence
PYAXIS Plot Y-axis for phase
LINAX Plot X-axis linear for power Spectra

o
1
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TABLE D-2

INPUT FORMAT FOR FEDAL

Ngiggr gz;ggz Format|Parameter Description
1 1-5 IS5 IFILE File number for processing
0 defaults to first file
6-10 IS5 ISREC Starting record
0 defaults to first record
11-15 IS5 IEREC Ending record
0 defaults to last record
of file
16-20 I5 NPTS Number of points per FFT
' (powers of 2 only)
21-25 IS IPLT Plotting option
# plot log - log
1 plot log - linear
2 plot both (log-log, log-
linear)
26-30 IS ITRND Trend removal
0 no trend removal
1 remove mean
2 remove mean and slope
31-35 3I5 NCHN Channel numbers
36-40
41-45
46-50 IS ND Number of deletes
(max equals 8)
51-55 IS5 IPOS 0 absolute value of second
~ data sequence
56-60 IS5 IZERO 0 zero fill last partial
segment with zeroes.




TABLE D-2 (CONT)
INPUT FORMAT

FOR FEDAL

Card
Number

Column
Number

Format

Parameter

Description

1
(Cont.)

61-65

66-70

71-75

F5.2

F5.2

TAPER

OVLAP

SR

= Percentage of data for
tapering on each end

= Percentage of data for
overlap

= Sample rate
, 0. defaults to 1.0

I5

IS5

1TEST

NDJST

= 0 or 1 read data from tape

= 2 generate test data from
sub. 'LOAD'

= 3 generate test data from
sub. 'GETX'

= Number of segments to
process for test data

= 0 defaults to process
32000 segments

11-15

16-20

16I5

ITH

= Starting record number
for first delete

= Number of records to
delete

= Starting record number
for second delete

Number of deletes = ND

Above parameter has pairs
for an input




TABLE D-3
OPTIONS AVAILABLE TO CHANGE DATA SEQUENCES

Data Sequence 2
Daéﬁai§g$eﬁce 1, Interpretation
_ Channel 2 Channel 3 '
+X
+X +y
X Y1 *Y, Avg. of data
' sequence 2
IR +x + 3
+x . Yy *Y, Xz gs 1/2 ,
|y + )|
X V1 ¥, x vs (y, = y,)

The output is in the form of 12 plots for six parameters: PSD of
first data sequence, PSD of second data sequence, magnitude of
cross spectrum, phase of cross spectrum, squared coherence and
gain of transfer function. Each parameter is first plotted on
log frequency axis and then on linear frequency axis. The
ordinate for PSD's is on log scale (1 means 10, 2 means 100).

The output format is given on the following pages.
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FREGQUEMZY DOMATIN ANALYSIS

FILE= 1 FIRST RECORD= 1
POIMTS PER SEGMENT= 128 SHMPLE
LIMEAR PLOT= 2 THPER=10.00

CHAMMEL 5= 2 -23 24
MO OF DELETES= © ABSOLUTE UALUE=-
DELETES———

320-2415925066 294430752 294630095

TEFG W@4EB?Gf6—318 4-28-78 ELEHORM,

SEAES RUERAGED= 11
HOUR, PLOTP2
$E0JIE, PLOTF 3, 5 1

Le=a

LAST RECORD= 15
RATE= 1.0 TREMD REMOUAL= O
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APPENDIX E

CROSS SPECTRAL DENSITY, COHERENCE
AND TRANSFER FUNCTION PLOTS

This appendix shows the relationships between different track
- geometry parameters. The relationships are given in the form of
Cross spectfal densities, phase spectra, coherence gpectra, and
magnitude of transfer functions. Plots are given for
relationships between gage and alignment; crosslevel and profile;
crosslevel and alignment; crosslevel and gage; gage and profile;
and profile and alignment. These plots are typical of all the
.current FRA track classes.

These plots were generated by processing the data using the
frequency domain analysis software package, FEDAL. Therefore,
the reader is referred to Appendix D for terminoiogy and other
details.

All-the plots are given on log-log scale. The £frequency axis
covers a dynamic ranée of 1073 to 1 cy/ft, although the wvalid
data is limited to 0.5 cy/ft. The ordinate for cross spectral
densities and transfer function (|H(¢)|2) cover a range of 107%
to 10%.

Ordinate wvalues are indicated in 1logs, i.e., a value of 2
corresponds to 102 and a value of -2 corresponds to 1072, The
phase angle is plotted from -180 to 180 degrees. Values of
squared coherence lies between 0 and 1 and accordingly that is

the range of the coherence spectrum.

Figure E-1 shows that the coherence between gage and left minus
right alignment is almost unity for wavelengths between 2 and 200
feet. This implies that there is a perfect linear relationship
between gage and left minus right alignment as one would expect
due to vhysical reasons and the measurement techniques used for

gage and alignment. The coherence drops rapidly for wavelengths
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longer than 200 feet. This is due to the svace curve filter used’
to process the alignment data. The long wavelength cut-off for
the space curve filter used in this study was 208 feet. This is
further depicted in Figure %®-2 which shows the magnitude f(gain)
of the transfer function hetween gage and alignment variations.
The gain is plotted on 1log scale and thus a value of =zero
indicates a unitv gain. Note that the gain curve in Figure E-2
is similar to the gain <characteristics of the space curve
filter. ™he oscillations about unity is a characteristic of this
filter. These results provide confidence in the measurements and
data processing algorithms used to characterize the relationships
between gage and alignment variations. It should be noted that
the valid wavelength range in gage and alignment plots is from 2
to 200 feet.

Figure E-3 shows an e#ample of coherence hetween crosslevel and
left minus right profile. As expected, the coherence is almost
unity for most waveleﬁgths between 8 and 200 feet. The coherence
drops for wavelengths shorter than eiéht feet because of low
signal to noise ratio. mhe cutoff wavelength for the profile
space curve filter was also 208 feet. This explains the drop in
coherence for wavelengths longer than 200 feet. Some of the
sections processed for relationships between crosslevel and left
minus right profile showed significant notches in coherence at
78, 39 and 9 feet wavelenghts. This situation is tvpical of
system non-linearities. Tt should he mentioned that the 9 feet
wavelength corresponds to the wheel diameters on FRA T-6 car used
to collect the track geometrv data. However, 39 feet wavelength
is tvpically found in the bolted track and 78 feet wavelength is

common in the welded track.

Crosslevel and profile are measured with separate instrumentation
on T-6, Therefore, results described in this paragraph provide
confidence in the measurements and processing technidques used to
develop the relationships between <crosslevel and profile

variations.
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E-3. CROSSLEVEL AND ALIGNMENT
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E-4. CROSSLEVEL AND GAGE, GAGE AND
PROFILE, AND PROFILE AND ALIGNMENT
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APPENDIX F

RMS VARIATIONS OF GAGE AND ALIGNMENT

This appendix gives the rms vériatibns of gage and alignment as a
function of curvature and superelevation. Two methods were used
to evaluate these variations. In the first method, the average
rms values were computed in the body of curves. Results are
presented in Tables F-1 and F-2.

In the second method, a 200-foot moving point window was used to
compute the rms variations continuously as a function of distance
along the track. This processor was useful to separate the
typical and severe variations. Results for typical and severe
cases are given in Tables F-3 through F-10.
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TABLE F-1

GAGE AND ALIGNMENT VARIATIONS FOR CLASS 2 BOLTED TRACK

RMS Value
Curvature | Superelevation E-e* Mean Gage (Inch)
(Degrees) (Inch) (Inch) (Inch) Gage High Rail Low Rail
Alignment Alignment
0.0 0.0 0.0 57.0 0.32 0.52 0.51
0.1 0.0 0.0 57.0 0.33 0.41 0.41
1.7 1.5 0.8 58.0 0.35 0.35 0.35
S 1.7 1.5 0.8 56.0 0.35 0.36 0.36
1.8 2.0 1.3 58.0 0.35 0.39 0.40
1.9 1.5 0.7 58.4 0.42 0.40 0.42
1.9 2.0 1.2 56.0 0.48 0.40 0.40
2.2 2.5 1.6 58.5 0.41 0.39 0.40
2.9 3.0 1.8 55.5 0.65 0.66 0.66
0.41 0.43 0.43

Mean Value

*BE

Measured superelevation

Superelevation for the posted speed
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TABLE F-2
GAGE. AND ALIGNMENT VARIATIONS FOR CLASS 3 BOLTED TRACK
Curvature | Superelevation | E-e Mean Gage RMS Value (Inch)
(Degrees) (Inch) _ (Inch) (Inch) Gage ‘ High Rail Lovy Rail
Alignment Alignment
0.7 0.5 0.5 56.6 0.10 0.25 0.24
1.0 1.0 -0.7 © 56.6 0.13 0.19 0.17
1.0 1.5 0.2 56.7 0.15 0.13 0.16
1.0 1.5 -0.2 56.6 0.16 0.14 0.18
1.0 2.0 0.3 56.8 0.16 0.24 0.24
1.0 2.5 0.8 56.8 0.20 0.29 - 0.20
1.2 1.5 -0.5 56.9 0.22 0.41 0.35
1.8 3.0 0.0 56.9 0.21 - 0.33 0.33
2.0 S 2.0 -0.1 56.7 0.16 0.28 0.26
2.0 2.5 -0.6 57.1 0.15 0.28 0.30
2.1 2.5 -1.0 56.9 0.21 0.26 0.22
3.0 4.0 0.0 56.8 U.16 0.26 0.28
3.7 4.0 -2.1 57.2 0.21 0.26 0.26
3.8 3.5 -1.6 56.8 0.15 0.40 0.40
4.2 5.0 -1.9 57.0 0.29 0.50 0.49
5.0 4.0 -4.3 57.0 U.15 0.40 0.41
5.4 1.5 -0.7 57.0 0.24 0.19 0.26
6.1 3.5 1.0 56.6 0.22. 0.19 0.22
6.8 4.0 1.2 56.6 0.16 0.20 0.19
8.2 5.0 1.6 56.8 0.22 0.52 0.56
9.3 2.5 -0.7 57.0 0.22 0.37 0.39
10.1 4.5 -0.3 56.8 0.22 0.18 0.22
10.5 5.5 1.2 - 57.2 0.24 0.33 0.34
Mean Value _ 0.19 0.29 0.29




TABLE F-3
NOTES FOR TABLES F-4 THROUGH F-10

Note 1: Symbols

g = mean gage (inch)

C = curvature (degrees)

E = measured superelevation (inch)

e = balanced superelevation for specific values of C and V

= 0.00066CV*

V = posted speed (mph)

ag = RMS yalue of gage (inch)

ay = RMS value of low rail alignment (inch)

ah‘= RMS value of high rail alignment (inch)

a, = RMS value of mean alignment (inch)
Note 2

RMS values;were computed using a 200-foot moving point
window,
Note 3

Quotients such as ag/él, ag/ah were averaged independently.

F-4
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AVERAGE RMS VALUES OF TYPICAL GAGE AND ALIGNMENT VARIATIONS FOR CLASS 2 BOLTED TRACK

"TABLE F-4

Curvature | Gage { Crosslevel |E - e 3, a, 3y a ag/az ::1g/::1h ag/::lm agz/ a "+ ap
0.0 56.3 0.0 0.0 0.10§0.20(0.201]0.20 0.75. 0.75 0.75 0.25
0.0 56.2 0.0 0.0 0.15]0.20 0.20 0.20] 0.62 0.62 0.62 0.25
0.0 56.2 0.0 0.0 0.1010.2010.2010.20] 0.75 0.75 0.75 0.25
1.0 56.3 2.0 1.6 0.15/0.40)0.4010.40| 0.50 0.50 0.50 | 0.25.
1.0 56.4 1.5 1.1 0.10}0.25(0.25]0.25] 0.50 0.50 0.50 0.12
1.5 57.0 3.0 2.4 0.1010.35(10.3510.35]| 0.30 0.381.0.30 0.04
2.0 | 56.5 0.0 0.0 0.10 0.3010.30{0.30] 0.88 0.62 0.88 0.20
2.0 56.4 2.0 1.2 0.10 0.30 0.3010.30 0.624 0.50 0.50 0.25
2.0 56.5 2.0 1.2 0.10{0.25]0.301{0.30] 0.62 0.50 0.50 0.20
2.0 57.0 2.0 1.2 | o0.10(0.20]0.20]0.20| 0.75 | 0.75 | 0.75 0.50
3.0 57.0 5.0 3.8 |0.10/0.400.400.40] 0.30 | 0.30 0.30, 0.03
3.0 57.0 4.8 3.6 0.15 0.40 0.40]0.40] 0.50 0.50 0.50 0.25
3.0 56.7 4.0 2.8 0.25.0.30 0.4010.30} 0.75 0.62 0.75 0.25




TABLE F-5 :
AVERAGE RMS VALUES OF TYPICAL GAGE AND ALIGNMENT VARIATIONS FOR CLASS 3 BOLTED TRACK

9-d.

Curvature|Gage|Crosslevel |[E - e 3 ' al ah a ag/ aﬁL élg/élh ag/ am agz/a22+ah2.
$0.0 5.65 0.0 0.0 0.11 | 0.10 | 0.10 [ 0.08 | 1.25 | 1.26 [ 1.70 0.85
0.0 5.65 0.0 0.0 6.10 { 0.09 | 0.11 | 0.09 | 1.00 | 0.75 | 1.00 ~0.35
0.0 56.4 0.0 0.0 0.09 | 0.09 | 0.09 | 0.08 [ 0.88 | 1.00 | 1.10 035
0.0 56.4 0.0 0.0 0.10 | 0.07 | 0.07 ] 0.06 | 1.38 { 1.50 | 1.88 1.00
0.0 56.5 0.0 0.0 0.10 | 0.11 | 0.09 | 0.09 | 0.88 | 1.25 | 1.25 0.50
0.0 56.5 0.0 0.0 0.09 | 0.10 | 0.10 | 0.10 | 0.88 | 0.75 | 0.80 0.25
0.0 56.3 0.0 0.0 0.10 | 0.10 | 0.12 | 0.09 | 0.88 | 1.38 | 1.25 0.55
0.0 56.3 0.0 0.0 0.10 | 0.09 | 0.08 | 0.07 | 1.25 | 1.55 | 1.60 0.88
0.0 56.3 0.0 0.0 0.11 0.10 0.12 0.11 1.00 0.75 1.00 -0.50
0.0 56.5 0.0 0.0 0.11 | 0.12 | 0.15 | 0.12 | 0.80 | 0.75 | 0.85 0.25
0.0 56.4 0.0 0.0 0.07 | 0.09 | 0.09 | 0.09 | 0.80 | 0.75 | 0.80 0.30
0.0 {56.5 0.0 0.0 0.09 | 0.15 | 0.11 | 0.12 | 0.50 | 0.63 | 0.63 0.13
0.0 56. 4 0.0 0.0 0.10 | 0.09 { 0.10 | 0.08 | 1.25 | 0.88 | 1.25 0.50
0.0 56.4 0.0 0.0 0.10 | 0.13 | 0.13 | 0.13 | 0.75 | 0.75 | 0.75 0.25
0.0 |56.3 0.0 0.0 | o0.10 [ 0.15 | 0.13 [ 0.13 [ 0.63 | 0.75 | 0.75 0.25
0.0 56.3 0.0 0.0 0.09 { 0.13 | 0.17 | 0.13 | 0.55 { 0.50 | 0.50 0.12
0.0 56.3 0.0 0.0 0.09 | 0.10 | 0.08 [ 0.09 | 0.77 | 1.38 | 1.25 0.50
0.0 56.3 0.0 0.0 0.10 | 0.10 | 0.10 { 0.09 | 1.00 | 1.00 | 1.12 0.50
0.0 56.4 0.0 0.0 0.10 | 0.09 | 0.09 | 0.09 | 1.13 | 1.13 | 1.13 0.60
0.0 56.2 0.0 0.0 0.10 | 0,11 | 0.11 } 0.10 | 0.88 | 0.88 | 0.10 0.30
0.0 56.2 0.0 0.0 0.11 | 0.10 | 0.10 [ 0.09 | 1.38 | 1.13 | 1.63 0.75
0.0 56.2 0.0 0.0 0.10 | 0.11 | 0.12 | 0.12 { 0.77 | 0.63 | 0.75 0.25
0.0 56.4 0.0 0.0 0.15 | 0.07 | 0.20 | 0.12 | 2.13| 0.75 [ 1.25 0.50




TABLE F-5 (CONT)
AVERAGE RMS VALUES OF TYPICAL GAGE AND ALIGNMENT VARIATIONS FOR CLASS 3 BOLTED TRACK

il =g

Curvature|Gage|Crosslevel |E - e -ag aﬂ ah a ag/ag ag/ah ag/am agz/agzﬂ‘ah
0.0 56.4 0.0 0.0 0.09 0.10 | 0.11 | 0.10 | 0.88 | 0.75 | 0.88 0.20
0.0 56.4 0.0 0.0 0.10 | 0.10 | 0.10 | 0.09 | 1.00 | 1.00 | 1.10 0.52
0.0 56.4 0.0 0.0 0.15 | 0.12 [ 0.09 | 0.10 | 1.13 | 1.75 | 1.75 0.88
0.8 56.4 0.5 -0.7 0.10 | 0.10 | 0,09 [ 0.09 | 0.88 | 1.20 | 1.20 0.50
1.5 56.4 1.1 -1.4 0.09 | 0.17 [ 0.17 | 0.17 | 0.63 | 0.63 | 0.63 0.20
1.7 56.3 - 1.3 -1.5 0.11 | 0.10 [ 0.09 | 0.08 | 1.25 | 1.38 | 1.75 0.75
2.0 57.5 2.5 -0.8 0.12 | 0.10 [ 0.1z | 0.10 | 1.25 | 1.00 | 1.25 0.70
2.0 56.4 1.8 -1.6 0.12 | 0.10 | 0.08 | 0.08 [ 1.38 | 1.75 | 2.25 1.15
2.0 56.3 1.5 -1.8 0.12 [.0.20 | 0.25 [ 0.20 | 0.63 | 0.72 | 0.75 0.22
2.0 56.3 1.0 -2.3 0.12 0.20 | 0,25 | 0.25 [ 0.63 | 0.50 | 0.63 0.13
2.0 56.5 3.0 -0.3 0.09 | 0.12 f 0,22 | 0.11 | 0.63 | 0.63 | 0.63 0.22
2.5 57.3 2.5 -0.1 0.12 | 0.20 | 0.12 | 0.15 | 0.73 | 1.00 | 1.00" 0.30
2.5 57.3 2.0 -2.13 | 0.12 |} 0.17 | 0.21 | 0.20 | 0.75 | 0.63 | 0.75 0.25
3.0 57.4 4.5 -0.5 0.11 | 0.25 | 0.25 | 0.25 | 0.50 | 0.50 [ 0.50 0.10
3.0 57.3 3.8 -1.2 0.12 | 0.25 [ 0.25 | 0.25 | 0.50 | 0.50 | 0.50 0.13
3.5 57.5 3.5 -0.2 0.15 | 0.13 [ 0,13 [ 0.11 [ 1.00 | 1.00 | 1.25 0.50
3.5 57.5 3.8 0.1 0.15 | 0.15 { o.15 | 0.15 | 0.75 | 0.90 | 0.90 0.30
3.5 56.5 4.0 -1.8 0.17 | 0.20 { 0.20 { 0.20 [ 0.88 | 0.88 | 1.00 0.35
3.5 57.3 6.5 0.7 0.11 | 0.22Z [ 0.20- | 0.21 | 0.50 | 0.50 | 0.50 0.13
3.5 57.4 3.8 -2.0 0.12 | 0.25 { o0.25 | 0.25 | 0.50 | 0.50 | 0.50 0.12
3.5 57.4 4.0 -1.8 0.11 | 0.15 } 0,15 | 0.15 [ 0.75 | 0.75 [ 0.75 0.25
4.5 57.7{ 4.3 -0.5 0.25 | 0.20 [ 0,20 | 0.20 | 1.27 | 1.23 | 1.38 0.88
5.5 57.8 5.0 -0.8 0.20 { 0.21 | 0,20 | 0.20 | 1.00 | 1.13 | 1.13" 0.50




TABLE F-6 |
AVERAGE RMS VALUES OF TYPICAL GAGE AND ALIGNMENT VARIATIONS FOR CLASS 3 WELDED TRACK

18=d

Curvature|Gage|CrosslevellE - e | 23 | & | & | an [3/3 ag/ah 3/ 4 agz/a22+ah2
0.0 56.4 0.0 0.0 0.12 | o0.10 | 0.10 | 0.10 | 1.25 | 1.13 | 1.50 0.75
0.0 56.3 0.0 0.0 0.09| 0.09 [ 0.08 | 0.08 [ 0.88 | 1.00 | 1.00 0.50
0.0 56.3 0.0 0.0 0.12| o0.18 | 0.13 | 0.13 | 0.75 | 1.00 | 0.88 0.25
0.0 56.3 0.0 0.0 0.15| 0.10 | 0.09 | 0.09 | 1.38 | 1.75 | 2.25 1.13
0.0 56.3 0.0 0.0 0.09| 0.18 | 0.13 | 0.15 | 0.50 | 0.50 | 0.50 0.13
0.0 56.5 0.0 0.0 0.09| 0.09 | 0.08 { 0.08 | 1,00 | 1.00 | 1.13 0.50
0.0 56.3 0.0 0.0 0.08] 0.10 [ 0.10 | 0.10 | 0.64 | 9.75| 0.75 0.25
0.0 56.2 0.0 0.0 0.13| o0.11 | 0.09 [ 0.09 | 1.10 | 1.75| 1.50 0.30
.0.0 56.3 0.0 0.0 0.10{ 0.11 | 0.10 | 0.10 | 0.63 | 1.00 | 1.00 0.50
0.0 56.4 0.0 0.0 0.10| 0.09 | 0.09 | 0.08 | 1.25 | 1.38 | 1.75 0.88
0.0 56.3 0.0 0.0 0.12| o0.10 { 0.12 | 0.10 | 1.25 | 1.00{ 1.20 T 0.50
0.0 56.4 0.0 0.0 0.10| o0.10 | 0.10-| 0.09 [ 1.00 | 1.00| 1.13 0.50
0.0 56.3 0.0 0.0 0.10| o0.18 | 0.13 | 0.12 | 0.65| 0.88 | 0.75 0.25
0.8 56.3 0.5 -0.7 0.12| o0.13{ 0.12}| 0.12 | 0.88 | 1.00| 1.00 0.50
1.0 56.3 0.1 -1.6 0.12| o0.11| 0.10} 0.10 | 0.88 | 1.13| 1.38 0.75
1.0 56.6 0.1 -1.6 0.11] o0.13]| 0.15 | 0.15 | 0.75| 0.72| 0.75 0.25
1.3 |56.3 0.5 |-1.6 | 0.12] o0.15| 0.12 | 0.12 | 0.70| 1.00| 1.00|  0.30
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TABLE F-6 (CONT)

. AVERAGE RMS VALUES OF TYPICAL GAGE AND ALIGNMENT VARTATIONS FOR CLASS 3 WELDED TRACK

2 2
Curvature|Gage|Crosslevel|E - e g Q. Y Ay ag/ a, ag/ ?‘h_ ag/ % /8 +ah

173 [56.3 0.5 |-1.6 | 0.10]| o0.11| 0.12] 0.11 | 0.63| 1.00| 1.00 0.50 |
1.6 56.5 1.3 -1.3 0.15y 0.13 | 0.15 | 0.13 {-1.25| 1.10| 1.25 0.70
2.3 56.3 2.0 -1.7 0.10f ©0.20| 0.25| 0.22 | 0.63| 0.50 0.50 0.13
2.3 56.6 1.3 01.2 0.07| 0.12| 0.10 | 0.12 | o0.50| 0.50] 0.50 0.13
2.5 [s6.3] " 3.0 [-1.1 [ o.10] o0.10] 0.12 | 0.10 | 1.13| 0.53] 1.00 0.50
3.0 56. 4 3.5 -1.5 0.17( 0.17| 0.12 | 0.11 | 1.00| 1.25| 1.38 0.63
3.8 56.5 2.5 -1.5 |.0.09] o0.20{ o0.20| 0.20| o0.50| 0.50] 0.50 0.13
4.0 56.7 4.0 -0.22| 0.10{ 0.15] ©0.15| 0.15| 0.75] 0.63] 0.75 0.25
5.0 56.5 3.8 -1.5 0.12] o0.22| 0.15 | 0.15 | 0.63] 0.75] 0.75 0.25
5.0 56.7 3.8 -1.5 0.10f o0.15| o0.15 | 0.15 | 0.58 | 0.58] 0.58 0.13




TABLE F-7

AVERAGE RMS VALUES OF GAGE AND ALIGNMENT VARIATIONS
FOR CLASS 2 AND 3 BOLTED TRACK (LARGE/SMALL)

. - 2,2, .2 .
Curvature|Gage|Crosslevel |E - e a.g a, 3. & ag/ag ag/ah ag/gm ég /aQ -ra.h Remarks
2.5 56.3 2.5 -0.3 {0.15 0.10 0.1510.12) 1.25{ 0.88| 1.25 0.38 Typical
5.4 56.4 1.5 -0.7 |0.2010.35]0.20}0.25] 0.63] 1.00| 0.75 0.25 _ Typical
6.0 56.4 3.0 0.5 }0.2210.250.25]0.25] 0.75} 0.75] 0.75 0.25 Typical
6.8 56.3 4.0 1.2 {0.1010.25]0.25{0.25| 0.50§ 0.50( 0.50 0.12 Typical
8.0 56.5 4.5 1.2 |0.12]0.20(0.25/0.20] 0.75| 0.50| 0.63 0.25 Typical
8.2 56.3 5.0 1.6 ]0.20(0.7010.60{0.65} 0.25| 0.25) 0.25| . 0.02 Left and Right
. With Series of
i
1 Cusps
= |
8.3 |56.5 4.5 1.1 10.10{0.80/0.80{0.80| 0.22] 0.22] 0.22 0.01 .Jog in Left and
' Right Alignment
9.3 " [56.3] 2.8 -1.1 {0.25}0.301{0.25{0.25| 0.80; 0.85| 0.92 0.38 Gage, Left and
Alignment With
, Series of Cusps
10.1 56.5 4.5 0.3 |0.20{0.20{0.15{0.20] 1.00] 1.38]| 1.25 0.38 Typical
10.5 57.6 4,8 0.4 |o.20{0.50l0.50{0.50{ 0.33| 0.33| 0.33 0.05 Cusp in Left and
‘ . Right Alignment
11.0 57.3 5.0 0.5 |]0.20{0.20/0.20{0.20f 1.00| 1.00¢ 1.00 0.50 Typical




11-4

TABLE F-8

AVERAGE RMS VALUES OF ISOLATED GAGE AND
* ~ALIGNMENT VARIATIONS FOR CLASS 2 BOLTED TRACK

. | 2, 2. .2
- : . 3 /a |a a_ . :
Curvature |Gage|Crosslevel |E e ag % ah' am é%/al_ag/ h g/a.m ag /al + h Remarks

0.0 56.3 0.0 0. 0.10{0.50(0.50({0.50| 0.25| 0.25( 0.25 0.02 Bump in Alignment
0.0 5?62' 0.0 0. 0.40(0.4010.30{0.30| 1.00] 1.50] 1.25 0.64 Bﬁmp in Gage

57.6. | |
0.0 56.2 0.0 0. 0.10(0.70(0.60/0.65| 0.25} 0.25| 0.25 0.01 Jog in Alignment
0.0 56.2 0.0 0. 0.10{0.800.80/0.80| 0.25} 0.25| 0.25 0.01 Bump in’Alignment
0.0 56.4 0.0. 0. 0.10{0.80]0.80{0.80| 0.25| 0.25| 0.25 0.01 Jog in Alignmént
0.0 5267 0.0 0. 0.30/0.80/0.80{0.80| 0.38( 0.50| 0.50 0.07 Spiral Exit

57.0 .
0.0 55;9 0.0 0. 0,30/1.40/1.40|1.40| 0.25| 0.25| 0.25 0.02 Cusp in Alignment

56.7 |
0.0 56.5 0.0 0. 1.50{1.50(1.50{1.50| 0.15| 0.15| 0.15 0.01  |Severe Alignment

~ : Variation

1.5 57.0 3.0 2. 0.10|0.80/0.80{0.80| 0.25| 0.25| 0.25 ;0.01 Spiral
2.0 57.7 2.0 1. 0.30({0.30(0.30/0.30| 1.00| 0.75{ 1.00 0.50 Cusp in Gage
2.0 56.2 3.5 2. 0.20/1.20(1.30/1.20| 0.20]| 0.20| 0.20 0.01  |Spiral
3.5 56.7 3.5 2.1 [0.30[1.60|1.60[1.60] 0.20] 0.20{ 0.20 0.02 Jog in Alignment
4.0 57.4 5.0 3. 0.20{1.20(1.20{1.20{ 0.20]| 0.20| 0.20 0.01 Bump in Alignment




TABLE F-9

AVERAGE RMS VALUES 'OF 1SOLATED GAGE AND ALIGNMENT

VARIATIONS FOR CLASS 3 BOLTED TRACK

¢T-d

‘ 2 2 2
Curvature |Gage |Crosslevel E:— e ag an ah gm ag/al ag/ah ag/ém'ag /a2 +ah Remarks
0.0 56.3 0.0 0.0 |0.1010.25|0.30)0.28] 0.50] 0.38| 0.38 0.05 Jog in Left and
' : Right Alignment
0.0 56.0 0.0 0.0 [0.20)0.25(0.300.28] 0.75| 0.50| 0.75 0.30 Bump in Left
' Alignment
0.0 56.3 0.0 0.0 ]0.10{0.25|0.30{0.28{ 0.50| 0.50 0.50 0.13 Jog in Left and
- {Right Alignment.
0.0 56.3 0.0 0.0.]0.1510.20(0.35(0.30} 0.75| 0.50] 0.63 0.13 Bump in Left ‘and
' Right Alignment
0.0 56.3 0.0 0.0 {0.10]0.25{0.30)0.27| 0.50{ 0.50| 0.50 0.13 Bump in Left and
Right Alignment
0.0 56.4 0.0 0.0 0.15 0.30(0.3210.32] 0.50] 0.50| 0.50 0.13 ° |Jog in Left and
Right Alignment
0.0 56.3 0.0 0.0 10.10)0.20}0.25{0.22] 0.50] 0.50] 0.50 0.13 Jog in Left and
K Right Alignment
0.0 56.1 0.0 0.0 [0.20(0.40]0.500.45]| 0.50| 0.50| 0.50 0.13 Two Jogs in
- Left 'and Right
Alignment
15 56.4 1.1 -1.4 10.15(0.32{0.32]0.32] 0.50] 0.50| 0.50 0.13 Spiral Exit
2.0 56.5 2.5 -0.8 10.1010.45(0.40(0.45] 0.25] 0.25] 0.25 0.02 Spiral Entry
2.0 56.5 1.5 -1.8 10.20{0.30(0.35(0.30]| 0.63] 0.50( 0.63 0.13 Spiral Exit
2.0 56.5 1.5 -1.8 {0.20(0.35{0.40{0.35] 0.50| 0.50] 0.50 0.13 Spiral Exit
a3 o [ ' L 4 L




TABLE F-9 (CONT)

AVERAGE RMS VALUES OF ISOLATED GAGE AND ALIGNMENT
VARIATIONS FOR CLASS 3 BOLTED TRACK

2 2 2
Curvature|Gage |Crosslevel|E e ay a, 3, ay ag/az ag/ah ag/al,m a.g /aR ta Remarks
2.0 56.5 2.0 -1.3 10.10{0.3510.35]0.35} 0.63] 0.63) 0.63 0.25 Spiral Entry
2.0 56.6 3.0 -0.3 {0.10]0.3510.35]/0.35| 0.38 0.38| 0.38 0.05 Spiral Exit
2.0 57.3 3.8 0.5 |0.12]0.500.50]/0.50] 0.38] 0.38] 0.38 0.05 Bumps
2.5 57.4 2.5 0.1 10.20{0.25/0.30{0.28) 0.63 0.50 0.63 0.13 Spiral Exit
2.5 56.7 2.0 -2.1 10.15(0.35]0.35}0.35] 0.50}] 0.50] 0.50 0.05 Spiral Entry
2.8 56.7 2.3 -2.3 (0.10(0.4010.45|0.45| 0.25| 0.25| 0.25 0.01 Bump in Left and
- " ' Right Alignment
"y .
= 3.0 57.5 3.0 -2.0 |0.20{0.40{0.3510.35| 0.50} 0.50 0.50{ 0.05 Bump in Left
w - : Alignment, Cusp in
Right Alignment
3.0 56.3 3.8 -1.2 {0.25]0.40]0.52]0.45| 0.63| 0.50| 0.50 0.13 Jog in Left and
Right Alignment .
3.5 57.5 5.5 -0.3 |0.12]0.50]0.50]0.50f 0.25] 0.25¢ 0.25 0.01 Series of Bumps
in Left and
Right Alignment
3.5 57.4 3.8 -2.0 {0.15|0.401]0.35]0.35] 0.30) 0.50]| 0.35 0.02 Spiral Entry
3.8 57.5 4.3 -1.9 {0.20]0.3510.3540.35} 0.10{ 0.10{ 0.10 0.38 Gage With Series
of Cusps




TABLE F-9 (CONT)

AVERAGE RMS VALUES OF ISOLATED GAGE AND ALIGNMENT
VARIATIONS FOR CLASS 3 BOLTED TRACK '

Curvature|Gage|Crosslevel|E - e’ ég‘ ‘3321 ah (am‘ ag/agi srg'/":ah ag/. a agz/ a£2+a 2 Remarks

0.40]0.40]0.40| 0.30| 0.30| 0.30 0.10 |Spiral Entry

1
0
4.5 57.4 4.3 -0.5 ogzq,gqsa_qﬁﬁ¢,o.65f“q.zs 0.25| 0.25 0.05 Spiral Exit

o o %) ‘ i [

5.0 57.7 4.0 -1.3 |0:25[0.50{0.50({0.50] 0.38] 0.38| 0.38 0.05 Cusp in Left

IR A RN EEE M Alignment, Dip
d e ‘ § ' in Right
1 R RV Alignment, Gage
A R D R With Cusps

58.0 3.8 |-1.53[0.35]0.20/0.30{0.20] 2.00| 1.25| 2.00 1.25  |Abnormal Gage

yT-d
(¥ 4]
o

5.5 56.6 5.0 -0.8 0;10&0.45%9;45fg;4§' 0.25( 0.25] 0.25 0.01 Spiral Exit

A Bt i AL
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| L |
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j _ i
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TABLE F-10
AVERAGE RMS VALUES OF 1SOLATED GAGE AND
ALIGNMENT VARIATIONS FOR CLASS 3 WELDED TRACK
: | - 2, 2., 2
- :  /a la
Curvature|Gage|Crosslevel|E - e ﬁl-g a, a am, 3&/ v g/ah ag/am ag /2, +ah .Remarks
0.0 56.5 0.0 0.0 [0.10{0.40]0.40}0.40] 0.25] 0.25] 0.25 0.01 Jog in Left and
‘ Right Alignment
0.0 56.0 0.0 0.0 0.12]0.20}0.15/0.20] 0.38 1.00] 0.75 0.25 Bump in Right
: - ‘ Alignment
0.8 56.4 0.5 -0.7 {o0.10{0.20}0.20{0.20] 0.25] 0.25| 0.25 0.01 Bump in Left and
- - Right Alignment
1.0 56.1 0.1 -1.6 o;xogoggd‘qggo 0.30} ofz7§"0.25 0.25 0.05 Spiral Entry
EF HESRS N R il R ! \-‘: K
1.6 56.2 1.3 -1.3 oﬂzpﬁoggofogsgwﬁlso_ 0.50|/70.40| 0.50 | 0.10 Jog in Left and
sf}f;?wfvghﬂl\iw 'w? A Right Alignment
2.0 56.0 1.3 -2.1 {0.15/0.45/0.45{0.45} 0.25(: 0.30| 0.30 0.05 Jog in Left and
§ ; ; ' | - Right Alignment
— ‘ —+F :
2.3 56. 2 2.0 -1.7 |0.10/0.35 (0.3 ;qtapf 1.00 £1.00| 1.25 0.05 Spiral Entry
[ F A RS R LT I L (I P R [N s D
2.3 |56.2 2.0 |-1.7 |0.10{'0:30f0.2500.30| 0.30]! 0.30 0.30 0.05 |Spiral Exit
A EEPRANS 'S SRR (L -
2.3 56.5 1.3 -1.2 | 0:10[0.40['0:35(0.40f 0.25[° 0,25 0.25 0,01 Spiral Entry
18 RS S P S T - ‘. . N S
2.5 56.5 3.0 1.1 0:10io;35*0;35§o,35§ 0.35{; 0.35{ 0.35 0.05 Spiral Exit
2.5 |s6.4 3.0 |-1.1 9'10%0‘35z0'35§0'35§ 0.27|10.27( 0.27 0.05 |Spiral Exit
3.0 |56.5 3.0 |-2.0]0.15/0.35[/0.30[0.30] 0.38] 0.50] 0.38 0.10 |Bump in Left and
Right Alignment




TABLE F-10 (CONT)

AVERAGE RMS VALUES OF ISOLATED GAGE AND
~ALTGNMENT VARTATIONS FOR CLASS 3 WELDED TRACK

91-4d

- _ -, 2 2 2 _
Curvature Gagé Crosslevel |E - e 3 | ag. qﬁ a ag/ag %/ah ag/am_ag /a ¢ “+ap Remarks
3.0 56.5 3.5 -1.5 (0.10]0.30{0.30]0.30] 0.32 ] 0.32] 0.32 0.05 Bﬁmp in Left and
_ Right Alignment
3.0 56.3 3.0 -1.1 lo.10]0.35]0.35]/0.35] 0.27] 0.27] 0.27 0.05 Spiral Exit
3.8 57.3 2.5 -1.5 }0,20(0.70]0.70}0.70] 0.25 0.25| 0.25 0.02 Jog in Left and
Right Alignment
3.8 57.2 2.5 -1.5 [0.10]0.80/0.80]0.80} 0.25] 0.30| 0.23 0.02 Bump in Left
- : : |Alignment
4.0 56.71 4.0 -0.2 {0.15(0.40/0.40{0.40 0.30. 0.30| 0.30 0.02 Spiral Entry
4.0 56.5 4.0 -0.2 {0.08}0.3510.40}0.35f 0.25] 0.25| 0.25 0.01 Spiral Exit; Bump
' in Left and
, Right Alignment
5.0 56.6 3.8 -1.5 0.30>0.35 .45 0.40,.0.75 0.72] 0.75 0.25 Spiral Entry
6.0 57.5 3.5 -2.8 (0.10{1.00(|1.00(1.00( 0.13| 0.13} 0.13 0.01 Jog in Left and
Right Alignment
6.5 57.2 3.5 -3.4 10.20]1.00)1.00{1.00} 0.22) 0.22| 0.22 0.01 Jog in' Left and
‘ Right Alignment
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