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1. INTRODUCTION

This report describes a unique track survey device
developed by General Applied Science Laboratories, Inc. (GASL),
for the Federal Railroad Administration (FRA) under Cbntract
DOT-FR-1016, to be used to survey the FRA Linear Induction
Motor Test Track in Pueblo, Colorado.

Conventional track survey technigues were not applicable
due to the extreme accuracy requirements. In addition, the
presence of the LIM reaction rail requires specially designed
vehicles. To satisfy these unique.reqhiréments,lGASL
developed an approach which had both a high degree of sophist-
“ication in the sensor-design as well.as in overall design of
the survey device.

The GASL track survey device makes use of optical as well
as electromechanical techniques to perform the desired measure-
ments. The survey device is mounted on two independent
vehicles which ride the support rails. Included in one of
the vehicles is a data acquisition system which stores the
measured information on magnetic tape. This stored informa-
tion is subsequently processed to provide the desired track
geometry information. ' '

A detailed discussion of the GASL approach is presented
in Section 2. Section 3 describes the various éomponents of
the survey device. Then, Section 4 déscribes the two vehicles
which make up the survey device and, finally, Section 5 pre-
sents the calibration, validation, and demonstration of the
track survey device and some results from the initial survey
of the LIM track.



2. TECHNICAL APPROACH TO THE PROBLEM

2.1 Description of LIM Test Track and
Measuring Requirements

The Track Geometry Survey Device (TGSD) described in this
report is designed to survey the experimental test track for
the Linear Induction Motor (LIM) propelled vehicle at the DOT
Test Center at Pueblo, Colorado.

Basically, the test track is of conventional railroad con-
struction. However, the quality of the track will be very
carefully controlled and consequently requires a precision on
the measurement of the pertinent track parameters far in excess
of that which is required for conventional track. A third rail
is fastened to the ties along the center line of the track,

This third rail is the aluminum reaction rail for the linear
induction motor. The test track which is presently 6.2 miles
long is approximately half tangent and half curved. The radius
of the curved portion is two and a half miles.

. The range and tolerances required for the track measure-
ments are presented in Table I. A cross section of the experi-
mental LIM track is shown in Figure 2-1. Figure 2-2 is a cross
section of the support rail which is the conventional 119
CF&I section. This rail is mounted on a shim-rail anchor-tie
plate with an inward cant whose slope is 1 in 40, Figure 2-3
shows a cross section of the type C LIM reaction rail and its
tie plate,

The Track Geometry Survey Device developed at GASL is an
absolute measuring system designed to determine the following
LIM track parameters:

Profile

Alignment

Cross Level

Gage

LIM Reaction Rail Position
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Figure 2-~1. Cross Section of the LIM Test Track
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TABLE 1-1

Measured

Parameter Tolerance Range

Profile (for each rail) + 1/64 in. + 2 in. + x
Alignment (for each rail) + 1/64 in. + 2 in. + vy
Cross-Level (and superelevation) + 1/32 in. + 10 in.

Gage (support rail) + 1/32 in. 55% to 57 % in.
Gage (reaction rail) + 1/32 in. 26 to 30 in.
Distance Measurement 1%

where x is the offset resulting from vertical curvature

y is the midchord offset



These quantities, together with the selection of the
reference system and the measuring technique will be discussed
in the following section.

205 Definition of the Reference System
and Measurements

The TGSD was designed to measure the track parameters
specified in the previous section. These measurements are to
be performed using the following defintion of the reference
system. ) : :

(1) Absolute reference points are selected along the track
by means of bench markers B_ whose known coordinates are Xnr Yme
" Zn, as shown in Figure 2-4. - . '

(2) A reference line Py, P% , is established by means of
a ldser beam oriented along the track.

(3) One of the two rails Ry is defined as the master rail,
and the rail Ry is called the secondary rail. R; is chosen-as
the inner rail of the LIM test track.

.(4) At each position along the track a plane surface A
is defined which is perpendicular to the master rail. This
plane will contain the measuring sensors mounted on a special
frame.

-(5) An orthogonal system of reference x, y, 2, is
selected in a sensor's frame with the axis X perpendicular to
the plane A and the axis y parallel to a straight line which
connects the top centers of the two rails, Rj, Ryp. Thus, the
axis x is tangent to the master rail at the position of the
plane A,

(6) An angle g is defined in the plane A as the angle
between the axis y and the intersection between A and a hori-
zontal plane.

(7) The initial setting of the measuring procedure is
obtained by locating the surface A at a position along the track

which contains the point Xme Yy Zpe of a bench marker.
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(8) In the frame of .reference x, y, z, the measurements
are made of the coordinates of the bench marker and of the point
153 which is defined by the intersection of the laser reference
line with the plaQe surface A. ,

(9) 1In the cross section of the track in the plane A,
each rail is identified by two points: the gage point Pg and
the top point P{, as shown in Figure 2-5. The gage point is
located on the inner side of the rail at 5/8 in. below the
axis V.

(10) 1In the plane A the position of the LIM reaction rail
is identified by two gage points, Py, P2, at two. positions along
the axis. P; is located on the axis y and P, above the axis y
at z = 12 in.

 (11) ° As the sensor frame is moved along the tfack,nthe

following quantities are measured as a function of the frame
position: ‘

g gage between master rail and secondary
rail measured along the axis y

g.., g gages between master rail and LIM
1 2 . .
reaction rail measured at Py, P, aleng P
the axis y

g Cross level

Y, coordinate of P, along the axis y
relative to the gage point master rail

z coordinate of P, along the axis z
relative to the top of the master rais#
relative to P,

(12) As the sensor frame moves along the track, the two
coordinates yf, z, , and the cross level § determine the points
of a curve which defines the profile and alignment of the track.

The measuring phase, in the particular section of track
under survey, proceeds by moving the measuring frame towards the

laser beam source until reaching a separation distance of
&
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approximately 15 to 20 feet. This separation distance is
considered adequate to eliminate interaction of the laser
source due to the presence of the measuring frame and its
carrier. This minimum separation distance, which has been
estimated by GASL for an assumed track design, could pro-
bably be reduced depending on the actual elastic modulus
of the rail and roadbed configuration (see Appendix I).

2.3 Principle of Operation of
the Survey Device

To perform the measurement of the required track para-
meters according to the concept outlined in the previous
section, the design of the Track Geometry Survey Device was
undertaken using the following approach:

(1) Bench markers are periodically deployed
in the ground along the track at a pre-
scribed distance from the master rail
(inner rail).

(2) A laser beam is used to provide the refer-
ence line basically oriented along the track
itself, and the laser beam is generated by
a laser transmitter located at a given
position on the track.

(3) All of the sensors are.mounted on a frame
which is positioned in the plane surface A
defined in Section 2.2.

(4) Sensors consisting of one optical sensor
which measures the intersection of the
laser beam with plane A and a series of
electromechanical sensors which measure
all of the other parameters defined in the
previous section.

(5) The measurement of the track parameters in
a position of the track between two bench
markers, B , B +17 proceeds in the following
m m s
way: ,

11



(a)

(b)

(c)

(d)

(e)

The laser transmitter is positioned
a short distance beyond the bench
marker B The laser is oriented
roughly dIong the position of the
track under measurement.

The frame containing all of the sensors
(measuring frame) is positioned along
the track in plane A which contains

the bench marker Bm.z

At this position, the location of the
intersection of the laser beam with
plane A is measured in addition to
the bench marker position and all of
the other parameters.

Upon completion of the measurement at

the position of bench marker B, the
measuring frame is moved along the tracks
towards bench marker B ;) by a predetermined
distance. This distance is of the order of
one foot. At this new position all of the
measurements are repeated except the bench
marker reading.

The measurements are repeated at intervals
of the order of one foot up to the final
position of the measuring frame correspond-
ing to the position of plane A which
contains the bench marker Bm+le

At the final position the coordinates of
the laser beam as well as the coordinates
of the bench marker and the other track
parameters are measured.

Upon completion of the measurement on the

position of the track between bench markers
Bp and B_,) the laser transmitter is moved
beyond the position of the bench marker Bm+2
so as to generate a new reference line over
a position of track between the bench marker
Bm+l and Bm+2 and the measurement procedure

is repeated.

12



(h) The output of the electromechanical
sensors mounted on the measuring frame
provides the local values of the track
parameters defined in the previous
section. As the measuring frame is
moved along the track, the output of the
optical sensor prov1des the alignment and
profile.

The above described procedure of the track measurement can
be classified as an absolute measurement technique in the sense
that all of the track perameters are referred to the fixed bench
markers whose positions have been previously determined.

A second measuring procedure may be followed without the
use of bench markers wherever the position of the track is not
required with respect to the ground. This second procedure
still makes use of the reference line generated by the laser
transmitter positioned at discrete intervals along the track;
however, instead of determining the position of each reference
line with respect to the bench marker the relative positions of
the reference lines corresponding to adjacent sections of track
are determined by means of the same sensors mounted on the
measuring frame, It is apparent that to establish the- relative
position of two adjacent reference lines an overlapping of the
measurements is required.

Finally, if profile and alignment are not required, the
laser reference line can be eliminated and the system of electro-
mechanical sensors can be used to measure the cross sectional
properties, gage, and LIM reaction rail position.

In conclusion, the basic concept of the design of the TGSD
permits the follow1ng three modes of operation:

Mode I Absolute track measurement system.
Mode II = Relative track measurement system.

Mode III Track cross-sectional properties.

13
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2.4 System Components

The schematic of TGSD is shown in Figure 2-6. The system
consists of two vehicles, V3 and V5. V3, which is manualiy

operated, supports the laser transmitter and its power supply,

and will be referred to as the Laser Support Vehicle (LSV).
The other vehicle, V,, referred to as the transfer vehicle (TV),
contains the following major components:

(l) measuring frame -

(2) odometer

(3) data acquisition. system
(4) control panel

(5) electrical power plant
(6) propulsion plant

Vehicle v, is a self propelled four wheeled vehicle, having
a total weight of 26,300 lbs which simulates the track load of
each truck of the LIM Test Vehicle. .

The measuring frame F shown in Figure 2-6 is attached to the
transfer vehicle by means of a special linkage which makes it
possible to maintain the frame perpendicular to the master rail
as the measuring frame moves along the track. The measuring
frame is shown schematically in Figure 2-7. The frame structure,
an inverted U-shape, rides on the two support rails by means of
rollers Rl and Ry. The two rollers are conical with 1 in 40
conicity to insure that the contact between the rollers and rails
are established at the rail head of the two support rails.

W1 and Wé are the two gage wheels which rotate about
inclined axes to maintain contact with the support rails at the
gage point. The angle of inclination of the axes of rotation
of the two wheels W; and W, was selected to minimize the effect
of any angular misalignment of the plane of the frame with
respect to the master rail. The gage wheel W, which rides against
the secondary rail is hydraulically loaded. With this arrangement
the position of the measuring frame is uniquely defined with

14
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Schematic of the Track Geometry Survey Device



91

Figure 2-7.

Schematic of the Measuring Frame




respect to the track. The distance between W, and W, provides
the measurement of the gage.

Attached to the measuring frame is a lateral arm with
two mechanical sensors which measure the position of the wayside
bench marker in the frame of reference x, y, z, of the measur-
ing frame,

The two mechanical sensors which measure the position of
the LIM reaction rail are shown in Figure 2-7 at the two points
reviously defined (see Figure 2-5).

The cross level is measured by means of an electronic level
also shown schematically in Figure 2-7,

The position of the point of intersection of the laser beam
with the measuring frame (plane A defined in Section 2.2) is
performed by means of a photodetector which automatically follows
the laser beam along the two coordinates y and z. The. photo-
detector system, which will be referred to as the laser tracker,
is mounted in a chassis on top of the measuring frame. As the
measuring frame moves along the track, the change of the two
coordinates y and z of the photodetector provide the data which
define both alignment and profile of the support rails.

Finally, the measuring frame holds a tie counter which is
triggered by the nuts of the bolts holding the rails to the ties
shown in Figure 2-2,

Odometer: The front wheel of the transfer vehicle which
is unpowered and without brakes and rides the master rail contains
an odometer with a 44 pulse per revolution encoder. This trans-
fer vehicle odometer wheel has been accurately machined to a
diameter so that the distance between the two pulses of the en-
coder corresponds to one inch of travel along the master rail.

Data Acquisition System: The DAS collects the output from
the sensors and stores them in a digital form on magnetic tape.
The schematic of the DAS is shown in Figure 2-8. The system
accepts a total of 22 input signals consisting of eight analog
signals generated by:

17



Gage —e=t
LIM gage (top) —w Analog
LIM gage(bottom) =™ )
g g'-rracker v —siMultiplexer
Tracker z —a
Cross level =
Bench marker z -
Bench marker y =
Addrefs

Lines

Analog to
Digital

Converter

D

ConyVert Sérial
Conﬁrol

t

Sequence Control and Logic

Manual record —-4

Odometer Input (in.)led 24 Decades
counter

Tie Counter Input - 3 Decades
counter

Manual } 12 Decades
’ switch

l —

Display Display
inches ties

Display
analog

C&nlrol

R?czrder ‘

Magnetic

Recorder

Figure 2-8. Data Acquisition System Schematic
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1 gage sensor,

2 LIM reaction rail gage sensors,

1 level sensor,

2 laser tracker sensors,

2 bench marker sensors, and the following
digital signals generated by

12 fixed data channels,

1 tie counter and

1 odometer sensor.

The 12 fixed data channels are used to record data, run, seguence
" and all information which is pertinent for each particular
measurement. The 8 analog channels are digitized in an analog

to digital converter shown in Figure 2-8.

All of the digital information is then recorded on
magnetic tape. The data recorder can be triggered either auto-
matically or manually. The automatic trigger can be provided
either by the tie counter or the odometer at twelve inches
intervals. The manual trigger is normally used at the bench marker

location or at the operator‘s option.

Control Panel: The control paneI contains the following:

(1) Switches for activation of the sensors

(2) Instrumentation for the on-board electrical power plant

(3) Laser tracker controls
(4) Instrumentation of the electronic level
(5) Tie counter circuit

A schematic of the control panel is presented in Figure 2-9.

19
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15.
16.
17.
18.
19.

20.

21.

22.

23,

24.
25.
26.
27.

28,

29,

30.
31.
32.
33.
34.
35.

36.
37.
38.
39,

40.
41,

Control rack
A.C. power control panel

‘Reference and 12 VDC power supply panel

Laser tracker control panel

Drawer

Level and bench marker sensor
control panel )

Tracker alarm and tie counter
control panel

AC power plant voltmeter

AC power frequency meter

Master switch

Level power switch

Laser tracker power switch

12 VDC power supplv switch

"4 10 VDC power supply (reference)

switch

Data acquisition power switch

Auxiliary outlets power switch

Panél light switch

Fuses .

Voltmeter for 12V
power supply

Selector switch for 12V;
~-10V to voltmeter 19

Test points for laser tracker
photodetector -

Laser tracker alarm

Laser tracker servo response adjustment

Laser tracker servo amplifier (vertical)

Laser tracker servo amplifier (horizontal)

Laser tracker powér conditioner

Laser tracker offset control

Laser tracker servo gain adjustment
{coarse)

Laser tracker
(£ine)

Level amplifier and sensor display

Bench marker power switch

Bench marker location light

Bench marker sensor extension

Bench marker sensor extended light

Bench marker sensor retraction and
manual recording button

Horizontal bench marker or + 10V selector
switch

Vertical bench marker or -1l0V selector
switch

Laser tracker alarm sensitivity switch

Tie counter amplifier

Forward or reverse tie counting

Tie-on light indicator

and reference

4+ 10V an?

servo gain adjustment

42 .Tie counter sensitivity

adjustment

43 Tie simulator switch



Electrical Power Plant: The on-board electrical power
plant supplies the 115 volts, 60 cps power for the instrumenta-
tion. The power is produced by a gasoline powered generator
having a maximum output of 2.5 KW,

Propulsion Plant: The propulsion plant which propels the
transfer vehicle is a conventional four cylinder internal com-
bustion engine. 1In addition, the vehicle can be -manually moved
by means of a hand crank for accurate positioning in the vicinity
of the bench markers.

21



3. MEASURING SYSTEM
3.1 Measuring Frame

This section presents a detailed description of the various
sensors which make up the measuring system. The sensors are
mounted on the measuring frame which is linked to the transfer
vehicle. A cross-section of the measuring frame, shown in
Figure 3-1, is of rigid construction to minimize distortions which

would affect the track parameter measurements.

Figure 3-1 shows the arrangement of the various sensors which
follows the description given in Section 2.4.

LT 1is the laser tracker
EL is the electronic level

LB is the box holding the two LIM
reaction rail sensors

GS 1is the gage sensor which is connected
to wheel W,, which makes contact with
the gage point on the side of the
secondary rail

MB 1is the box containing the two mechanical
sensors for the wayside bench marker

The drawing of the roller wheel R, and gage wheel Wl which
rides on the master rail are shown in Figure 3-2, together with
the tie counter TC.

Figure 3-3 shows the drawing of roller wheel R2 and gage
wheel W, . Also included in this figure is the gage sensor GS. To
maintain the gage wheels in contact with the two support rails, an
hydraulic system H is attached to the assembly as shown in Figure
3-2 which generates a force of approximately 200 lbs.

22
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3.2 lLaser Tracker

The laser tracker consists of photodetector units which
automatically follow the position of the laser beam. A
schematic of the laser tracker is shown in Figure 3-4. The .
photodetector head is divided into four quadrants oriented
along the axis y and z in the plane of the sensor frame as
shown. The photodetector itself is a silicon energy converter.
The diameter of the detector head is 1 1/8 in., with a separa-
tion between sectors of approximately .006 in. The pair of
quadrants aligned along axis y is connected to a differential
amplifier, Aj, and the pair of quadrants along the axis z is
connected to a differential amplifier A,. The photodetector
head can move along a support bar oriented along the axis z.
This support bar, in turn, can translate in the y direction.
The motion in these two directions is controlled by means of
two servos which are powered by the output of the two differ-
ential amplifiers. The stationary position of the photo-
detector is reached when the image of the laser beam is
centered with respect to the four sectors of the photodetector
head in which case no signals are applied from the.differential
amplifiers. A displacement of the beam image with respect to
the center of the photodetector head unbalances the system and
energizes the sensors which bring the photodetector head back
to the null position.

Two linear potentiometers P_ and P_ provide the analog
signal corresponding to the two toordinites of the photo-
detector head to the data acquisition system. The maximum
travel of the detector is 8 inches along the z axis and 10
inches along the y axis. The linearity of the two linear
potentiometers is. within .05% and the mechanical system is
designed to have a backlash smaller than the minimum increment
of the potentiometer position. A balanced power supply having an
output of + 9.95 volts provides the signal for the two potentio-
meters., .

An extensive test program was conducted to determine the
operating characteristics of the laser tracker. The output
of the tracker was measured by moving the laser beam in the y
direction at three positions, z = 2 in., 0 in., and -2 in.,
and in the z direction at three positions; y = 3 in., 0 in.,
and -3 in. These positions correspond to the two center lines

26
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and the vicinity of the perimeter of the tracking surface. The
result of these measurements performed along the two center
lines (along the y axis and z axis) allows for the determination
of the calibration constant as the straight line best fit. The
difference between actual measurements and the straight line
best fit is given in Figure 3-5, which shows the result of a
typical measurement.

The values of the calibration constant are:

volt

inoh B the horizontal (y) direction

1.796

volt

: in the vertical (z) direction
inch :

2.428
One observes in Figure 3-5 that the actual measurements differ
from the linear approximation + .005 in. in the y direction and
+ .002 in. in the z direction. The scattering of values among
various measurements is + .003 inches along y and + .00l inches
along z. A photograph of the laser tracker assembly is given
in Figure 3-6. . f ‘ :

3.3 Electronic Level

A schematic drawing of the electronic level is given in
Figure 3-7. The level sensor itself is a Federal Level Model
232 P-68 having a total range of + 50 arc seconds. The level
sensor output is connected to an amplifier unit A which also
contains a display instrument. The output from this amplifier
goes into a servo amplifier, SA, which controls a servo motor,
SM, which keeps the pendulum oriented along the vertical. The
casing of the level sensor is free to rotate about an axis
which is perpendicular to the plane of the measuring frame.
The angular orientation of the sensor casing relative to the
plane of the measuring frame is measured by means of a poten-
tiometer. Also shown in Figure 3-7 is a tachometer connected
to the servo motor which provides the servo system damping.
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A schematic of the level sensor assembly is shown in
Figure 3-8. L is the level sensor which is rigidly attached
to an arm which rotates around an axis C; P is the precision
potentiometer whose rotor is driven by the rotation of the
sensor casing. through a drum-belt linkage. The servo motor,
SM, drives a right angle worm-nut mechanical linkage with a
spring loaded arm to eliminate backlash effects.

The characteristic of the electronic level was measured
in the laboratory. The output of the sensor was measured by
rotating the casing known increments between -10O and +lOo°
The result of these measurements indicate a slight nonlinearity
of the instrument output. The slope of the experimental curve
at g = 0 determineéd the calibration constant of the instrument
which is .854 volts/degree.

Figure 3-9 shows the difference between the experimental
points and the straight line which corresponds to the calibra-
tion constant. The scattering of the expe£§mental'points
results in an instrument error of + 6 - 10 degrees. The
linearity of the sensor output leads to a departure of approx-
imately 4 x 10™2 degrees over the total range of the instrument.

An external view of the electronic level assembly is shown
in Figure 3-10. One observes three precision bubble levels '

which are preset at -2, 0 and 5, to provide the reference
points for the field checking of the'instrument.

3.4 Mechanical Sensors

The mechanical sensors are grouped in the following three
sub assemblies:
a) support-rail gage sensors

b) LIM-rail gage sensors

c) bench marker sensors
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Figure 3-10. View of the Electronic Level
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All of these sensors use mechanical contact against the
element whose position has to be measured and the mechanical
contact positions a precision rectilinear potentiometer which
provides the analog output.

3,4.1 Support-Rail Gage Sensor. This sensor uses the
gage wheel, W,, which is kept in contact with the gage point
of the secondary rail as shown in Figure 3-3. The linear
potentiometer WHose.arm is connected to the gage wheel is a
Bourns 108-0-2.25-103. The range of total travel of the .gage
wheel is two inches. One observes that the sensor is mounted
on a ‘platform P which can be mounted in two positions to
measure gages from 55 1/2 to 57 1/2 inches or from 56 to 58
inches, respectively.

A photograph of the support rail gage sensor mounted on
the measuring frame is shown in Figure 3-11.

3.4.2 LIM Rail Gage Sensors. As described in Section
2.4, two mechanical sensors are used to measure position and
orientation of the LIM reaction rail. The two mechanical
sensors are kept in contact with the reaction rail at the two
positions Z = 0 and z = 12 in. .Theé two sensors which measure
the displacement along the y axis use small metal wheels which
roll against the reaction rail.  Contact with the reaction rail
is maintained with a spring loading of 5 pounds. Each sensor
actuates a Helipot 1422-28-0 high precision rectilinear poten-
tiometer. The total range of travel of the sensor is 4 inches.
The best fit linear characteristics are: top sensor 4.008
volts/inches , bottom sensor 4.000 volts/inches. The dis-
crepancy between measurements. and straight line best fit is
shown in Figure 3-12. The two sensors are mounted in a single
box as shown in Figure 3-11. '

3.4.3 Bench Marker Sensor. The bench markers are located
on the axis y of the reference system connected to plane A at
a distance of 60 inches for the center top of the master rail.
The bench marker is in the form of a wedge as shown in
Figure 3-13. The wedge is machined to have an angle of five
degrees with respect to both y and z axes. The bench marker
sensors use two contact pads as shown in Figure 3-14, to make
contact with the edge of the bench marker wedge. The two con-
tact pads are attached to-two shafts oriented along the axes y
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Figure 3-11. View of the Gage Sensor
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and z. These shafts are connected to precision potentiometers
which provide the electrical analog signal. The total range
of both contact pads is two inches. The potentiometers used
were similar to that used for the gage sensor. The best fit
of the linear characteristic gives: :

Y4irection 8.506 volt/inch

Z3irection 8.544 volt/inch

The discrepancy between the linear fit and the actual measure-
ment is shown in Figure 3-15, with a maximum difference of

1 .003 inches; the scattering among measurements is approximately
£,001 inches. The bench marker sensor box is rigidly attached to
the measuring frame by means of three beams. A close-up of the
~bench marker sensor box is shown in Figure 3-16.

3.4.4 Calibration Jig. For field calibration and checking
mechanical sensors mounted on the measuring frame, a jig was
built which provides the reference points for the measuring
system. This calibration jig, shown in Figure 3-17, is a rigid
frame approximately twelve feet long. One block, A, attached
to the frame,simulates the master rail and provides the
reference gage point and the reference center top of the rail.
Three interchangeable blocks can be attached to the jig at the
position of the secondary rail to provide the calibration point
for three different gages: 56.00 in., 56.50 in. and 57,00 in.
Two additional mechanical pads are attached to the vertical
member which provides the two calibration points for the LIM
reaction rail. The two LIM reaction rail calibration pads are
positioned at the extreme position of the measuring range away
from the master rail and calibrated spacer blocks are inserted
to calibrate the LIM reaction rail sensors at 1/8 in. intervals.
Finally, a bench marker wedge identical to those used for the
bench marker is attached to the jig as shown in Figure 3-17.

3.5 Positioning and Retracting System

To avoid damage and unnecessary wear of the sensor system
the transfer vehicle is designed so that the measuring frame can
be lifted when not being used. A special hydraulic system was
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Figure 3-16. View of Bench Marker Sensor
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built to position and retract the measuring frame. The sche-"
matic of the hydraulic system is shown in Figure 3-18. The
actuators are used as follows:

a) Two cylinders to lower and lift the measuring
frame.

b) One cylinder B to extend and retract the gage
sensor.

c) One cylinder to retract the LIM reaction rail
sensors.

In addition, a positioning and retraction system for the
bench marker sensors is provided using an independent.electrical
system as shown in Figure 3-14.

3.6 Odometer and Tie Counter

As previously described, the odometer uses one of the
wheels of the transfer vehicle., The mechanical arrangement
of the odometer is shown in Figure 3-19. As shown in Figure
3-19, an optical encoder is used. It consists of two light
sources, two photo transistors and a rotating disc with twe
sets of 44 windows each. The two photo transistors are used
to provide the distance reading for both forward and backward
trgvel of the transfer vehicle. This is accomplished by a
90" relative shift of the two photo transistor outputs. which
is generated by the staggered arrangement of the two sets of
windows of the encoder wheel. The output of the two photo
transistors are connected to an up and down counter,

The tie counter is a Micro Switch, Model 40FLI proximity
switch. The presence of a metallic object affects the reson-
ance of the switch circuit providing the output. The range
of this proximity switch is 3/4 of an inch max. for a 1 inch
diameter nut. The time resolution of the switch is approx-
imately 4 milliseconds.
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3.7 Data Acquisition System (DAS)

The DAS has been designed to record in magnetic tape three
types of measuring data; these are the sensor analog voltages,
fixed data inputs and the distance data. These values are
recorded ‘in magnetic tape in the IBM 7 track format (BCD). The
basic schematic of the DAS was described in Section 2.4.

The three functional sections of the system have been.
designed as follows:

Analog Voltages: The analog section of the DAS consists
of an eight channel multiplexer, a sample and hold, a sign and
a three digit BCD converter. The multiplexer switch in sequence
one channel, allows the system to stabilize and then determine
sign and convert the analog value into a digital signal, storing
the ‘information in the memory. After this operation, the
multiplexer switches to the next channel and the cycle is
repeated. The system input impedance is basically determined
by the sample and hold amplifier, which has an input impedance
of 100 MQ. The multiplexer in front of the sample and hold is a
semiconductor switch which does not affec¢t the signal under
measurement. Following the sample and hold is a converter which
discriminates magnitude and sign. This is required because the
analog digital converter only converts positive potentials;
thus,as shown in Figure 3-20, a sign converter is used which
converts negative input signals. The sign converter also pro--
vides a sign output indication to identify the sign of the input.
signal. The transfer accuracy of the analog voltage section
components are:

Component Transfer Accuracy
MM-8 multiplexer . + .01%
SHM~1 - sample and hold + ,02% full scale
- ' + .02% full scale
ADC-L convertgr {i 1/2 LSB
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Fixed Data Inputs: The fixed data channels are used for
the measured inputs corresponding to information which
1dentifies each particular measurement. These channels are
controlled by thumb wheel switches.

Distance Data: Two counters are provided in the system;
one is the odometer and the other is the tie counter., Both
counters accumulate in a decimal BCD mode and both counters
~are reversible to measure the distance in both directions.
Consequently, counts may be both added and subtracted. The
tie counter has three digits and the odometer counter has
four digits. Increasing numbers correspond to a travel in
the forward direction and decreasing numbers correspond to a
reverse motion. With an initial setting of zero a forward
motion generates increasing numbers up to 999 and 9999 for tie
counters and odometer counts, respectively. A reverse motion
with the initial zero setting will generate decreasing numbers
from 999 and 9999, respectively.

Memory Storage: A 512 character memory is provided to
store ten complete scans of data prior to the magnetic tape
recording. This memory storage technique provides a more
efficient magnetic tape stilization.

Magnetic Tape: The recording device of the DAS is a
7 track IBM compatible tape transport. The output format is
the 7 track format with even parity. A view cof the control
panel and DAS is shown in Figure 3-20,
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4., TRANSFER VEHICLE AND LASER VEHICLE

"This sectlon presents a general. descrlptlon of the transfer
Vehlcle (TV)” which contalns the measuring system and the ‘small

laser support vehicle (LSV) which houses the laser transmitter
and -its power supply.

4.1 Transfer Vehicle

The .transfer vehicle is an adaptation of the Whiting
Corporation "Trackmoblle"éspec1ally modified to accomodate the
GASL designed measuring system described in the previous section.

The vehicle consists of a 13 feet long and 8 feet 6 inch
wide platform riding on four, 14 inches diameter wheels having
-cyllndrlcal riding surfaces. _The height of. the platform above
the. top of the rails has been selected to clear the top of the
LIM reaction- rall .For the wheel dlameter used;, the LIM rail
required 1ndependently mounted wheels. The 1ndependently mounted
rear wheels of  the vehicle are each powered by a chain drive
from a common drive shaft. A cross section of the vehicle con-
figuration is‘shown~in Figure 4-1. The transfer vehicle has a
rigid suspension.

The weight of the vehicle is 26,300 lbs including a ‘remov-
able ballast of .16, 000 1lbs in the form of steel plates which
can be placed in front and rear of the transfer vehicle in
receptacles. ‘

A cut-out has been provided at themid wheel base location
to accomodate the measuring frame as shown - in. Figure 4 2.
The measurlng frame at its ‘lowered measuring position .is
shown bV the dotted lines. The mechanical linkage between
measuring frame and transfer vehicle is prov1ded by three 24 inch
long +urnbuckles°' Two of the turnbuckles are located 12 in. above
the rail head approx1mately 60 .inches apart. The third turn-
buckle is located at the center of the measuring frame 32 inches
above the rail head. This arrangement permits the three turn-
buckles to be 1n1t1ally adjusted to permlt the proper orienta-
tion of the measuring frame at its méasuring position. These
three turnbuckles are connected to both the transfer vehicle and
the measuring frame by means of horizontal hinge pins for the
retraction and lowering. operation.
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Figure 4-2 also indicates the position of the DAS and
control panel -cabinets by the dotted lines as well as the
location of- the propu151on plant of the transfer vehicle.

The propuls1on plant is a four cylinder 55 HP Willys
engine. The transm1ss1on is a- standard four—speed forward
and reverse unit which: prov1ded the directional control.
The transfer vehlcle has a mechanical braking system which
consists of a belt and 18 in. dlameter ‘drum. mounted on the
transmission shaft.

The hydraulic sYstem used to raise_and lower the measur-
iﬁg.frame is also mounted on the transfer vehicle. The
Vehicle'is'designed for a crew of two; the driver of the
transfer vehicle and the operator of the measurement system.
The Vehlcle is’ prov1ded with white and red travellng lights
‘at each end for,identifying direction of travel and.a search
light. Two photographs of the transfer vehicle 'are given in
Figure 4-3.

4.2 Laser Support Vehicle

The laser support vehicle is-a Nolan Co. "Track.Dolly"
which has been modified to clear the LIM reaction rail.
This vehicle has three wheels. Lateral guidance. is provided
by the two double flanged wheels which ride on the master rail.
The third wheel is unflanged. The vehicle is manually operated
has a friction braking system and a rail lockiﬁg device. A
ceénter mast has beén mounted on the vehicle to support the
laser transmltter and a telescope. The laser transmitter is
a Hughes Model 3076 HP with .a 3m watt power output at 6328 hi¢
wavelength.f‘A collimator was added at the laser output. The
collimator consusts of one divergent lens on the laser side,
having a focal length of -12 mm and a diameter of 10 mm
followed by a convergent lens having a focal length of 122 mm
and a diameter of .24 mm. - The colllmator transforms the original
laser beam of 1.2 mm into a 12 mm diameter beam at distances up
to 200 ft.
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Figure 4-5. Laser Support Vehicle
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A 3X telescopic sight boresighted with the laser beam
is provided to assist in aiming the laser beam toward the:
laser tracker.

Figure 4-4 shows the components of the laser beam
transmitter. As shown, the telescopic sight is rigidly
attached to the support of the laser transmitter. The final
aiming of the laser beam in both vertical and horizontal
plane is produced by means of the adjusting screws shown in
PFigure 4-4, The laser transmitter power supply is powered by
a .12 volt battery housed on a receptacle of the vehicle.

~ A photograph of the laser vehicle is shown in
Figuer 4-5.

58 °



5. CALIBRATION AND VALIDATION PROGRAM

The entire measuring system including the measuring
frame were designed and constructed at the GASL facilities
in Westbury, New York. - The transfer vehicle was: bullt by ‘the
Whiting Corporatlon located in Harvey, IllanlS. A series of
factory acceptance tests of the measuring ‘system components
were c¢onducted at GASL. At the completion of the
GASL components factory acceptance tests, these components
were shlpped to Harvey, Illinois. The .initial assembly of
the TGSD was performed at the Whiting Corp. facilities where
subsequently factory acceptance of the complete system was
performed. Upon completion of the factory acceptance test
of the complete system, the TGSD was shipped to Reading,
Pennsylvania, for the validation testing program and - finally .
the TGSD was- shlpped to- Pueblo, Colorado, for the demonstra-
tion, testing program and initial LIM track survey.

5.1 GASL Factory Acceptance. Test

The factory acceptance tests conducted at GASL included
the calibration of the measurement system components as well
as a presentatlon of -the analysis of the overall performance
of.the TGSD. . This study is presented in ‘the form of an error
analysis which is included in Appendix III.

The GASL factory acceptance tests were .conducted on the
following components.

Laser System
Electronic Level
Mechanical Sensors

~ 5.1.1 Laser System. The laser system calibration was
conducted with the laser source positioned 10 feet away from the
laser tracker ‘which was rigidly clamped to the bed of a pre-
cision milling machine. The laser tracker was connected to the
DAS thus permitting the end-to- end system check. The milling
machine bed, -which was used to simulate the motion of the trans-
fer vehicle, was moved to five dlfferent pos1tlons in the ver-
tical and horizontal direction as shown in Figure '5-1. The
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circled point (0-0) represents the zero location of the instru-
ment and all other measurements are referred to this origin.

The result of the measurements were part of the more
comprehensive calibration procedure discussed previously in
Section 3.2. The overall error in the entire range covered
by Figure 5-1 is approximately .012 inches from the calibration
curve.

The GASL factory acceptance test of.the laser tracker was
conducted with the laser source located 170 feet away from the
laser tracker which was again connected to the DAS.. The laser
source was held stationary and the random motions of the laser
beam due to scintillation was monitored at approximately one
minute duration intervals. A complete discussion of the effects
of laser beam bending and scintillation prev1ously performed by
. GASL is presented in Reference 1. In addition; a special
series of tests on beam bending and beam scintillation used in
the design of the present system, were conducted by GASL at the
Keuffel and Esser plant at Whippany, New Jersey.: These results
are presented in Appendix II. : :

5.1.2 Electronic Level. The GASL factory acceptance tests
for the electronic level, which constitutes the cross level
sensor, was performed by mounting the level on a precision in-
dexing head and by monitoring the output with the DAS. Three
precision bubble levels permanently attached to the electronlc
level box provided reference angles of 0O +50, and -2 The
electronic level was rotated to the null position for each
bubble level and the value at the DAS display output was recorded
and compared with the calibration curve. The measured data was
within + 20 arc seconds from the calibration curve.

5.1.3 Mechanical Sensors. The factory acceptance tests
for the two mechanical sensors of the LIM reaction rail were
performed by mounting the sensors with the transducers fully
extended position against a rigid plane surface and the electric
output was connected to the DAS. Then, two precision spacer
blocks were inserted between the rigid plane and sensor head to
simulate three measuring positions:
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Position (inches) - Equivalent LIM Gage

0 29 1/2
11/2 28
3 26 1/2

The result of the measurements were found to be within .015
inches from the calibration curve.

The factory acceptance tests for the gage wheel sensor
was performed by mounting the gage wheel against a rigid
surface with the transducer output connected to the DAS. By
inserting the precision spacer blocks between the reference
surface and the gage wheel, measurements were taken at
positions which simulated rail gage of 56 in., 56 1/2 in. and
57 in. The results of those measurements were found to be
within .006 from the calibration curve.

The factory acceptance tests of the bench marker sensors
was performed by mounting the bench marker sensors against
blocks simulating the bench markers and the output was
connected to the DAS. The two transducers were moved to three
calibrated positions over a total range of two inches. The
voltages from the display of the DAS were recorded for each
position. The results of these measurements were .006 from
the calibration. '

5.2 Whiting Factory Acceptance Test

The factory acceptance of the complete TGSD, performed at
Whiting Corp. in Harvey, Illinois, was divided into two parts:

1) Operational Test of the Transfer Vehicle

2) Functional Test of Track Geometry
Measuring System and DAS

5.2.1 Operational Test. The operational test of the trans-
fer vehicle included both ‘stationary and operating checks. . The
transfer vehicle was placed on a section of track and its geo-
metric dimensions, controls,propulsion, braking and hydraulic
controls were checked and were found to be acceptable. The
operating checks were performed with the transfer vehicle running
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over a 150 ft section of track and vehicle controls were
checked at low speed and found to be acceptable.

5.2.2 Functional Test. The functional test of the TGSD
at Whiting Corp. included:

. Stationary check and range of all sensors.
. Operating demonstration of DAS.
. Demonstration of laser system.

Satisfactory performance was demonstrated for all these tests.
5.3 Validaticn Test at Reading Facility . .

The purpose of these tests was to validate the accuracy of
the TGSD. These validation tests were conducted on a specially
prepared track inside the Reading Freight Car shop at Reading,
Pennsylvania. The porticn of the track used was 760 feet long
and reference points along this track were surveyed using first
order techniques° The results of the measurements obtained
with the TGSD were compared against these measured reference
points.

Eleven bench markers were located along the track at 76
feet intervals, as shown in Figure 5-2., A sketch of the track
arrangement is given in Figure 5-3. As shown, the rails were
embedded in concrete. Therefore, in order to simulate the tie
counter, studs were inserted in the pavement as shown. The-
distance between studs was 19 in. which corresponds .to the
distance between ties. -

The validation program included the demonstration of all
mechanical and electrical functions of the TGSD. The program
included:

. Demonstration of the TGSD

. Calibration of the Measuring System
» Determination of the TGSD Error

. Test Track Validation Survey
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The results of the validation program showed that the TGSD
satisfied all of the requirements. The results of the valida-
tion program are presented in Tables 5.1, 5.2 and 5.3. The
results presented in these tables were prepared by ENSCO, Inc.
for F.R.A. using the data provided by the magnetic tapes of
the TGSD. Table 5.1 shows the laser beam scintillation test.
Table 5.2 shows the accuracy check of the measurement of gage,
cross level, alignment and profile. The repeatability check
data are presented in Table 5.3. On Table 5.3,one observes
that the results of the repeatability tests are well within
the range of the proposes specification. '

The track loading test performed at the Reading facility
showed no effect on the recorded data due to the proximity of
the transfer vehicle to the laser support vehicle up to a
minimum separation distance of 10 feet.

5.4 Demonstration and Operation of the
TGSD at the DOT Test Site in
Pueblo, Colorado

Upon completion of the validation tests at Reading, Penn-
sylvania, the TGSD was shipped to the Department of Transporta-
tion Test Site at Pueblo, Colorado. The DOT Test Site activity
included the following:

a) Demonstration of the TGSD under
actual operating conditions.

b) 1Initial survey of the LIM test track.

¢) Training DOT personnel on proper use
of the TGSD.

5.4.1 Demonstration Program and Survey of the Test
Track. The demonstration program conducted at Pueblo, Colorado,
included various functions of the TGSD which could not be per-
formed at the two previous sites.
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TABLE 5-1

LASER_BEAM SCINTILLATION TEST
READING, PENNSYLVANIA
JUNE 9, 1972

Peak to Peak Deviation

Range Ly Lz

25 ft <.0l V; .006 in. < .0l V; .004 in.
40 £t ' <.0l V; .006 in. - ,02 V; .008 in.
64 £t . . .. . . <,01V; .006'in.- < .0l V; .008 in.
100 ft <.,0l V; .006 in.-  ,02 V; .008 in.

160 ft _ .03 V; .018 in. .04 V; .016 in.,
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'TABLE 5-2

_ ACCURACY CHECK

Test Results

TSD Confract Surveyor |[20' Cali- 760" Test

Specifications Error fbrated Area ‘Track
Gage + 031" + 02" + 05" + 08"
Crosslevel + .031 + .01 + 025" + 025"

Master [Secondary
Rail Rail
| Alignment +.016" + .02 |+ 015"

Profile + .016" + .01 1+ 01"

68



TABLE

REPEATABIL

5=3

ITY CHECK

GASL Proposed

Test Results

Specifications
- Repeatability|

- 1.~ Tests* Survey Runs#%*
Gage g + .005" + .001" .02 g4 of
|ICrosslevel © + ,0055" + .005 + .01 Data

N - 4 - [Resolution of Systcm)

Tracker y + .013" + .006 XX
Tracker z + .015" + 004 XX
Benchmark Y + .005" XX + .003
Benchmark Z + .005" XX + .003
Alignment y + .022" + .02 XX
Profile z + .024" + .01 XX

* Repeatability test consisted of 10 runs over the 20-ft
calibration area with minimum laser operating distance.

the entire 760-ft track.
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Since no bench markers were.available at the LIM test
track. at Pueblo, Colorado, the TGSD was operated in Mode II
uSLng'overlapplng measurements, or in Mode III, measuring only
gages and cross-level.

The functions demonstrated included the following:

a) Transfer vehicle maximum speed

b) Production rate

¢) LIM reaction rail gage measurement
d) Odometer operation

e) Tie counter operation

f) Track loading tests under actual
test site conditions

g) Laser beam scintillation effects
under actual site conditions

a) . Transfer Vehicle Maximum Speed - The maximum speed of
the{transferAvehicle'with the measuring frame in the retracted
position was determined over the tangent section of the test
track on an uphill ‘1% slope. The maximum recorded TV speed fully
loaded with ballast was approximately 18 mph.

b) Production Rate - The production rate was estbalished from
a single uphill pass of the entire length of the available test
track (approximately 6.2 mi.) 1nclud1ng both tangent and curved
sections under Mode II operation. This production rate was
approximately 1.5 mph.~

c) LIM Reactlon Rall Gage Measurement - The LIM reaction
rail gage sensor box was installed and the nominal-zero of the
two transducers was set with the calibration jig. The LIM rail
gage sensors were then operated and fully demonstrated.
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d) Odometer Operation - The distance measured with the
odometer, checked on the tangent portion of the test track was
found to be within .06% of the independently measured track
length. This value is well within the specified accuracy of
< 1%.

e) Tie Counter - The tie counter which is used to trigger
the data acquisition system operated satisfactorily over the
entire length of the test track which included approximately
22,000 bolts.

f) Track Loading Test - The measurement of the track
loading effects were repeated using the same technique used at
the Reading Test Site. No effect was detected up to a minimum
separation distance of 10 feet between laser support vehicle
and transfer vehicle,

g) Laser Beam Scintillation Effects - The laser beam
scintillation. effects were measured at distances between the
laser transmitter to the laser tracker from 25 feet to 250 feet.
The results of these measurements show that the max1mum operat-
ing range should not exceed 175 feet.

5.4.2 Initial Survey of LIM Test Track. Finally, the
TGSD was used to perform the follow1ng 1n1t1al surveys of the
test track runs: :

a) Mode II survey of the High Speed Test Section
portion of the track from tie 1708+30 to
1748+50, corresponding to a distance of approx-
imately 4000 ft.

b) Mode II surveyhof the entire LIM test track.

c) Mode III survey of the entire test track.

Typical results obtained by processing the measured data for
Mode II and Mode III operation are presented in Figure 5-4,
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5.4.3 Personnel Training. The final activity performed
by GASL was the training of DOT personnel on the proper use
of the TGSD. A series of lectures were given to the trainees
to instruct them on the principle of operation of the TGSD.
Finally, the trainees were instructed in the operation and
maintenance of the TGSD including actual operational time
during track measuring.
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APPENDIX I

DEFORMATION OF THE TRACK UNDER LOAD AND
INFLUENCE OF THE PROFILE MEASUREMENT

The present method of track surveying requires that the
laser beam does not move during the measurement run, as
the Transfer Vehicle (TV) approaches the Laser Support Vehicle
(LSV) clamped to the rails. In practice this ideal condition
can be relaxed as long as the displacement of the laser beam
generates a displacement of the intercept point on the TV
tracker that remains within the allowed error of the measure-
ments. The laser beam moves because of the deformation of the
track due to the presence of the transfer vehicle.

The track, whidh is equivalent to a long elastic beam of
uniform cross section and elastic properties, receives a
concentrated load at the axles of the vehicle and a distributed
load over several ties along>the track due to the ground reac-
tion. ‘The actual profile of the deformed track is determined
by the following conditions of equilibrium of the track-ground
system:

1) The reaction of the ground on each tie and

the penetration of the tie into the ground
satisfy some force-penetration law (that can
be determined experimentally) characteristic

of the tie~ground interaction.

2) The sum of the vertical ground reactions on all

fhe ties balances the total weight of the track

plus the vehicle.
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An intuitive descriptioﬁ of the phenomenon is the following:

Consider first a track initially horizontal
(unloaded) and a l-axle load applied on it, Figure I-1l. Upon
application of the load, the ties near the load point will
penetrate a little more into the ground and receive a stronger
reaction from it. However, a distributed bending moment appears
now on the rails which generates a positive curvature (center
of curvature above the track) and is symmetric with respect to
the loading point. The penetration of the ties into the ground
becomes therefore smaller and smaller, and, at some distance on
each side of the axle, two symmetric points exist where the
penetration is zero (first hodé)._" -

At these node points the rail's slope is not horizontal but
turned upward (in the direction away from the axle point): the
effect of this is to 1lift the following part of the track further
away above the unloaded position. As a consequence the track's
own weight (with or without the reaction of the ground) tends
to bend back the rails toward and beyond the horizontal direc-
tion. The curvature changes sign and a second pair of points
is reached (2nd node) where the track is again at the initial
level and its slope is turned downward, and so on.

A wavy curve is generated which is symmetric with respect
to the load point and has a maximum -(absolute value) deviation
from the initial position at each peak that decreases rapidly
with the distance from the‘load point. Eagh peak appears,
naturally, between two consecutive nqdes and the deviation
occurs alternatively upward and downward with respect to the
initial unloaded position. The distance between two consecutive

nodes is constant in the case of l-node load, but not ¢&onstant
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for a general load configuration. However, at a great distance\
from the vehicle, the deformation tends always to a:sinuéoid
of constant wavelength and amplitude decaying exponentially.

If the load is applied with two axles the profile be-
havior- changes substantially in the segment of track between
the axles and near the load points, but far away from the vehicle
it tends to the same profile generated by a l-axle load applied
to the mid point beﬁween the axles. If the ground force-pene-
tration law for each tie is linear (Hook's law) the deformation
is simply obtained by superposition of the two profiles.

A second important point is-that, if the TV moves slowly
the track deformed profile also moves following the TV at the
same speed. As a consequence a segment of the rail fixed, say,
to a particular tie will move and turn in the vertical plane
as shown by the fixed TV configuration at the same changing
distance from the loading point.

The laser source clamped at that particular segment of
rail will perform the same displacement z and rotation %i .

The displacement of the laser beam intercept point with

the tracker plane on the TV results from the following terms:

1) displacement of the measuring frame z(o)
2) displacement of the LV - z(x)
3) displacement due to rotation of the az

laser beam X ax

Thus, the total displacement of the intér-‘cept point pz becomes

L dz
AZ =2z - zo xa;
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During the measurement, the quantity z remains constant
(assuming uniform ground elastic modulus) and the amount of
deviation z that changes with the distance z is given by

z=z-x &
dz

One must determine the minimum distance X in such as
where AE is much smaller than

all all
the allowable error (say .003 inches which is 20% of the

for x > x . 1is z < Az
min

allowable error).

The problem can be solved by reducing it fo»the classic
"one of a continuous beam over elastic fouﬂdation with uniform
beam cross—sect}on, elastic properties and ground elastic
modulus (References I-1 and I-2).*

The basic problem considers one concentrated load only;
however, due to its linearity, the more general case of two
or more loads can be obtained by super-position. Qbviously
the two rails are considered as two beams in parallel and the
load equally subdivided between them.

The basic differential equation governing the vertical
displacement z at the distance x from the load point is

¥

4

d z
—a "
ax

I:l:ll??‘
—

with k/EI constant (the parameters k, E and I are defined below).
The most general solution is given by the sum of four terms
involving four basic functions, ¢l' wz, ¢3, ¢4, and four con-

stants, A A., A., A, , determined from the boundary conditions.

1’ 72 3 4
*I-1: Timoshenko, S. and Woinosky-Krieger, S., Theory of Plates
and Shells, McGraw Hill Book Co., 2nd Ed., 1959.

I-2: Faupel, J. H., Engineering Design, John Wiley & Sons, 1964,
p. 192.
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x = A, (Bx) + Aju, (Bx) + A3$3(BX) + Ab, (Bx)

where
b, = eéxcos Br
b, = P sin px
by = P cos px
b, = &%%sin pgx

The parameter B is given by

where .
k is the foundation stiffness, namely the vertical
distributed load [lb/in.T which generates a
vertical displacement of 1 in.; k is measured in

lb/in.2

I is the moment of inertia of the rail’s pair
(in.4) around the horizontal axis of inertia,
and
E the modulus of Young of the rail material
(lb/inoz).
The parameter B has the dimension in-l. 1/ = x* is a character-
istic length of the deformation and 2#/B is the wavelength of the

deformation profile. =z decays exponentially with the distance x.
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The characteristic length x* can be expressed as a

function of the rail height h:

It is interesting that the ratio (I/h)4 does nct change if a
family of rails of different weight is considered in which
the contours of each cross-section are4similar. For the
cases of interest, in which the load can be represented by a
sequence of forces Fn' applied at points xh of the track
(measured from some origin fixed with the vehicle), the dis-
placement 2z, the slope dz/dx, the bending moment M and the
shear force Q are obtained by superposition of the one-force
Fn values.

Only 4 basic functions o Oyr Q3¢ @, are involved in

ll
the calculation, namely

]

M2 e-.BX sin(Bx + I

0, = e—ﬁx (sin Bx + cos Bx) 4

0, = e-BX (cos Bx - sin Bx)

A2 e—ﬁx cos(Bx + %)

>
thy = e cos Ax

= o7 Bx sin Bx
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The resulting values of z,/ dz/dx, M and Q are

n

1
z=—7"—"—" LF_ o, [Bx-x_)]
8ﬁ3EI 1 n "1 n
n
dz 1
- = - ZF_ o,[R(x-x_)]
dx 4BZEI 1 D 4 n

n
1 Loy
4B ? F_ wz[B(X—Xn)]

M

F R
Q = - 3 f Fn‘w3[8(van)]

In the case of a concentrated load F, applied at
z = 0 of a beam of infinite length, the displacement z,

the bending moment M and the shear force Q are given by

F ml(Bx) F ¢2(Bx) o= - F ¢3KBX)
z= M= 48 2
83 ET
which can be written again as
z
Z. = 0 x_
o = 016 et e
where
iy F iy
zk = M* = — Q*:_——
2
883EI 4B
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.The slope dz / dx becomes

Cax s x0T T 04 x*

and the displacement z _-of-'the intercept point at x = 0 becomes:

7z _ 2" ¥ax | *
Tt mee) et 2 ey

For the case of two concentrated loads -],‘;'applied at

x = - a andx = 4+ .a, one has
'z _ir. -x+a- . x-a
> T2 Pabe ) Terla)

M__1lr X+a

o AN e I

Q _1r x X-a, =

Q* 21[‘*”3( x ) o) |

dz

ax 1™  x+a x-a 1 '

— = = (=) + e = X+a X=a, 7|

Rl R e RN ey ] 2 oG *oy &S ]

z 1 <

.= = (1 XTI x+a X-a 1 x i x-+a

zx =5 | ) L‘pl‘(x_—* ) col( ) - > ;Ltoz-( )
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In Figures I-2 and I-3 the curves of z and z are plotted
for the following two cases of interest:

1) Track formed of 2 rails of 119 1lb/vyvard, with
I =65 in,4, E =30 x lO6 psi and K = 1000 lb/in.z.
(This value is estimated assuming that a running
load of 1200 1b/ft over the track provides a pene-
tration of the ties into the ground of .1 in.) A
concentrated load of 25,000 1lb is considered over
1 axle only.

2) Same track and ground propefties with two 12,500 1b
forces on each axle and 7.5 ft distance between
axles.

The characteristic length x* becomes

X*é%=60 in,
and, since the rail's height is 6 in., the ratio
x*/h becomes

x*/h = 10.
This ratio is only slightly affected by the change
of ground stiffness k, due to the exponent 1/4 in
the expression defining R and as said before,
does not change with the rail weight as long as
the cross-section of the rail remains similar to
the present one.

Figures I-2 and I-3 show that for both configurations, if
the allowed displacement is z = .003 in., the minimum distance
X in is about 30 ft. Substantially higher displacements are
shown at distances of the order of 20-25 ft. where the term

-xdt/dx due to the laser beam rotation is substantially more

important than the one due to the track deformation z itself.

82



€8

Displacement
- X dZ/dX

Displacement
z

Tota .
dispYagéme t

Laser beam displaced

Q//////fLaser beam |/ undisturbed position

z/dx
/

___T._ e ’
iy z
{ . b AN
1 2 . 1 -— v X
t T .
node

T

¥igure I-1.

Rail Track Profile and Laser Beam
Displacement Due to T.V. Load



ve
nrack. Deflection .and Laser Beam .

'z, -Z-(in.)

Intercept. Displacement

opo #

(in.)

.080

130 F

x (£ft)

= 5

- X/R*

:
i
v
'
i
7
¥

= "."-m"""“!' PR S

| . ..012 inil

1?_:0083in

FigureJFZ;-'Traék-Elastic.Deflection;and~LaSer'Bea;F\‘\\h

. .04

S

Intercept Displacement Under l-Axle Load.

.10

<06

«02



58

Laser Beam Intercept Displacement z (in.)-

Track Deflection z(in.) and

12,500%

- .
;020

..016

J; m_.m;w:pﬁ;:‘

12'599,#ﬁ;f;

e
-3.75 ft.

1

Track Deflection and Laser Béam Intercept .

Displacement Under 2-Axle Load.



APPENDIX Il
EXPERIMENTAL DETERMINATION OF LASER BEAM FLUCTUATIONS

The position of the laser beam reference with respect to
the track under measurement was selected considering the follow-
ing effects: |

. Errors on the determination of alignment and

profile for both rails as a result of the
trigonometric transformation

.  Beam bending due to thermal gradients along

the vertical direction

. Laser beam fluctuation
The limited resolution of the electronic level introduces errors
ih the determination of rails to laser beam relative positions.
Since these errors are proportional to the rail to laser beam
distance it is advisablé to mount the laser transmitter and
laser tracker in close proximity to the track surface. However,
density gradients on the air due to the air-ground temperature
differences introduce curvatures in the path of the laser beam
invalidating the assumption of the straightness of the reference
line, Thermal gradients and consequently beam bending effects
decrease with the height above ground. The third effect is the
laser beam fluctuation which is due to the turbulent convective
motion of the éir in the vertical direction. The thermal inhomo-=
geneities of the air distorts - the light path in all directions.
The frequency of this effect presents a wide spectrum extending
from a fraction of a cycle per second to slightly above ten
cycles per second. From GASIL measurements and the available

information on the subject, it can be seen that, for conditions
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similar to the ones encountered at the Pueblo Test Track, beam
bending is a dominant effect near the ground. For distances of
the order of one to three feet, beam bending and fluctuation
effects are similar and above those heights the laser beam
fluctuations are more pronounced and remain constant with the
altitude.

As a result of these considerations a four feet vertical
height of the laser beam was adopted. Since substantially
lower thermal gradients exist at night with less beam bending
and scintillation, these times of the day_were~selected fqr
the operation of the TGSD and a prograﬁ was - undertaken to_deter—
" mine the maximum fénée sétisfyinénthe contfact requirement.

- The program includes the measurement of fluctuations with
a laser alignment system at night and under conditions similar
to those expected during the track survey at the Pueblo Test
Track°

The laser used was a Keuffel and Esser transmitter
No. 712605; a detector target and readout unit No. 712600,

The transmitter beam diameter is 12 mm; power output is .5 mW
with an amplitude modulation of 10 KHz. The radiation wave=~
length is 632.8 n.m. The detector target diameter is one inch
and divided in four sectors. The test was performed during

the night early hours, at the manufacturer's plant at_Whippanyp
New Jersey. It was a cloudless, fall night, with air tempera-
tures in the forties and wind velocity below five miles per
hour. The ground surface was a black top road running parallel

to a two story building at approximately fifty feet distance.

87



The laser transmitter and receiver were located at distances of
56, 108, 165, 210 and 300 feet. By monitoring the output of the
readout unit at each distance for intervals of approximately one
minute, it was clear that fluctuations of the order of + .010 .
inches were associated with 165 ft. range and data was recorded
for two and a half hours at this distance. Typical results
extending from 6:30 P.M. to approximately 8:00 P.M. are shown in
Figure II.l. For simplicity, straight lines are used between
points measured at one minute intervals. Between these points
fluctuations of the order of two to four cYcies per second and

amplitudes up to .005 inch were observed.
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APPENDIX ITT

ERROR ANALYSIS

This appendix is devoted to the computation of the error
in the position of master rail, secondary rail and LIM reaction
rail induced by the individual errors of the measureﬁent performed
with the sensors described in the report.

To perform the error analysis it is convenient to define
first a fixed absoclute frame of refereﬁce X, §, Z. ,
| 1 r1YR1%R1
are obtained, as said in Section 2.2, from the known absolute

The absolute coordinates of the master rail R, = (§

coordinates of twd bench markers }-{Bm' §Bm' Zon and ;‘33m+l' 3—’Em+l’ z Bm+1’

(1)

respectively, and from the following quantities measured at each
position of the TV between the two bench markers in the frame of
reference x, y, z of the track vehicle, as shown in FigufeIII—l.

coordinates of bench marker m taken

) =,y .2 _
‘ with changed sign

m

coordinates of bench marker m+l taken

2) x , V ’
+1’ “m+ X
zm 1 m+1 with changed sign
m+1 B
3) Yyt Zom? coordinates of the laser beam intercept
8 point P n and cross level at bench
m marker m’
4) Yo m+1’ same at bench marker m+1l
z&m+l'
em+l
5) Yoo Zp0 8 same at a position between two bench
markers '
6) s-s_ distance measured by the odometer along

the master rail from bench marker m

(1) Without loss of generality, the absolute system of coordinates
is set with the origin at bench marker m (xB =Ypn=ZBm=0) and_rotated
about Z until the bench marker m+l lays in the plane X z (.Zme+l=O),

{(2) x_ and x are not measured but their error is below 1/8 in.
due tomthe pog{%ioning system. The resulting error is of higher
order (Eg. III-9).
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To obtain the absolute coordinates of the secondary rail and
of the LIM reaction rail an additional set of measured quantities
is required, i.e., the gage measurements obtained in Section 1-2.

7) I gm'1 gm;z at station m

i +
Im+l Im+1,1 Imt+1,2 at station m + 1

g 95 95 . at each position s between
the bench markers

A vector representing the absolute position of any éoint of
the track system is identified by a vector from the origin of the
system x, y, z, to the point. In partlcular L is the vector
representlng a point on the laser beam.

21 le ;Ri ofrthe master reii'ﬁl
are obtained from the measurement quaptlties 1 to 5, as explained

The absolute coordlnates x

in Section 2.2, in three steps; (Figure III-2).

1. The absolute position of the laser beam is obtained from
the absolute coordinates of the two intercept points
. . 3 P - P
PL,m '.Pt,m+l. The coordinates of 1,m P&,m+l are deter
mined by groups 1 to 4 of the measured quantities.  The

distance of a point P&

i-7,]
u

In particular, the distance between intercept points
P

along the laser beam from P& m is
given by '

2om * and P& 1 is given by

Lm+l - Lm

2. An interpolation factor K along the laser beam is defined

as the ratio between ’&~— Lml ‘and '£m+l - ém .
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Because the laser beam is a straight line, one has

X - £ - &T _ X, = me _ yL'~~y{m _ ?i‘— 2 5m
%m+1w&m X&m+1_x£m- Yom+1™Y 4m Zam+1l 2 4m

(T1II-1)

K is a function of the coordinate s measured by the
odometer.
Once the value of K is determined, the absolute coordi-

nates of the intercept'point P, of the laser beam with

the plane of the measuring fraﬁe are obtained by means
of Eq, (I1I-1).

3. Once the position of the laser- beam point P, has been
determined, the absolute coordinates of the master rail

R, are obtained by using the measured guantities 5.

The absslute coordinates of both secondary rail and reaction
rail are obtained from the coordinates of the master rail and
the measured gquantities of group 7.

In this approach the key point is the determination of the
interpolation factor K. If the master rail were a straight line

one would have

K=—"T"7T-— (111-2)

Then the measurement of the odometer would be sufficient to
determine the value of K. In thé actual track configuration the
distance of a point of the laser beam PL to P&,m is related to
the distancg S = s measured by the odometer, through the

eguation
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S
- -

s
;\-’ - /_\. - -
|+ -~ Lo | = l! L «ds +4 A (4 - T%g (I11-3)
m m
X . . - - - - - — . '
where { is given by (£M+1 - {h3/|£m+1 - &m and 7 1is the vector
which defines the position of a point of the master rail in the
- - S
absolute frame of reference. 1In Eq. (III-3) A(L - Tbé;
indicates the vector shown in Fig.IE2(b) ,which is the difference
between 1 - ; at the position defined by s and the value Zm - ;m
at s = s_ . '
m - — P N
The value of l& - &ml differs from s - S because the master
rail is not a straight line parallel to the laser beam(FigJIIT-2(c). With a
-radius of curvature.of the order of 12,000 ft., the effect of the .
curvature is Eq.(III-3), is of the order of 10~%. By neglecting
the curvature effect Eqg. (ITI-3) reduces to

,—) —als—sm
1 - &m = ES;—E— | | | 4(11174)

where $ is the average angle between the laser beam and the
tangent to the master rail in the section s - S The maximum
value of ) to be found in an actual measuring condition is given
by the linear dimensions of the laser tracker and the distance
between two bench markers. Thus the maximum value of § is of the
order of .0l. As a consequence the value of cos 5 inEgq. (III-4)
differs from unity by a quantity smaller than 10,4.

| Any error due to curvature and departure from parallelism of
the same order of ¥ can be neglected in a first order error
analysis. .For this reason [Z,— Zmr is identified with s - S in
the approach described in this appendix and Eq. (III-2) is used

to compute the value'of the interpolation factor K.
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To proceed with the error analysis a transformation of
coordinates is required from the frame of reference
attached‘toUtheVmeasuring frame to the absolute reference system.

The transformation is given by the following equation (see

Fig. III-3, in terms of the rotation matrix ,A'

(A | R (I1II-5)

R =
-

where the absolute coordinates of R are given as function of the

coordinates &k, y, 2) of R by

w1
n

X cos Y cos ¢ + y(-cos 6 sin ¢ - sin § sin ¥ cos ¢) +
+ z (sin © sin ¢ - cos 6 sin ¥ cos @
> ; - si . in o) + o (III-5)
y =x cos ¥ sin ¢ + y (cos @ cos ¢ = sin 6 sin ¥ sin ¢
+ 2z (- sin 6 cos ¢ - cosf sin ¥ sin o)
zZ =x sin y + y sin 6 cos ¥ + 2z cos 6 cos ¥ )
The coefficients in Eq. (III-6). are expressed in terms of

three angles 6, ¥, ¢ which are
8 cross-level. With a rotation 6 about the axis x,
the frame of reference x, y, z transforms to a new

’

system x/, y’, 2z’ as shown in Figure III-6 where

x’' = x and y’ is found in a horizontal plane.
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y grade angle. With a rotation y about the axis y’,
the' frame of reference x’, y’, z’ transforms to
the system x”, y”, z” where y” = y’ and z” is vertical.
¢ azimouth angle. With’ a rotation ¢ the system x”,y",2"
transforms ,to the fixed absolute frame of reference
X, ¥, Z.
Thus, the rail points are determined by the group of parameters
1),2),3),4),and the interpolation factor K, with the following

set of equations:

- _= (o) - 1

le = le + A Xp1

- _ = (o) = : & III-7)
Yr1 T Ym1 * AV (

- = (O) -

Zp1 - 2R1 + AZpy
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In Eq. (III-7) the equations on the right hand side are:

(o)

4

. . = - . +
le (1-K) me
'me+l
v (o). _ (1-K) ? y. + (y_ +ty, ) cos 6 -{z_+z, )sin 6_ |+
Rl P IBm 0 m Lm m S m “4m ©m |

L
+ +( + : - + i -
K [YBm'i-l_ a1 Y&m_+1)°°s Omt1 (‘zm+l 2 1) S10 0
L

y cos 8 - z sin 6'} : (111-8)

(o)

R1

z_ t(y_+ i +(z +
ZBm (ym yLm)s1n_6m (zm sz)cos 6m

| S—

4

ysin 8 + 2z cos @

o . | . | o
K [zBm+iKYm+l+Y&m+l)Sln 0t 121t Z g1 €08 Ot
L

(o) (o) (o)

The terms Xp1 r Yp1 » Zpy ~  represent the coordinates

calculated by assuming

The terms X, A§Rl , Az

R1 g are given by
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The terms. glven by Eqs (III-9),represent a hlgh ‘'order contribution

R1 * le le . Conse-

:quently they should be retained in. the error analysis only if high

" to Ehe calculatlon of the coordinates x

order error terms have to be. included,’

By differenciating Eg. (1II<7), -one obtains:

2 . " y - ai " - : . - _ . 3T
_‘(l-x)‘ X, cos 7!n cos ¢ -+ (ym . y“m)(-cou L fqi’n Yy - sin 6, sin ¢ cos un) + (z_ + 'ln).‘ 'i." lm sin o, - cos 0 sin v" cos w L *

a1,

VE X €08 Yooy €08 @Oy * (ymﬂ' + th‘l)('c°’ omﬂ_ain o"d-|§n L iin-’nbl con "nﬁl, + (z” ¢|nﬂ“ sin . nel sin ¢« ,l-co- 6 nn‘nm“.‘
y f{-cos8 pin - »in 8 sin-y cos o) ¢ 2 {sin © sin o'~ cos 8 sin ¥ cos oi;
’ Gy~ (LK) cos Yo Bin o + (y :‘»’.ym) icos § ‘(cos g -1)-.ein 8 sin y sin el * {2 + 2 )(- sin @_(con e -l)-con O ain y_ sin o l, +
’ 1

t'K Xme1 08 Yooy sin wmﬂ’(yinu’yl,mu) fcos 9 (con w-g)-nn‘ uny -in "‘M)“"mﬂ m.‘)f-nn %ﬂ (cos g'.‘l‘ -Con . ﬂnn y .m .no‘ll *
- y (cos & {(cos o-1) ~ sin @ sin 7 sinel ez { - nh # (cos ¢=1) = cos 6 sin ¥ sin e‘

Gy ¢ (1K) x siny ety -yu")- sin 6. (cos ;1) + (z + 2, } cow 8 cos (y ety

VK ox Ly osinv Hy ) sin 6, Lmol) cos 8 ., (cos ¥ o} ) +

y sin 6 (cos y - 1) + zcos 8 {cos y-1) . (111-9)

yimﬂ. (cos 7,?.‘_1’ + .(zm
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bxpy = OK Bigiyr = gy

- [ _ . _ _ . 0 _
@ww, = (1-K) (6y + S\Su cos B - (bz .+ 6z, ) sin 6 -+ ooam (y *y, )sin 9 Ana+naav00m RLL +

' - i - + i - N .
$ K (Byp HOY o 0) cos B Ly = (B2, #0z, 0) sin 0466 Ty gty ) ein A (b eV eosE wy

r

- b6y cos 8§ -6z sin 8t 68 ( ~y sin § ~ 2 cos mL+

Y

[z ) . - : : S e . S + ] :
+ 0K :<w8+u.+ AM\E+H+ MQ\Eirv cos mB+H ~N=_+H+N&B+.va“_.b m=_+“~W Mu\ws:._. S\E+.v~9=v00m ma ANE Nﬁavmyn mvu

= - 3 1 . + . -
ou.wH (1-K) 3%5 * o%ﬁavmwn ma * 3NE+QN§=v cos n.B oma:v\a,ﬁ.wﬁEVQOm mBmANa+Nﬁava: oaw H__ +

+ K [(By_, 46y, ;) sin 8+ Bz 48z, 1) cos 6,1 +60, ) [(y +y, ,j)cos 8 =(z +z, ,j)sin oa+wug -

6y sin 6 + 6z cos 6 + 66 ( y cos 6 - z sin 8) +
. 0

[{z : i wn + i + +z., )i !
*OK Nw..=+w+ Av\.=,1;+u£\=~+wvm“:J .@.B+H+ANS+H+N@5+Hv00m m3+w wnwa QEJ\*\BVmH: ma ANa Néavoom_ m:u..

(ITI-10)



6§Rl ,'6§Rl . GERI are the errors in the absolute coordi-
nates of the master rail.

The computation of these errors can be simplified by
observing that the contribution due to measurements performed
at the bench markers tn«andfm+i change. linearly from m to m+l
as indicated by the interpolating factors (1-K) and K. The
maximum error in Eq.(III-10), is given by the largest error
encountered at a bench marker.

Thus K can be assumed to»be-zero and the errors 6ym ’
GyLm ’ ézm ' Gsz i 69m are the ones to be considered.

The errors 6y , 6z , 66 , are assumed té be equal to the errors
byLm ' szm ’ aem respectively.

The expééted RMS errors of the sensor outputs are

"obtained from the calibration Table III-l1l and their values are:

.00055 (j.n-/in-_)

6K = 1"/1800" = +

6y, = + .001 (in./in.)
ézm =+ .001 (in./in.)
oy = 6Y{,m © =+ ,002 (in./in.)
bz = b6z, = + .003 (in,/in.)
66 =66 = + .0001 (rad)
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Additional errors 6z and Oy of‘i .008 (in) are also
considered in the location of the laser intercept point
due to laser beam fluctuation. The coefficients in Equation
IT-0, are computed from the Table IIFL and from the character-
istic of thé measuring system and in the worse case they are

cos 6 =1

sin 8 = 6 = .175

¥tmt1 T ¥4 = 1800 in.

§£ =5 in.-

Yomel T m

Zymtl T Zam o 4 in,

+ ) = i
(v, 6, * 2z, = 68 in.

(y, + 26 ) = 104 in.
ye + z = 61 in.
y + z6 = 39 in.

Using the values indicated above the individual contri-
bution to the errors and the total RMS error is calculated for
X, y and z in the Table III-2.The value of § = + 10° and the

approximation cos § ~ 1 is used in the estimate.
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das - Ar K
at= —=—(1+ ), : : - T
cos¥ (i .)\\ - . (s+d\') -4 > <. Plane Alto 3T (e+ds) and
o s Y %/ v passing- thi'.ouggs_f R.l,(s¥ds)
as(1+ & " -plane Al to &L (s) and
- “Plane Al to §g (s). and
© passihg-through-Ri(S)

Binormal to

Rl(S) \

enter of curvature of R (s)
in the plane containining -

B , P S - ,. - -~ Y - g .‘
Rl‘(s)‘ 1 and the tangent ds(s)

Figure III-2, Definition of the Vector Quantities Defined in
the Error Analysis.
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z=z" (vertical)
~. oz

_Master rail

’

Bénch marker m

Angles of rotation are taken with positive sign
9 cross level ‘
Yy master rail grade

© master rail azimuth relative to,§

Figure III-3. Transformation of Coordinates from the
System of Reference of the Measuring Frame
to the System of Reference of the Bench
Markers.
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POoT1

TABLE ITI-1

CALIBRATION OF ANALOG CHANNELS
DAS RESOLUTION

PARAMETER SYMBOL RECORDER CHANNEL ZERO OUTPUT SENSOR RANGE SENSOR CONSTANT NONLINEARITY SCATTERING (10 mv)
GAGE g 1 56.48" + 1" +8.40 ¥3:: + 4x107> Incn  + 1x10”2 Inch + .6x10° Inch
L1M GAGE (TOP) I, 2 28.00" + 2" -4.008 102 + 6x10”2 fnch  + 2x10”° Inch #1.2x10" Inch
" " VOLT -3 -s -3
LIM GAGE (BOTTOM) g, 3 28.79 +2 -4,00 INCH * 2x10 Inch + 1x]10 Inch #1.2x10 Inch
TRACKER y v 4 28.49" + 5" -1.796 120 +5%x1072 Inch  + 3x1077 Inch +2.8x10™> Inch
TRACKER z z 5 47.81" + 4n +2.428 %%%% + 2x107% Inch  * 1x10”° Inch £2.0x10™° Inch
v -3 - _ -
CROSS LEVEL 8 6 0.00” +10" - .854 I-:‘)%E #50x10 ~ Degrees + 6x10 3 Degr. +5.8x10 3 Degrees
BENCH MARKER z 2 7 -0.09" + 1 -8.544 L2 +3x1073 Inch  + Ix10™> Inch # .6x10° Inch
Vi - - -
BENCH MARKER y v, 8 -16.36" + 10 -8.560 105 + 2x107> Inch  # 1x10™> Inch + .6%10™" Inch
REFERENCE VOLTAGE (NEGATIVE) —VR 7 0.00 Vv -9.,99 Vv Adjusted to i5;0x10_3 Volt
-9.95 volt " . i
REFERENCE VOLTAGE (POSITIVE) +VR 8 0.00 Vv -9.99 Vv Adju;ted to +5,0x10 volt

+9.95 Volt



ox ﬁK“(thm

66(ye+z)

6K(Y£m+l T Yim'T

¥y O
0y&m 6
6z

m

d

m

z&m

66m(ym + zmem)

6y®0
6z

66 (y + z6)

6K (z

+1

4m+1

ALm

z&%\

TABLE III-2

1.000 in. =

.010,0
.000,2
.001,9

.001,0
.006, 8

1,002,0
.000,5
.006,1
.002,8

.000,2
.001,8
.001,0 .
.011,1
.010,4
.000,4
.003,0

.003,9
.002,2
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APPENDIX IV

STATEMENT OF WORK

A. General

The Contractor shall furnish the necessary qualified personnel,
facilities, materials, equipment, and services as may be requi-
red, to perform the required effort for development, fabrication,
and demonstration of a Special Track Geometry Survey Device

which will measure the track geometry of a high precision railroad
test track located at the High Speed Ground Test Center mnear
Pueblo, Colorado and to record the measurements for automatic data
processing. The -Device shall be developed in accordance with the
following technical specifications including de11very and test
site demonstration.

B. Performance Specifications

The performance requirements for the Survey Device are as follows:
1. Track Geometry Measurements:
a. General

The Device shall measure and record the data necessary to
determine the actual track geometry to within the tolerances
specified in Table 1. The Device must measure absolute

rail position directly or make the chord measurements nece-
ssary to derive the absolute rail position. If chord
measurements are used, the contractor shall provide or
define the technique required to derive the absolute rail
position from the recorded data. The points at which the
measurements are to be taken on each rail shall be as shown
in Figures 2 and 3.

b. Profile and Alignment

Data recorded by the Device shall describe the profile and
alignment of the inside rail over the entire length of
track to the accuracy specified. The profile and alignment
of the outer rail may be directly measured in the same
manner or it may be derived from the inside rail measure-
ments, the gage and crosslevel through data processing.
However, all resulting measurements shall be made to the
accuracy specified.

c. Gage and Crosslevel
The gage and crosslevel of the track shall be measured and

recorded (at coincident intervals with the profile and
alignment measurements) to the tolerances specified.

106



d. Distance along the Track

The location on the track where each measurement is taken
shall be known and recorded along with the geometry measure-
ments. The location of each tie shall be recorded and the
tenth tie and hundreth tie shall be specially identified.

The distance along the track of each geometry measurement
and tie location shall be traceable to a survey monument.

The device shall be capable of automatically recording track
geometry data at each tie (tie centers are 19"). The
accuracy of the distance measurement shall be at least 0.1%.

e. LIM Reaction Rail Position

The position of the reaction rail shall be measured from
the reference rail. Two measurements of position shall be
made, one in line with the top of the conventional ralls

and the other 12" above, as shown in Flgure 3.

2, Tolerance and Range Requlrements

In order to measure and record data which can be processed accurately
enough to comply with the LIM track specifications, the accuracy
requirements of the Track Survey Device 'shall be as shown in Table 1.
These requirements indicate the recorded measurement tolerances

for specific chord lengths approximate to that shown.. The tolerances
indicated in Table 1 shall apply to the entire system, including

the measurements recorded by the device and the data processing. It
must be possible to obtain accurate data to the tolerances specified
in Table 1 for the chord lengths shown. :

3. Data Output Requirements

The Survey Device shall record the required measurement data on
seven track, IBM compatible, magnetic tape. Information identi-
fying data and time of the run; test conditions and the type of
measurement shall be recorded. ’ :

A process of procedure for determlnlng the track geometry parameters
from the recorded data and verifying the accuracy of the resultant
values shall be provided by the contractor.

The recorded data form and format that will be required for data
processing shall be specified in consultation with and approved by
the Government or designated Government contractors in the first
design review.
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TABLE 1

Tolerance and Range Requirements.
For Midchord offsets for Indicated Chord Lengths

Tolerance in + dinches for the

Measured Parameter Range indiéated Chord-Lengths *

10! 31 100" 700"

Profile (for each rail) +£2" + X 1/64 1/32 3/64 | 1/12
Alignment {for each rail) +2" + ¥ 1/¢64 1/32 3/64 1/12 ]
i
Crosslevel (and .2
Superelevation) +10" 1/32 !
Gage - For conventional 55 1/2" to 1/32 g
‘rails) 57 1/2" i
Position for Reaction Rail 256" to 30" 1/32 :
i -4 i

Where X - is the offset resulting from vertical curvature. The

smallest vertical curve 1is 2600
of the spirial is 2000 feet for

Where Y - is the midchord offset based on
the Contractor will use for his
radiua curve.

foot radius. The length
an 8" superelevation.

the reference chord that
system on a 2-1/2 mile

* Chord length measurements may be made to the nearest

tie.

If the absolute rail position is obtained with reference to a
fixed offset reference line of markers or instrument devices as

opposed to a moving chord reference line,
ments shall be that of Table 2.
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TABLE 2

Tolerance Requirements for Absolute Rail Measurements

Measured Parameter " Tolerance in + inches

Profile (for each rail) 1/64
Alignment (for each rail) : 1/64
Crosslevel'(and Superelevation) 1/32

[;age - For conventional rails and
reaction rail 1/32

NOTE: The Range-being the same as-in Table 1.

The track geometry measurements shall have at least a 90 percent
confidence factor of béing within the tolerances specified. ‘If
the accuracy requirements cannot be met by a single pass over

the track under test, then several passes shall be specified in
order to arrive at a statistical value which is within tolerances.

4. Survey Monument Referencing

A procedure shall be defined and spec1f1ed for referencing the
measurements or for determination of the position of the reference
point used by the device with respect to a fixed survey monument.
The contractor is not responsible for performing the measurement
of the reference point to the survey monument.

5. Validation

The contractor shall be responsible for defining and detailing -the
procedure for validating and calibrating the measurements made by
the device as well as defining the configuration of the monuments
for the calibration test track section. :

C. Operating Requirements

1. Production Rate (Speed of Tests)

The average production rate of the device shall be at least 3 miles
per hour and shall include all passes necessary to meet the accuracy
requirements.

2. Operating Personnel

The device shall be designed for operation by technician type per-
sonnel with a reasonable amount of special training. The operatien
of the device and resulting measurements shall be as automatlc as
possible and relatively insensitive to human error.
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3, Set-up and Calibration

After the device has been placed on the track, the equipment shall
be ready for track measuring within one hour. The device shall be
capable of being easily calibrated by the Government within the

one hour set-up period. Once calibrated, the device shall maintain
its calibration throughout a period of eight (8) hours.

‘4. Power
Device shall be self-propelled and provide its own electrical power.
5. Speed

When not measuring, the device shall travel at least 20 miles per
hour on a 1-1/2% grade and negotiate 5% grades at some slower speed.

6. Environment

The Device need not be operated during inclement weather. The

device shall operate as required in the vicinity of Pueblo, Colorado,
except that it need not meet the requirements during days when the
extreme of temperature is above 100° F, or below 0° F, or during

days on which the difference between high and low temperature is
greater than 40° F. ‘

7. Interface

The device shall operate on the LIM track with the reaction rail
in place. The device shall have a clearance above the reaction rail
of 15-1/2" measured from top of running rails.

8 Track Loading -

The device shall load the track at the points of measurement with
25,000 1bs. distributed over about 10 feet of track. It will be
considered advantageous if the load can be incrementally varied

from 10,000. to 30,000 1lbs. at the points of measurement. If ballast
material is used, it is advantageous to use an inexpensive material,
(e.g., sand, water, etc.) which is easily removable. The Contractor
shall initially provide the ballast material. '

9. Storage

The device shall be weather-proofed, suitable for year-around out-
side storage at ambient air temperatures of -30° F to 105° F. Cer-
tain precision parts or electronic equipment may be removed for
inside storage if necessary. .

10. Lifting
The device shall be provided with 1lifting hooks or other means

suitable for placing the device on' and removing it from the LIM
track by an overhead 20 ton crane at the Test Center.
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