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1.0 INTRODUCTION

1.1 GENERAL

This report describes a three-phase program to develop an

on-board, track-stiffness-measurement system. The first phase,
implemented under Contracts DOT-FR-54174 and 64113, took place
during the period December 1974 through December 1976. During

the first phase, the following work was accomplished:

° The method for extracting track-
stiffness information from track
profile measurements was developed.

° Data processing systems were developed
for extracting track-stiffness infor-
mation.

. Preliminary tests were run to collect

track-stiffness data.

. Instrumentation criteria were established.

The second phase, implemented under Contract DOT-FR-64113,
took place during the period August 1977 through April 1978.

During the second phase, the following work was accomplished:

. The accuracy and resolution of the
instrumentation were improved to a
point where they were adequate for
track-stiffness measurements.

(] Good repeatability was established
in the collected data.

) High correlation was established
between observed variations in track
stiffness and the actual physical
condition of track structures and
subgrade.

) Track stiffness and track geometry
were found to be independent and
complementary measurements.




° At the rail level, it was established
that rail structures and loose joints
could be observed and studied.

] At the tie-ballast level, it was
established that grade crossings and
bridge approaches often exhibited
distinctive signatures.

° At the subgrade level, it was estab-
lished that the track-stiffness
measurements reflected differences
in areas of cuts and fills and differ-
ences between old and new construction.

The third phase, implemented under Contract DOT-FR-64113,
took place during the period May 1978 through December 1978,
During the third phase, the following work was accomplished:

[ A detailed study of long-and short-
span bridge stiffness signatures was
conducted,

° An analytical study of the relationship

of the mid-chord-offset (MCO) difference
to absolute stiffness for bridge struc-
tures and continuous roadbed was made.

. Theoretical stiffness models were
matched to actual short-span bridge
stiffness signatures.

° Field testing was conducted for a
short-span bridge involving locomotive

loading and deflection measurements to
verify the theoretical model.

A rigorous analysis of these four items is included in Appendix A.

1.2 BACKGROUND

1.2.1 NEED FOR TRACK STIFFNESS MEASUREMENT

Maintaining railroad track in a safe and functional condition
so that it can efficiently carry train traffic, requires care-
ful maintenance of all the elements of the track system - the
rails, ties, ballast, subgrade, etc. Obviously, broken rails
or split ties cannot be tolerated if the track system is to

2



be safe. Also, deterioration of the subgrade can lead to
unsafe track conditions. A recent article in Railway Track

and Structures [1] pinpoints the situation quite accurately.

"The problem created by soft subgrade has, of
course, plagued trackmen ever since the rail-
roads came into existence. Because water in

the subgrade was identified as the main culprit,
good roadbed drainage has always been given the
highest priority in the minds of track engineers.
It was for this reason that nearly every rail-
road has its annual ditching program in which
side ditches were cleaned out and deepened and
such other grading was carried out that was
considered necessary to cause water to be
drained rapidly from the right of way."

The commentary continues:

"But soft, unstable roadbeds continued to be
a problem which even became more serious than
before. Two reasons come to mind for the
worsening situation. One is that many roads
in recent years had been unable to pursue the
annual ditching programs, and perhaps even
had to cut back on the other measures they
had been using for stabilizing roadbeds. The
other is the increasing use of 100-ton cars
which cause subgrades to break down more
rapidly than before."

Having established the need for maintaining a proper subgrade,
the question of the cost of this maintenance must be determined.
In general, the exact costs are difficult to quantify because

of the widely differing conditions that are encountered.

The same article in Railway Track and Structures [1] sums up

the situation as follows:



"...At one extreme we have track that is supported
on a well-drained subgrade consisting of a stable,
well-compacted material. It is probably safe to
say that the cost of track maintenance attributed
to sub-grade deficiencies under such conditions is
close to zero. At the other extreme are those
situations where the track is supported on a
material of low bearing power that has become
saturated with moisture. Any trackman who has

had the responsibility for maintaining track under
these conditions is aware of the amount of effort
required to keep it in surface and line."

Nevertheless, we do know that with the advent of continuous
welded rail (CWR) a higher percentage of the maintenance
costs are going into subgrade maintenance (as pointed out
in [1]). Prior to the conversion to CWR, approximately 50
percent of maintenance dollars were expended on repair to

.the rail joints. Currently, CWR represents a sizeable capital

expenditure. Poor subgrade conditions can cause bending of
the rail and replacement costs are high. Consequently, a cost-
effective scheme for maintaining subgrade in proper condition

is of the utmost importance.

The dual-profile-measurement system developed in the first
phase of this program is intended to measure track stiffness,
a property directly related to the condition of track subgrade
and ballast as well as to the condition of rails and ties.

The dual-profile-system, which derives track stiffness data
from measurements of track profile obtained from the standard
mid-chord-offset and profilometer techniques, using a track-
geometry-measurement car operating at normal speeds, is simple
and economical. During the second phase of this program, the
existing system was refined by improving the instrumentation
and the processing algorithms to demonstrate the usefulness of
the collected data relative to the maintenance of railroad
track. The third phase of the program was conducted to examine
the signature characteristics of bridge and roadbed anomalies.



1.3 REPORT ORGANIZATION

Section 2.0 of this report covers the basic theory of the
dual-profile measurement system. Section 3.0 covers the
three individual phases of the test emphasizing: reason
for the test, test areas, actual results and test-to-test
differences. The appendices included at the end of the
report contain the detailed information concerning theory,
instrumentation, electronics, data acquisition, testing,
post-test processing and bridge structure signatures as
well as topographic maps showing the test areas and corres-

ponding stiffness signatures for each phase.




2.0 BASIC THEORY

The purpose of the Track Stiffness Measurement Program is to
develop a mobile, automated track measurement system that can
identify track support anomalies that cannot be detected using
existing track-geometry-measurement systems. The absolute
stiffness of a track support system is difficult to analyze.

In theory, the following aspects of stiffness must be considered:

° There is a directional variance in
stiffness in a plane normal to the
longitudinal axis. Intuitively,
there is a dependence of lateral
stiffness on vertical stiffness
but an independent measurement is
required.

] Vertical stiffness is load dependent.
Since track does not deflect uni-
formly under graduated loading, the
stiffness is also non-uniform for a
uniformly graduated loading condition.

. Under dynamic loading (a simulation
of the pounding, rhythmic effect of
the wheels of a passing train) the
dynamic stiffness response will be
different from the static stiffness
because of plasticity or the recovery
rate of the track after an applied
load is removed.

In a theoretical study, the above considerations cannot be
overlooked. The purpose of this program is not to establish

a rigorous, absolute-stiffness measurement system. The pur-

pose is to develop a system that can detect track-stiffness-
related anomalies under survey conditions that cannot be
detected with current track-geometry-measurement instrumentation.

Figure 2-1 shows the vertical-stiffness, base experiment
which consists of measuring a maximum vertical deflection

of the track support system at the applied load. If the
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Figure 2-1. Base Stiffness Experiment

system were designed in this manner, some very important
parameters would be overlooked. First, the deflection of
the track support system is non-1linear when graduated loads
are applied. Therefore, the static load application yields
a linear approximation of the actual force-deflection curve.

There are two basic linear approximations of the force-
deflection curve; the tangent modulus is actually tangent to
the curve at a point while the secant modulus passes through
the origin and a point on the curve. When the track is loaded
enough to take up the initial low-load deflection, the secant
modulus is a close approximation to the tangent modulus.
Determination of the tangent modulus requires two levels of
force application with their respective deflections. Battelle




[9] has been conducting theoretical research in this area
using a vehicle with three axle trucks modified to produce
different force levels on the axles of the two trucks.

ENSCO has been utilizing the secant modulus in its stiffness

research.

There is also a spatial variation in the longitudinal direc-
tion on the deflection curve of the track support system., The
curve forms a dish shape; ENSCO (utilizing the secant modulus)
has conducted research into the form factors associated with
the dish shape. The nature of a Winkler-type beam supported
by a continuous elastic foundation is such that the spatial
variation in the deflection is an important consideration in

the overall integrity of the track support system,

Another consideration is the response of the track support
system to periodic excitation. The periodic application of
loads to a point in a track simulates a passing train.
Battelle's [9] theoretical research indicates that there
are some track structures with fundamental frequencies that
fall within the range of interest and coincide with the

range of speeds of passenger and freight traffic.

All of ENSCO's stiffness research has been conducted using a
dual-profile, measurement system. Tests have been conducted

on continuous track and on bridge structures.

The dual profile system measures the response of track to a
distributed load. When mid-chord-offset is measured by a beam
System attached to a three-axle truck (Figure 2-4), the load
1s stationary with respect to the three measurement points.
When the output of an inertial device called a profilometer is
converted to an equivalent MCO, the relative deflections are
computed with the load in three different positions. As a
result, the mid-chord-offset measurement is smaller than for

the beam system. Subtracting the profilometer MCO from the




beam MCO yields a deflection that is associated with load only

and not with track geometry.

2.1 TRACK SUPPORTED BY AN ELASTIC ROADBED

Railroad track can be described as long beams on a continuous,
elastic, supporting foundation (Figure 2-2). When a point-
load (P) is applied to such a beam, the vertical displacement
(y) as a function of the distance (x) from the point-load is

given by

P5g -B8x

y(x) = in e [cosBx + sinix] (2-1)
when x > 0 and
1/4 1
R = [I%T] {(inches )
p = track modulus (pounds/ihch/inch)
E = Young's modulus of the rail
(pounds/inch/inch)
I = second moment of area (inch4)

f p
= l =
AIRRITERELEEIERIE

I’/ VA4
Figure 2Z-2. Beam on a Continuous, Elastic Supporting Foundation

ST 7T 7777777 VAV A Ve
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At the point where the load is applied, x = 0 and

Ymax = y(0) = z= = maximum deflection.

Track compliance (C) is defined as the maximum deflection of
the beam divided by the applied load or

Y
c = _max _ g
p 2u

Track stiffness is the reciprocal of track compliance. There-

fore,

The important point in this derivation is that Equation 2-1
for the deflection of the rail can be written as a function

of the compliance or the stiffness of the foundation

PCf(x) =

wnlo

y (x) f(x) (2-2)

where

£(x) = e PX (cosgx + singx) (2-3)

which is called the rail deformation form factor.

In the case of multiple loads, i.e., two or three-wheel trucks,
the superposition principle applies and the deformation at any
point is the sum of the deformations due to each individual
load. Thus, the rail deformation form factor will appear as

a baseline term in the measurement of mid-chord offset.

11




2.2 CHORDAL MEASUREMENT SYSTEM

To make a mid-chord-offset measurement of rail profile, a
chordal length is defined and a measurement is made at the
mid-point of the chord to determine offset of the rail from
the straight line between the two end points as illustrated
in Figure 2-3. In the case of the R-1 research car, a three-
axle truck at the rear of the car is equipped with an 11-foot,
rigid beam suspended from the first and third axle and the
mid-chord-offset measurement is made at the center axle as
shown in Figure 2-4. The truck is weighted for equal loads
on each axle and the entire truck will sit in the "well"
caused by the deformation due to the superposition of the
three loads as illustrated in Figure 2-5. A chordal measure-
ment with this system will always be dependent on the shape
of the rail deformation form factor as well as imperfections
in profile. 1In the case of perfect track geometry (i.e., no
variations in rail profile) only a baseline reflecting the
shape of the form factor will be measured by the mid-chord-
offset-measurement System. For the three-axle truck on the

R-1 research car, from Equation 2-2, this baseline is given
by the expression

dMCO = PC {£(66") - f(132')} (2-4)
when the track stiffness is constant.
Equation 2-4 relates the MCO measurement on perfect geometry

track to track compliance. If one considers the case of im-
perfect geometry but constant track stiffness, the chordal

measurement will be the sum of the above bias and the varia-

tions in track geometry as related through the chordal

measurement. In an actual physical system, the track will
have neither perfect geometry nor constant track stiffness.
However, if an independent measurement can be made of track
profile, the two measurements can be combined to yield track
stiffness. One instrument which can be used to make an inde-
pendent measurement of profile is the inertial profilometer.

12



RAIL
PROFILE

MCO (yp) =1/2(y, + y3) -y,

Figure 2-3. Mid-Chord-Offset Measurement

WHEELSET WHEELSET WHEELSET
NO. 2
NO. | NO. 3

RIGID BEAM DISPLACEMENT RAIL
(CHORD LENGTH) MEASUREMENT PROFILE
(MCO)

Figure 2-4. Mid-Chord Offset Measurement
Using Three-Axle Truck
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| —— -
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Figure 2-5. Track Stiffness Measurement Using
Mid-Chord-Offset Measurement

2.3 DPROTTLOMETER MEASUREMENT SYSTEM

Figure 2-6 is a schematic diagram showing the operation of a
profilometer. A massive platform is attached to the journal
bearing of a truck axle using a spring and damper. An accel-
erometer is attached to the platform and a linear variable
differential transformer is used to sense the displacement
variations between the axle and the platform. These two
signals can be amplified, filtered and combined to produce

a displacement signal relative to some inertial reference.
Since the profilometer output is a point-by-point measurement

of displacement, a mid-chord-offset measurement can be developed
from this data. The response of a profilometer to perfect

track geometry and constant stiffness is shown in Figure 2-7.
The profilometer is not sensitive to the deformation form
factor. Thus, the chordal construction from the profilometer
would produce an output of zero.

The way in which a profilometer can be used to eliminate the

track geometry contribution to a mid-chord-offset measurement
is illustrated in Figure 2-8. Assuming infinite track stiff-
ness (zero track compliance), we have a rail surface with an
imperfection of depth A. As the 11-foot, mid-chord-offset
measurement is made by the moving test car, a chordal response

14
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Figure 2-6. Inertial Profilometer Measurement
System - Schematic Diagram
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Figure 2-7. Mid-Chord-Offset Constructed by Profilometer
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Response of Track Stiffness
System to Track Geometry
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profile results with the geometry defect reproduced, as well

as two half-amplitude bumps which result as the first and third
wheels fall into the defect. The profilometer will reproduce
the actual track surface by generating a space curve trace

from which we can construct an 11-foot, mid-chord-offset
identical to the measured mid-chord-offset. The difference
between these two signals is zero. Thus, for the case of
imperfect geometry and constant stiffness, the difference
hetween a digitally constructed profilometer mid-chord-offset
and a measured mid-chord-offset will be the baseline expression,
dMCO of Equation 2-4.

These measured deflection values, being a measure of the de-
formation of the track under the truck, can be directly re-
lated through Equation 2-2 to track stiffness or compliance.
'igure 2-9 is a plot of measured MCO displacement versus track
compliance. The total range (from soft to stiff track) of the
mid-chord-offset displacement is 0.15 inches, demanding that
the measurement-accuracy be at least 0.02 inches to discim-

inate between significant changes in track stiffness.

Although variations in track profile have been eliminated

from the measurement system, the response of the system to
non-constant track stiffness has not as yet been discussed.
Consider the case of perfect geometry and an abrupt change

in track support modulus from a stiffer value (ul) to a less
stiff value (u,) as shown in Figure 2-10. As the 11-foot,
mid-chord-offsgt moves across the boundary, the baseline will
change from that associated with u; to a new baseline associated
with us . The profilometer will generate a space curve re-
flecting the gradual change in its vertical position as the

form factor under the truck changes as shown in Figure 2-10(c).
IThe derived, 11-foot, mid-chord-offset (shown in Figure 2-10(d))
“as a rather complicated shape but is zero away from the
interface. The difference between the measured and profilometer-

dterived-mid-chord-offsets vields a trace which reflects the




¢
3

20.0 >
140
-pound Rail
90-pound Rail
5
5 15.0 4 . .
g —3—Soft
~
w
o
3}
=
opd .
= Wheel load 19,000-poimds
2 Axle Spacing 66 inches
>
S 10.0 . .
=
<
bt
- |
E
i,
[}
Q.
4 e C
Q
=
=
~@———— Standard
5. 0 b LJ (J
> ~-——Stiff
'.
i T T T T T
0.04 0.08 0.12 0.16 0.20

Figure 2-9.

MCO DISPLACEMENT (inches)

Measured MCO Displacement Versus Track Compliance
From ENSCO Report DOT-FR-78-15 [11]

18




TRANSITION BETWEEN TUQ ELASTIC FOUNDATIONS

\\\\\\\\Jl\\\\\\\\\\w/ . i Z

|
TRACK SUPPORT MODULUS |

Uy

117 MCO !

I
!
PROFILOMETER SPACE CURVE |
!

Figure 2-10. Response of Track Stiffness System to a
Step Change in Track Support Modulus
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values derived some distance before and after the interface
with a transition region of about 12 feet duration.

Two important points should be observed from this discussion.
First, even an instantaneous change in track support modulus
(or the physical makeup of the track) will generate a res-
ponse in the system of 10 to 20-foot duration. This indicates
that the examination of wavelengths shorter than 10 to 20 feet
requires detailed analysis, since any physical event along the
track produces a longer response in the track stiffness curve.
Second, the complicated transition region, qualitatively an
indication of a change in track stiffness, is amenable to
quantitative analysis., Appendix A describes the approach to
the solution of the bridge problem with discrete changes in
stiffness at each bent.
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3.0 TEST RESULTS

5.1 PHASE 1
3.1.1 REASONS FOR THE TEST

The initial phase of this program was concerned with the
development of the theory required to prove the viability
of the measurement concept. It was also required that
several configurations of the measurement technique be con-
sidered in order to determine the relationships of their

respective results to track stiffness.

This phase was also concerned with the development of time
efficient data processing techniques for future use in a real-
time system and the application of advanced off-line processing
techniques. Studies were also made to compare the results of
the system's output to known characteristi-s of special test
track. Detailed discussions of the techniques used to accom-

plish these objectives are contained in the appendices.
The Phase I report [10] contained the following:

° An explanation of the theory concerning
the method to be used for obtaining
track stiffness information from track
geometry measurements.

° A description of the design of the
stiffness measurement system (summarized
in Appendix C of this report).

° A description of the data processing
techniques (summarized in Appendix D
of this report).
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3.1.2 TEST ZONE

This test was conducted over sections of Southern Railway
track in the vicinity of Manassas, VA and at the Kansas Test
Track. Appendix B contains details describing the test zones.

5.1.3 TEST RESULTS

The results of the first test were very promising and led to
recommendations for further testing. The most important re-
sults were:

° Validation of the measurement concept
utilizing the known stiffness charac-
teristics of various segments of the
Kansas Test Track.

° Determination of the relative sensi-
tivity of different configurations of
the measurement system.

° Establishment of instrumentation
criteria.

3.2 PHASE 17
3.2.1 REASONS FOR THE TEST

The tests conducted during the second phase were designed to
evaluate improvements in the measurement instrumentation and

in the data processing procedures.
The test results report [11] contained the following:

) A general explanation of the basic
theory involved in the design of the
stiffness measurement system.

° A physical description of the mea-
surement system.

. A description of the test.

. A description of the analysis procedures.

° A description of the data processing
procedures.
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3.2.2 TEST ZONE

The test was conducted over Southern Railway track from
Alexandria, VA to Lynchburg, VA. Details describing the

test zone are presented in Appendix R.

35.2.3 TEST RESULTS

The test results generally exceeded original expectations.
Difficulty was experienced only in the area of determining
absolute stiffness. With the beam mid-chord-offset measure-
ment system, the mid-chord-offset measurement must be made
with respect to a straight line. However, any beam, used

as the reference line, will not be straight because it
deflects under its own weight. An attempt was made to
measure this deflection using surveving instruments but

these measurements did not have the required accuracy.

The most important results were:

° Variations in track stiffness down
to 30 feet in wavelength were measurable
and could be correlated to track and
subgrade features.

) The response of the system at bridge
approaches, road crossings, soft joints,
switches, old and new construction, and
at cuts and fills reflects its ability
to examine tie/ballast interface and
rail and subgrade conditions.

5.2.4 TEST TO TEST DIFFERENCES

The differences between the Phase I and Fhase 11 tests were

as follows:

. The cylindrical whecels on the R-1
vehicle were replaced with newlv turned
wheels prior to the Phase II test to
Improve accuracy.




o The T-7 data acquisition vehicle was
used in conjunction with Southern's
R-1 vehicle. T-7 was used to eliminate
software incompatibilities between
ENSCO and Southern Railway data systems.
It also provided a more rapid transition
in setup and teardown as well as advanced
coding and programming of off-line data

processing.

. Improved data processing procedures were
developed.

. A study was conducted on revenue track

to establish the ability of the system

to detect maintenance-related track
stiffness problems. Southern Railway
personnel examined the track and responded
to questionaires establishing a strong
relationship between changes in stiffness
and track structure irregularities.

Figure 3-1 and Table 3-1 present an

example of the stiffness changes observed
and the probable causes. Figure 3-1 shows
the locations of the events §escribed in
Table 3-15 the stiffness indicated in Figure
3-1 represents the average relative stiffness
on a per mile basis,

3.3 PHASE 111
3.3.1 REASONS FOR THE TEST

The third and fina1l phase of the Track Stiffness Measurement
System Evaluation Program was conducted to demonstrate the
usefulness of the system, and to perform a detailed stiffness-
related, signature study for track anomalies and for long-and
short -span bridges.

This phase ended with the production of the final report
summarizing the three-phase program.

3.3.2 TEST ZONE

The test zone for this phase was Southern Railway track from
Cincinnati, OH, through Lexington, KY, Chattanooga, TN, and
Birmingham, AL to Mobile, AL. Details of the test zone are
described in Appendix B.
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Relative Stiffness on a Per Mile Basis

25




TABLE 3-1

TRACK STIFFNESS SYSTEM EVALUATION

Tape: D Date: 20 January 1978
Page: l of 3
EVENT

# MILEPOST EXTENT ENSCO COMMENTS SOUTHERN RR COMMENTS

1 18.0 Short Softer. Cut with slight slope
uphill to south. May
have poor drainage.

2 18.2 Short Softer, joints. Turnout to gas plant.

3 18.3 Short Softer, joints. Part of same turnout.

4 18.7 300" Very soft. Cut under new Rolling
Road bridge. Exact
area is under new
bridge.

5 19.85 Short Softer, joints Insulated joints for
Message #21 - road and north signal
road. at Burke - generally

not well drained.

6 20.0 1/10 mi. Softer, joints Burke Interlocking,
probably interlock. | side hill location, but

ballast fouled with
clay slurry from de-
railment in 1976.

7 21.6 50" Very hard, New Sideburn Road

Message #24 - road. Crossing, paved and
only two to three years
old.

8 22.4 400" Softer. Entering cut at top of
Fairfax Hill.

9 22.75 100" Softer. Still in cut, approach-
ing overhead bridges.

10 23.45 75" Two soft spots, ?
joints.
11 23.9 150" Harder. Fill.
12 25.45 400" Harder. Fill.
13 25.85 150" Softer. Probably short cut.
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TABLE 3-1 (Cont)

TRACK STIFFNESS SYSTEM EVALUATION

Tape: D Date:20 January 1978
Page: 2 of 3
VENTIMILEPOST|  EXTENT ENSCO COMMENTS SOUTHERN RR COMMENTS
14 25.9 2/10 mi. | Harder, Message #26,| Bridge is at 26.05
bridge. actually, but a bridge
over Popes Run is here.

15 26.8 1/10 mi. | Activity, joints, Clifton Interlocking -

Message #28 - road. | has a road through
middle. Generally well
drained due to slope.

16 27.05 100" Two soft spots, Probably ends of bridge

Message #29 - not over small ‘creek.
recorded.

17 28.4 200" Harder. Side hill cut at
approximately foot of
hill.

18 28.7 300" Harder, then Bull Run bridge, one

softer, Message or two spans approached
#30 - bridge. at ends from side hill
cuts.

19 29.6 120" Harder. Alternating small cuts
and fills ascending
toward Manassas.

20 31.7 75" Softer, joints. Switch and road
crossing together.

21 32.25 100" Softer. Road crossing.

22 32.3 150" Very soft, joints, This should be switch.

Message #31 - road.
23 32.7 150" Softer, joints Four road crossings
(Manassas), Message | close together and two
#35 - road. or three switches.
Generally soggy area
in wet weather.
24 33.65 150" Softer, joints. S. Switch Manassas.
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TABLE 3-1 (Cont)

TRACK STIFFNESS SYSTEM EVALUATION

Tape: D Date: 20 January 1978
Page: 3 of 3
EVENT I
4 LEPOST EXTENT ENSCO COMMENTS SOUTHERN RR COMMENTS
25 36.35 50" Softer, joints. Road crossing, swell
country, unpaved type.
Look for short bridge between these two.
26 36.4 350" Activity, joints. Interlocking plant at
Bristow.
27 36.6 50! Softer, joints, S. road crossing at
Message #39 - road. | Bristow.
28 38.4 75! Slightly softer. Overhead bridge, track
in a cut on hillside.
29 38.85 50! Slightly softer, Signals - insulated
joints. joints.
30 39.5 250" Harder, Message Town prep, paved road

#40 - road.

crossing.
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3.3.3 TEST RESULTS

The results of this test were as follows:

) For short span bridges, the spans and
supports produce signatures that
matched the theoretical model. There
was a signature reversal not originally
anticipated but a logical result of
support flexibility. Appendix C con-
tains the matched signatures and
Appendix A contains the mathematical
theory that predicts a signature
reversal. Figure 3-2 shows the
theoretical stiffness signatures for
a span with differing levels of relative
stiffness of the span with respect to
the support. The lower signatures in-
dicate that the spans are less stiff
than the supports while the upper
signatures indicate the opposite.

) During a field trip, one bridge with
distinct signatures was subjected to
locomotive loading while deflection
measurements were made at the supports
and along the spans. The resultant
static stiffness matched the signatures
and the theoretical model. Figure 3-3
shows a theoretical stiffness signature.
compared to actual data collected during
the test. The theoretical signature was
established using the relative stiffness
of the span with respect to the supports
that were calculated by observing the
deflections of the supports along the
span with the locomotive positioned in
several locations along the bridge.
Details are presented in Appendix A.

° A method was developed for the analytical
verification of the stiffness signatures
for continuous track but was not imple-
mented

° The usefulness of the system for the
detection of maintenance related track
problems (not detectable from track
geometry measurements) was demonstrated
during field trips (pp B-14 through B-21).
The effect of poorly supported joints was
observed. Areas with poor drainage were
distinguishable. Zones with fouled
ballast were detected.
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; 3.3.4 TEST TO TEST DIFFERENCES

The differences between the Phase ITI and the Phase II tests

were as follows:

. A detailed bridge-signature study was
conducted (Appendix A).

° For bridges, the relationship of dif-
| ferences in mid-chord-offset to
absolute stiffness was established
(pp A-43 through A-49).

. A method for establishing the relation-
ship of differences in mid-chord-offset
to absolute stiffness on continuous
track was outlined (pp A-1 through A-8).

° Joint field trips were conducted to
Mobile, AL and Lexington, KY including
ENSCO, FRA, Southern and AAR personnel
to evaluate areas with interesting
signatures (pp B-14 through B-21).

This allowed a more in-depth and objective
investigation of problems with the track
structure as indicated by the stiffness
signatures.
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4.0 CONCLUSIONS AND RECOMMENDATIONS

Interviews conducted with members of the rail-industry
(CONRAIL, Canadian National, Bessemer and Lake Erie, Denver

and Rio Grand Western and Southern Railway) and articles in
railroad periodicals [1] indicate that there is a real rail-
industry need for a track-stiffness-measurement system capable
of survey operations at track speeds. It has been demonstrated
that the system evaluated under this program does have the
potential of being that system. No mechanical modifications
are required to implement the system on a three-axle truck.

It only requires a simple combination of two accepted track-

geometry-measurement techniques,

The inertial profilometer and the beam mid-chord-offset
provide the measurements that are combined to remove the
effect of track geometry from the resulting displacement
measurement. This displacement measurement is a function

only of the vehicle load and the vertical stiffness of the

track support system.

There are many track structure anomalies that can be de-
tected with current track geometry instrumentation. As an
example, low joints can be detected with profile measurements.
The track stiffness measurement system has demonstrated that
it can actually distinguish low joints that are unsupported
by ties from low joints that have tie support (pp B-18).

From the bridge signature analysis conducted during the
third phase of this program, it is apparent that the basic
stiffness theory has been verified. The correspondence
studies (correspondence of stiffness signature variations
to localized track problems) conductod during the latter

phases indicate that the stiffness measurement system can
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detect a variety of track structure anomalies and further
offers the promise of complementing geometry measurements

to distinguish one anomally from another.

Further testing should be directed at developing more absolute
criteria for distinguishing anomalous track in terms of the
degree of stiffness variation and classification of the type
of anomally. The reliability and accuracy limitations of

the system must be established.

The following is a list of recommendations/questions that should
be addressed:

° Is it possible to make this measurement
on-board a test car (track geometry car)
in real time and in such a manner that
interpretation is straightforward?

° Is it possible to measure absolute track
stiffness?

o Is there a way to differentiate areas
of fouled and muddy ballast from subsoil
instability?

° Is it feasible to make bridge stiffness

measurements to reflect accurately the
condition of supporting structural
members? Can a significant weakness
be detected?

. Will track stiffness measurements
indicate a variation in maintenance
practices?

The recommendations listed above must be addressed as to the
technical approach required to successfully answer the questions.

Currently track stiffness data is processed off line into

several filtered versions. The format for data display has
been plots of stiffness traces similar to strip chart plots.
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Real time processing has always been an ultimate goal of the
program. Consequently, all of the algorithms used in pro-
cessing have been designed to be time conservative. The
filters represent the most time consuming processing. Using
the longest filter, a delay of approximately 200 feet is
expected before an analog strip chart will display the data.
Data processing can be accomplished through commercially
available micro processors or minicomputers onboard the test

vehicle.

Measuring absolute stiffness has also been a goal of the
program. The difficulty here has been that the measurement
derived from the difference between profilometer and beam
mid-chord-offsets is relatively small, on the order of two

one hundredths of an inch. While the accuracy of profilometer
measurements is adequate for the required sensitivity, the

beam measurement requires special consideration.

The simply supported beam, although as stiff as possible,
does deflect statically and dynamically. Ideally a perfectly
straight line is required as the baseline for the mid-chord-
offset measurement. Filtering can effectively eliminate the
effect of dynamic deflection of the beam but not the static
deflection. Survey techniques were attempted during the
second over-the-road test but did not have the required
accuracy. An optical calibration procedure has been proposed
that will have the required accuracy. The procedure involves
mounting a coherent light source on one outer axle and a
position sensing photo detector on the other outer axle.

A lens is then mounted at the center of the beam. If the
mechanical beam is not deflected, the light beam (one milli-
meter in diameter) will pass through the center of the lens
onto the center of the photo detector. If the mechanical
beam is deflected, the light beam will be refracted by the
lens through its focal point onto the photo detector yielding
a current output proportional to the position of the light
beam with respect to the electrical contacts on the photo-

detector.
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The vehicle load and the corrected mid-chord-difference will
be combined to yield the absolute stiffness measurement.

With the realization of real time processing, the differentia-
tion of fouled or muddy ballast from subsoil instability might
be possible. Much of the data gathered during the three

tests was not usable for evaluations of this type. During

the interim period between the tests and the subsequent field
investigations, areas with interesting stiffness signatures

were repaired making an investigation meaningless.

The work conducted during this program on bridge structures
was entirely conclusive; short panel wooden bridges yield a
highly resolved stiffness signature that is indicative of the
relative stiffness of the panels and bents. Real-time testing
must be carried out to determine the effects of any of several

types of significant weaknesses on the stiffness signature.

Detection of variations in maintenance practices is an area

of quality control that will probably be effectively augmented
through stiffness testing. Here again,real-time processing is
necessary and extensive testing is required to establish a

degree of confidence in this use of the measurement system.

Additionally, it is recommended that research be initiated
into development of a measurement system specifically designed
for a two-axle truck. All anticipated FRA track inspection
vehicles will have two-axle trucks. The earliest tests of

the concept have demonstrated the feasibility of the two-axle
measurement. It is not expected to have quite the sensitivity
of a three-axle measurement. Generation of a corrected-beam,
mid-chord-offset is simpler for a two-axle truck. The mech-
anical beam is hard mounted to the two-axle housings. It is
overhung and magnetic proximity sensors are mounted at the
two ends just outside the wheel diamater and at the center
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of the beam. The coherent light source, photo detector, and
lens, as used in calibration of the three-axle system, will

be mounted directly to the three magnetic sensors at the ends
and in the center of the beam, respectively. This direct
mounting allows mechanical isolation of the optical components
from the shock and vibration environment of the mechanical
beam. This configuration allows for beam MCO corrections
statically and dynamically. Elimination of the filtering
required for the three-axle system is desirable since

filtering always attenuates some of the desired signal.
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APPENDIX A
MATHEMATICAL MODELING

A.1 INTRODUCTION

The importance of quantitative information regarding the stiff-
ness of track-subgrade has long been recognized. This data can

be utilized in a variety of ways. For example:

. As an aid to the railroads in defining
maintenance criteria which will improve
operational safety and economy.

. As an input to FRA in determining a
new set of safety standards which in-
corporate subgrade conditions.

° As a parameter in analytical models
used to predict allowable lading for
given equipment or to design equipment
so as to insure a desired level of
ride quality.

The present method for measuring track stiffness is based on

the concept that mid-chord-offset, measured by a beam on a three-
axle truck and by a profilometer, which are two independent
measurement systems, respond differently to changes in rail
profile. These changes occur due to variations in rail geom-
etry and/or subgrade. The profilometer performs a point-by-point
measurement of the profile whereas the beam mid-chord-offset
(MCO) is inherently a distributed measurement. When the con-
tinuous profilometer output is converted to an equivalent MCO
and compared with the beam MCO, it is found that the difference
between the two quantities is independent of track geometry,

and is only a function of elastic deflections of the rail-
subgrade. In principle, these deflections can be related to
track stiffness through appropriate equations from bending
theory. Therefore, at least in concept, it should be possible
to determine absolute track stiffness. A proof for the pre-

ceding statements 1is presented in the following paragraphs.
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BASIC CONCEPTS

Under loaded conditions, the inertial profile at a point X on

the track (Figure A-1) is the sum of unloaded track profile

and an additional contribution due to the three-axle truck
located at ® = H. Thus

D(X, X) = TG(X) + S(X, X: Pi, Py, Py, A) (1)
TG (X) = Track geometry profile at &%
with no applied load.
S(X, X; Pl’ PZ’ P3, A) = Absolute deflection at & due
to wheel loads Pj, P,, Pz
with axle spacing A and with
center axle at x = X,
D(x, X) = Loaded track profile at X

due to truck located at % = X.
Explicit dependence on P1, Py,
Pz, and A has been omitted for
brevity.
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X
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-
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Figure A-1. 1Inertial Profile of Loaded Track
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The MCO measured by the beam system of length 24, as defined
in Figure A-2 is

MCOR(X) = D(X - 4, X) - D(X, X) + WX + 8, X) (2)

where

MCOB(X) Beam MCO measurement at x = X

1]

The MCO derived from the point-by-point profile measured by
the profilometer is given by

MCOp(X) = sD(X - A, X - 4) - D(X, X) + DX+ 4, X+ 8) (3)

v

x>'

MCOg (X) = 5 D(X=4,X) - D(X,X) + 3D(X+4, X)

Figure A-2. MCO Measured by Beam System of Length 2A




The profilometer may either be mounted on the center axle or
on the leading (or trailing) axle. 1In the latter case, pro-
filometer output is corrected for #A for use in Equation (3).

Subtracting Equation (3) from Equation (2), the MCO difference
C(X) 1is

C(X)

MCOB(X) - MCOP(X)

fl

DX - 4, X) ¢ ID(X + 4, X) - IDX - 4, X - 8)

- %—D(X A, X + A (4)

Substituting Equation (1) into Equation (4)

20(X) = TGOL~"4) +S (X - 4, X) + TG ) + S(X + 4, X)
-TG/(}/A)-S(X-A,X-A)-TWA)

- S(X + A, X + 1)

Notice that the track geometry terms cancel out. In the
above expression, the parameters Pl’ PZ’ P3 and A have been
omitted from the arguments of S for the sake of brevity,
These parameters, however, are understood to be present
implicitly.

Then,

[}

2C(X) = S(X - 4, X) + S(X + 4, X)

- S(X - A, X - A) - S(X + A, X + 4A) (5)




Recall that the deflection terms in Equation (5) have the

following interpretation.

S(X - &, X) = Deflection under trailing axle
when the truck center axle is
located at X.

Other terms in Equation (5) are similarly defined. Referring
to Figure A-3, assuming equally loaded wheels jand superimposing

deflections at each point

S(X - 4, X) = 6(X - &, X - &) + 6(X - &, X)

+ §(X - A, X + A7)

u | | | “S(X+4, X+4)
| | | | |

Figure A-3. Deflections Caused by a Three-Axle Truck




S(X+A,X)=6(X+A,X—A)+6(X+A,X)

+8(X + A, X+ 4)

S(X - A, X - &) §(X - A, X - A) + 8(X -24, X - a)
* 85X - A, X)

(X + A, X) + S(X + A, X + 4)

S(X + A, X + 4)
*6(X + A, X + 24) (6)

where (X - A, X + A) stands for deflection at (X - A) due to
a load applied at (X + A), etc.

Substituting Equations (6) into Equation (5)

ZC(X)=5(X-/A/f-A)+a(x- s X))+ 8(X - A, X + A)
+6(X+A,X-A)+<S(X%X)+6(X+%(+A)
—cS(X-A,X-ZA)-cS(X-yX-A)
-a(x/A/,X)-a(Xy/,X)-é(x+/A/x+A)

- (XA, X o+ 20)

or

2C(X) = 6(X - a4, X+ A) + 8(X + 4, X - A)

- 8(X - A, X - 28) - (X + A, X + 24) (7)

Note that the deflections & in Equation (7) are measured
positive upward in the coordinate system of Figure 2-1.
Equation (7) shows that the MCO difference C(X), which is

A-6




a measured quantity, is directly related to deflections only.
The relationship of C(X) to an appropriately defined '"track
stiffness" or '"track compliance' is an indirect one and it is

discussed below.

In order to extract stiffness information from Equation (7)

i1t is necessary to introduce a model for the physical structure
underneath the track. For instance, in the case of a bridge,
the model will be a beam with given properties and support
conditions for each span. The elastic deflection of a bean

is governed by the equation

dZ

dX

(@5

EI(X) = M(X) (8)

o)

where,

M(X) Bending moment at X which is a function of

the wheel load P and its location.

i}

[0}

EI (X) Flexural rigidity of beam (including rail)

at X.

If there is continuous subgrade underneath the rail with a
modulus u(X) expressed in force per unit vertical deflection
per unit length along X, the governing equation for elastic
deflection of the rail is

El &3 = - u(0)s
o )

EI = Flexural rigidity of rail, a constant for
given rail.



It is now clear how Equation (7) is indirectly related to

track stiffness, which is EI(X) in the case of a bridge and

p(X) for a continuous subgrade. If Equations (7) and (8) or

(7) and (9) are combined or solved simultaneously, subject to
appropriate boundary conditions, the physical properties

EI(X) or u(X) can be evaluated, at least in principle.

Following the foregoing idea, models were developed for

bridges and subgrade, and theoretical signatures C(X) were
derived. A comparison between theory and actual test data

has been carried out for the special case of short-span bridges.

These details are presented in subsequent appendices.

A.3 MODEL FOR LONG SPAN BRIDGES

A.3.1 SIMPLY SUPPORTED SPANS

Since the MCO measurement is made with a beam of finite length,
the ratio of bridge span to beam length plays an important role.
Consider a simply supported bridge span with length & > 44, 1
where A is half the beam length (i.e., equal to the axle spacing). i
Bridge spans satisfying this condition will be referred to as
long spans. The significance of the 1limit 4A will be clear in

the following paragraphs and in the next section. Figure A-4a

shows two adjacent simply supported spans of equal length with
constant EI. Since the instrumentation response is expected to
be symmetric about the center of each span, three distinct-

solution regions can be identified as an isolated three-axle

truck traverses the span.

A X . 2A
L Zzizi(*‘T)
2A X A
- (l’z)ifi(l'i)
A X
II7. (1 . Q—)ﬁzil

A-8



These cases will now be considered in detail.

., X 2
CASE I: Zf < T < (1 2 )

All three wheels lie in Region (1).of Figure A-4a (see also

Figure A-5).

For the simply supported beam of Figure A-4b, the deflections
at a point 7 due to a load P applied at point a is given by

5(z, a) = - ¥bZ_ [22 A bz] for 0 < Z < a

Pb 2 3 2 2
= - FETL [5-(2 -a)t + (% - bz - Zs]for a<iZc<2y

Since b = & - a, the above expression becomes

62, a) = Rl [02 g2 L 2] foro<zca

6ETT
(10a)
P(4 - a) g 3
SETT [(z 3y (2 - a)
3
- a(a - 20)Z - 2 ] for a < 7 < g (10b)

Notice that a minus sign has been introduced in the above
equations because downward deflection is considered negative.
It may also be mentioned that Equations 10a and 10b are
solutions of the differential Equation (8) subject to simply
supported boundary conditions. 1In order to derive an equa-
tion for the MCO-difference, one must use Equation (7) in




t— REGION (1)~

0 . . C) . C) Cj)l

2.1

A Y (£-28) (£-8) r (148) (L)

8

“icure A-4a. Two Adjacent Simply Supported
Spans of Equal Length

—p 2

L S
Nt
]

Figure A-4b. Simply Supported Bean




MOTION

ﬁ

(X=-24)(X~-8) X(X+4)(X+24)

N
©]10]0) (2-2)

A8 2 (1-28) A= A
A B c
CASE I

(X-24) (X~A) X (X+A)(X+24)

NN
QA0
=0z

A -B C
CASE IT
(X—ZA)(X-A) X (X+A)(X+2A)
[ I
; L] v '% l; i 7;7
A B C

CASE III

Figure A-5. Wheel Locations for a Long Span Bridge




combination with Equations (10a) and (10b). The term

§(X - A, X + A) is calculated by substituting Z = X - A and

a = X + A in Equation (10a) since the deflection is evaluated
between 0 and a. Therefore

s(X - 4, X + 8) = P&~ Xséxﬁ)(x - 8) .

[QZ -0t A)ZJ (11a)
Similarly
PR - X+ M) T 2 3
S(X + 4, X -8y = B X2 8) %7 (28

Soxd oAy - A - 20) - (X o+ A)3]

= §(X - A, X + A) (11b)
-P(L - X + 247) L 3

C(X - 2M)(X - 28 - 22)(X - )

- (X - A)S] (11c)
sx +a, x + 28 ) = PEZX T2 (x4
[22 X+ Mo (- X - ZA)Z] (11d)
A-12




It is found, upon direct expansion and simplification of
Equations (lla) and (11b), that &§(X - A, X + A) = §(X + A,
X - A). Substituting the expressions (11a), (11b), (11c),
and (11d) into Equation (7) and carrying out lengthy alegbric

manipulations, the result is

. p 2 2 2 3 2 2 4
COO = g [54 X“a% - 54 xa%e - 7 A% ¢ 12 4242 4 94 4 ]

Simplifying further, the dimensionless signature for the MCO-

difference C(X) is,

) ax

= >

)

=] <

((15—53(%=(%)2[(1-3%)(1-;

It may be verified that the right-hand side of Equation (12) is
 symmetric about X/& = 1/2 and has a minimum at that point.

-

In this case the location (X + 2A) lies on the adjacent beam
BC and therefore, assuming independent spans, a load applied
at (X + 2A) does not produce a deflection at (X + A). Con-

] <
| >
S a—

CASE II: (1 - 2 %) <

sequently

(X + 4, X+ 20) 20
The terms §(X - 4, X + A), (X + A, X - A), and §(X - 4,

X - 2A) are the same as in Equation (1l1a), (11b) and (1llc).
With these substitutions, Equation (7) yields
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(13)

+
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=

+
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"

+

~J
——
=| >
~—
oo
Nt

, Ay L X
CASE III: (1 z)i}:i 1

For this case the point, (X + A) lies on the beam BC and the
point (X - A) lies on the beam AB. Therefore, there is no
deflection at (X - A) due to loads at (X + A) and vice versa.

Hence, in Equation (7)

1}
[aw]

§(X - A, X + A)

1
joe]

and &(X + A, X - A)

The term §(X - A, X - 2A) is the same as in Equation (1llc).

To evaluate the last term §(X + A, X + 2A), one must exercise
care since both points of load application, (X + 24), and the
point at which deflection is considered, i.e., (X + A), occur

on beam BC. Therefore, Equation (10a) must be modified to

match the coordinate system of Figure A-4a. This is accomplished

by recognizing that

X + 240 - 2

o8]
i}

and Z X + A - £
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C(x/1)

(PAYED (8/2)2
i
o
o
=
w 0.5
a8
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=
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W
2L
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0 !
| IA 0.5 ZAI I R
a 2 2
T X (-57) (-2)
_ =X
2
DIMENSIONLESS TRUCK LOCATION
Figure A-6. Signature of MCO-Difference for a Simple

Supported Span with Length £ > 4A
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in Equation (10a). Thus

S(X + A - &, X + 24 - 2) = - E%TE (22 - X - 28)(X + A- 2).

[12 S X a- )% - (20 - x - ZA)ZJ

Incorporating the aforementioned deflection formulas into
Equation (7), and performing the necessary albegra, the re-
sulting MCO-difference is given by

covn) ., (§>4 C 16 (5)3 + 2 ;14 - 18 (é) v 27 (g)Zg (5)2

Equations (12), (13) and (14) represent the complete solution

for the MCO-difference. It should be mentioned that the expres-
sions for C(X) in the ranges 0 < % < % and ﬁ < % < 2 % are

obtained by replacing % with (1 - X/&) in Equations (14) and
(13), respectively.

As a numerlcal example, consider the Accotink bridge with
% ~ égé— ¥ _5’ the signature for the MCO- difference, obtained
from Equations (12), (13) and (14) is shown in Figure A-6,

A

Notice the discontinuities in slope at % =7 and (1 - A/2).

This signature form, which has been obtalned for one span, will
repeat itself as the 3-axle truck traverses a bridge having
equal spans. Strictly speaking, for a long bridge under con-
sideration, the effect of the second 3-axle truck (as in the

case of the R-1 car) should also be investigated.
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A.3.2 FIXED END SPANS

The deflection equation for a beam fixed at both supports
(1.e. resisting moment at each end) is, in terms of the

notation of Figure A-4b,

oL 272 3a’? g Z
5z, a) = PLE- 2T [3611- sal - U'a)b} (15a)
6EI2
for 0 < Z < a
pal a2
- “Pat(2 - 1) [32(@ - a) - (& - I)(31 - Za)] (15h)

On
~
~3
-
st
—
(931

6EI ¢
for a < I <9

Following the same procedure as in Sec. 3.1, three different

cases are treated.

o]

< <1 -2

)

SX - b, X+ 1) = -P(R-x=4) “(x=4) " [3g(x p o) - 5x2 - ah

=

CASE I: 2

=] >

<

6ET4" (16a)
- (%2 - X - A)(X - A)]
'y 2 22
5(X+A,X—A)=‘P(X‘L)< (é'x'“) [32(};’—)(+L\)

- {2 - X - A)(32 - 2X + ZA)]

= (X - 4, X + 1)



P(X -28)% (2 - X + a)?
6EIL>

§(X - A, X - 24)
S (R - X+ A)(3% - 2X + 4A)]

P(L - X - 28)% (X + a)°

S5(X + &, X + 2A) = x
6EIg

[SZ(X + 2A)
- 3(X + 2A)(X + A)

- (2 - X - 20 (X + A)]

Substituting Equations (16a) through (16d) into the MCO-
difference Equation (7), one obtains

2 2
Cx/8) - -(A)Z 12(X)4 - 24(X)3 + {15 + 21 (B } (P
(P25/ET) T z -t ’ '

2 2
- {srad JRCSIESANCORETCS

4
+ 3(3) ]

Equation (17) should be compared with Equation (12) for the
simply supported case. It is evident that Equation (17) is

of 4th order, whereas the right-hand side of Equation (12) is

a 2nd order expression. Thus, Equation (17) has four real
zeros (as will be shown later by a numerical example) as
opposed to two for Equation (12), and therefore, the signatures
C(x) are expected to be characteristically different. The
symmetry of Equation (17) about % = % may be readily verified

by introducing a linear transformation ¢ = % - % . Also, there
is a minimum at % = % .

A-18
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case I1I : (1 - 2 % ) <X o< - %

In this case
S(x + A, x + 2A)= 0
and §(x ~A, x *A ), S(x + A, x - A ), &(x -4, x - 28 )

are given by Equations (16a),(16b), and (16c), respectively.
Combining these deflections with Equation (7), the MCO-difference

is
C(x/2) 1 x.% 1 Ay (X
STe 1 M e I S GE U B €S
(PL°/ET) A 2 vz
2 4
. %,{jz - 15 () - 26 (D }'(%)
2 3 3
R R UNC IR ENC IR NN ¥

3 2

2 4
- %.<{3(%) + 34(%) + 63(%) + 40(%) } (%)

2 3 4 5
+ 2 {(%) p3d e sy s

3 4 - 5 6
I NI NI NN } (18)

A X
) g 21

Case I1I: (1 -

For this case,
(x =4, x +A )= O

(x + A, x -0)= 0
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The term 6(x - A, x = 2A) is again given by Equation (16c¢)
and the term §(x + A, x + 2A) is replaced by

2 2
“P(28 - 2M)°(x - 2 +4)

S(x +4 =~ £, x + 2A - 1) T
6E1%

[%ﬁ (x = 2 + 24)
= 3(x - 2+ 20)(x - g + A)

- (22 - x - 2A)(x -8 +A)]

C(x) 1s obtained by substituting the above expressions into
Equation (7). The result is

C(x/2)
I S (19)
(PR7/EI)

Numerical calculations for C(x) were performed for A/% = 1/16
and the signature is plotted in Figure A-7. It is evident
that the response is characteristically different from the
simply supported case (Figure A-6). 1In particular, there are
four zero crossings and the signature amplitude is quite small
for the fixed-end spans. Figure A-7 shows the actual MCO-
difference signature obtained during a previous field test.
This signal has been passed through a 9.5-foot filter to
eliminate noise due to wheel asymmetries. Using the left and
right space curves, approximate locations of bridge supports
are shown by the vertical lines. The resemblance between the
theoretical signature of Figure A-7 and test data of Figure
A-8 is encouraging. However, conclusive statements regarding
the applicability of the theory can be made only after the
theoretical curves are replaced by actual computations and

the effects of filtering are taken into account.

20

=
1




C(X)
(P YET)(A/1)?

COMPUTATIONAL

- em em e o= THEQRETICAL

o
(6}
T

DIMENSIONLESS MCO-

DIFFERENCE

DIMENSIONLESS TRUCK LOCATION

Figure A-7. Signature of MCO-Difference for a
Fixed End Span with Length 2 > 4A
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A.4 MODEL FOR SHORT~SPAN BRIDGES

A.4.1 GENERAL

During the Selma-Mobile run, several timber bridges with sup-
ports in wet and muddy ground were encountered. These bridges
were constructed by laying wooden beams on timber pile supports
and leveling the spans with shims. These shims, and sometimes
the caps on the support piles, crush under the weight of a
train. Also, the piles themselves can pump in muddyv ground.
Consequently, timber bridge supports behave like springs.
Another feature of these bridges is their short spans (13 -

15 feet). This length requires investigation of a set of
solutions different from that of the previous section. In

the following sections, this analysis is developed for short
bridges (&/4 < 2 < /2 or 24 < < 44, 2 = 5.5'") with both

rigid and flexible supports.

A.4.2 BRIDGES WITH RIGID SUPPORTS

The MCO-difference signature for a bridge with all spans of

identical length and flexural rigidity is expected to be
symmetric. Therefore, it is sufficient to consider the

following cases:

) A
.77 <0-%)
A X A
1. (1-3)< $<27%
5o.oX .
II1. 23 < $:<1

Figure A-9 depicts the above three regimes ot solution for

three adjacent spans.

\ C A
Case I: T %’j (- =)



CASE I
(x-24) (X-4) X (X+4) (X+24)
| | | |
A Wn 20 D
CASE I
(X-24) (X-4) (x-4) {(X+2a)

| |

5> 2 A

CASE III

Figure A-9.

A-24

Wheel Locations for a Short Span Bridge




From Figure A-9

et rssomamysaniacod

S( X- 48, X- 20)

HE
]

S( X+ A, X+ 2A0)

i
(e
T T e

And from Equations (10a) and (10b) for a simply supported beam

S(X-4, X+4) = &§(X+ 4, X-4)

—cP(2 - X - A) (X- 4) [22—(X-A)2-(9,-X-A)2] *53

6 EIZ
Substituting these deflections into the MCO-difference Equation

(7), one obtains ﬁ

4 3 2

JE720 IR Y VS SRS S
-m—g[-xz(g) i - (20)

2 3 4
20 -4 e ]

1 ) _ A X
Case II: (1 T) < 7= 2 T

In this case,

(X -4, X-24) =0
(X + A, X + 4) =0
(X + 4, X - 1) =0

and,

S(X + A -2 , X+ 2A-2)

= %gTE (2% - x - 20 ) (x + A=~ )

EZ—(X+A-£)2—(2£-)(—ZA)Z]

Hi

(X +4a , X+ 204)
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Incorporating these deflections into Equation (7), the
MCO-difference is

4 3
CCX/2 ) _ _l‘[z(z) - 12 31 -2 f (3
(pQS/EI) ; - z 7 (21)
,\2 XZ
+ ;26 - 54(2) ¢ 27(3) f ()
A /\2 AS X
+ ;-24 T8 - 81( o+ 27(Y) (&)
2 3 4
+ 38 - 36(%) + 58(%) - 40(%) + 10(%) :J
, A X
CASE III: 27 <7 <1

The deflections in this case (Figure A-9) zye given by
S(X -4, X+ ) =0
S (X A, X - A)
§(X A, X - 24)

+

1

[
"

-P(L - X + 24) 4 AS
6EIR (L - X + 240)

- (X - 28)(X - 24 - 22)(X - &)

- (X -A)S]

(X + A, X + 24) = 8§(X + 4 - Ly X + 24 - &)
_ -Pp - 3
= GETT (28 - X - 28) (X A - 2)

[22 S X+ h - 0P -2 - x - 23)2]




The MCO-difference obtained from Equation (7) for the above

deflections is,

4 3 2 2
Cx/y) . 1 [4(X) 16(% 7 « 2 ;14 18(%) + 27(2 f X
= 7 7 - T () =
(Pe3/ED) 12 2 ) ) ) ()
2
A A X
-12}2-6(§)+9c@) f €]
2 3 4
A A A A
+ 38 - 36(E) + 62(E) - 26(53 + ZO(I) {J
Similar analysis for a fixed-end,short span leads to the
following results:
Covm) L1 o x st x s [2(5)2 2 - 4(A)J
(PRS/EI) 6 L L 2 '3 L '} L
A X A
2 2
_ 1 X A X A
"zl g2y GF-olrg
X A X
[3(§ -1+ 25) (z =1+ % )
X, 4 X _ A
+ (2 Xg 25) (3 1+2)
- 2. 4
3 ( 7 1 + 7 )]
A
for (1-2) < §<2 (23b)
and
C(x/2 ) _
(P23/E1)
X
for l% <g <1 (23¢)
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8.0 X 1073
—CX)  goxi03t
(P£3/EI)

4.0Xx103}
2.0X 1073}

1 i

-
0.2 ’,/ \\\o.e
_—_———’ ~~ N-_-
SIMPLE SUPPORTED FIXED END
- 20xi0-3k RIGID SUPPORTS RIGID SUPPORTS

Figure A-10.

Signature of MCO-Difference for Short
Spans with 11-Feet < 2 < 22 Feet
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The MCO-difference responses given by Equations (20), (21),
(22) and (23) are plotted in Figure A-10. It is of interest
to compare Figure A-10 with Figure A-6 and A-7 in order to
see the effect of the ratio of beam length to bridge span.

A.4.3 BRIDGE WITH FLEXIBLE SUPPORTS

The preceeding analysis can be extended to a bridge with flexible
supports by the application of the principle of superposition.

In other words, deflection of an elastic beam on flexible sup -
ports is the sum of the deflections of an elastic beam on rigid

supports and an inelastic beam on flexible supports (Figure A-11).

§(z,a) = 8§, (z,0) + &,(Z,a0)

Figure A-11. Superposition of Deflections for an
ilastic Beam on Tlexible Supports.



I't can be readily verificd that the deflection function &, 1is

given by the linear relation

[R%]

P
y =

_ Paz P(i - a Lo- 2 ' P
,a) - 5 + 1 ( ;)_‘( J ’\“‘ )
K,.2~ K -

B A

where K% and KB are spring components {in force per unit

deflection) for the flexible supports. For supports with

equal flexibility, K\ = KB = Kk and Equation (24) becomes

. P - a) Pz )
37(23 a) = (fg + 5 (Za - “)
B ) Ko~

As an example, consider application of the above approach to
Case I of Section A.4,2., Figure A-12 shows the various deflec-
tions which are required to evaluate the MCO-difference. Note
that the spans are assumed to be pin-jointed and can therefore
rotate relative to each other. By applving Equation (25) to

Figure A-12(a), it is evident that

X -, X+ ) - P2 ~7X - ), P(X - 2) [Z(X vy - g] (26a)

2 K2 Ko e

IL(X+ L, X - n) = SZ(X - Ay, X+ 8) {(26b)
From Figure A-12(b)

SL(X - n, X - 28) = g (2 - X + 2)
Since = (0, X - 200 = (0, X = 22+ 3}
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. — - — — — — — — —— — e —._|._.__*__._—. A

52 (X‘A, X“ZA)

(b)

X (X+4) (x+24)
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Figure A-12. Case I for Flexible Supports
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(Q—X+&)[P(£-X+2A—l)
7

we have, 62(X - A, X - 24) 6 (26¢)

P

K9°

-+

(2X - 44 + 22 - z)}

Similarly, it may be verified from Figure A-12(c) that

§,(X + 4, X + 24) = % (X + 1) (26d)
=(_X__;_Al §(2, X + 24)

- X+ 8 §(0, X + 24 - 2)

| +

_ (X + ) [P(zz -~ 24 - X)]
K7

Substitution of the deflections in Equation (26) into Equation !
(7) yields the MCO-difference due to a rigid span on flexible
supports. Adding to this the contribution of an elastic beam

on rigid supports, i.e., Equation (20), the result is

4 3 2 2 3
f%féfé%f - 5 [}z(§) CHD -2 - )

4 2
+ é + EI - _)S + 2(. - + ._[l
2(5) ] — [ 6() + 6()- 1 (Q)J

for <

>
bl

< (1 - %) (27)

Notice in Equation (27) the appearance of the non-dimensional
EI/KRS, which characterizes the relative importance of flexural
rigidity of the beam span and the flexibility of the supports.
If the supports are extremely rigid (K very large), EI/KQ3 is




very small and the first bracketed term in Equation (27) domi-
nates the MCO-difference. On the other hand, for sufficiently
soft supports, EI/KP,j can have moderate value, and the second

bracketed term in Equation (27) becomes significant.

One can carry out the analysis for the remaining two cases
and complete MCO-difference response for the entire span.

Thus,

:

4 3
/) o1 [ 2% - 12} 1 - (é)s e (28)
(ped/EDy 12 ! L
2 2
. ; 26 - 545 + 27(8) € e
2 3
5 A L L X
+ ;—24 + 78(@) - 81(@) + 2%@) f(@)
2 3 1
. ? 8 - 36(5) + 58(5) - 402 + 10(H) f]
2
El X. Ay 1 (X 2
+ 3(3) - 910 - 9(5) () + 6 - 6(F) ]
2K [ ' { v ;
for (1- %) <X of
and
C(x/e) _ 1 [4(&)4 - 16(5)3 + (29)
(PRZ/EI) ‘ ’

o

.
v 2 ;14 ] 18(%} £ 27(5) %(%)

\ L2 .
- 123 2 - 6(%) + 9(%) { (%)
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3 4
+ ;8 - 36(2) 62(2) - 26(%)  + 20(%) (]

2 2
EI X X A 4
+ % [6(5) - 12(@) + 6 - 2(@) + 6(@) J

for 2

| >
| e

=gl

The effect of introducing support flexibility into the MCO-
difference signature is shown in Figure A-13. The influence
of soft support is quite dramatic in that the signature re-
verses itself beyond a certain value of EI/KRS. The calcula-
tions in Figure A-13 apply to typical 13-foot spans of timber
bridges, hence A/g = 5.5/13.0 = 0.423.

A.4.4 ESTABLISHMENT OF ABSOLUTE ZERO OF C(X)

USING SYMMETRICAL SIGNATURES
One of the difficulties associated with all stiffness-
related measurements has been the calibration of beam MCO.
Consequently, the knowledge of a zero reference for the
MCO-difference signature does not exist. The symmetrical
signatures for infinitely rigid supports (Figure A-10) or
in equally flexible supports (Figure A-13) can be used to
establish such a reference. This is accomplished as follows.

For rigid supports, Equations (20) and (22) yield,

- [ C(X/4) ] - [ C(X/2) ]
(Pe*/ED) Imax L (a3 ED) X
L

o

-1
2

A-34
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Figure A-13. Signature of MCO-Difference for Short

Spans (11 Feet < & < 22 Feet) with
Flexible Supports. /% = 0.423



and

T - [ C(X/4) ] _ [ C(X/2) }
(p2?/ED) Imin - Leped/eny Jx |
2

The ratio b/a is

b-(b L—é: ( ’ 4<%>3 +_E£§)jl - £(4 30
< >dim (g) [5 - 13(2) 10(%>2] ( ) (30)

and it is a constant for a bridge of given span since AR

:’;{

1s fixed. Now, the dimensional peak-to-peak amplitude

(b - &) is measured directly from the MCO-difference data
collected in the field (Figure A=14). Assuming the absence
of any noise, the absolute zero location a is given by

(b - )measured

(a)dim N (é)

When the supports are sufficiently flexible (EI/KS&3 > 0.25),
the second terms of Equations (27), (28) and (29) are dominant

as pointed out earlier. Therefore

[C(X/L)J - EI [; . éJ
P /El max 2k L2 4

and

_ C(X/Q)J - EI A~[ 5 ]
a = | =\&/0) " 233 1
[PZS/EI min ng(i) 2
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Figure A-14. Location of Absolute Zero Reference
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where a and b are as shown in Figure A-14. The ratio b/a 1is

R0

g ) <§>dim ) :(%)(3% ) 1) ) g(%) (32)

and is again a constant for a given bridge span. The important
observation from Equation (32) is that the ratio b/a is inde-
pendent of support flexibility. Thus, the zero reference can

be located from

(b - a)

d
(@) gy = g(é) Teisure (33)
£

and support stiffness can be calculated from the expression

for (a)dim'
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Finally, the case of slightly flexible supports (0 < EI/KJ&3 <
0.25) can be treated as follows. In contrast to the previous
extreme cases, the knowledge of EI and P is required in addi-
tion to the bridge span %. Evaluating Equation (27) at

X/% = 1/2 and Equation (29) at X/% = 1, one obtains

o=t ke @R - o5 - o) 5o

MR [ ) ) EEE ) e

Subtracting Equation (34b) from Equation (34a),

(b - a)
o e
- %(%)4 ¥ ‘123 [% ¥ ‘5‘(%) - 3<%>Z] (35)

K¢

where the dimensional difference (b - a) is measured from the
MCO-difference data. Given EI, & and P (wheel or axle load),
Equation (34) can be solved for EI/KJL3 (and K if necessary).
Once EI/KJZ,3 is known, a and b can be determined from Equations
(34a) and (34b) and multiplied by PQB/EI to obtain their
dimensional values.

A.4.5 SUPPORTS WITH UNEQUAL FLEXIBILITY

The condition of supports with equal stiffness, which has
been employed in the analysis so far, is unlikely to exist
in reality. Consider a bridge with supports of different
flexibility (Figure A-15). To derive the theoretical MCO-
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Figure A-15. Supports with Unequal Flexibility

difference signature due to Span AB, the analysis follows
the development which in Section A.4.5 except that Equation
(24) is used instead of Equation (25).

The results are, after superimposing the solutions for elastic

spans over rigid supports,

S E () s A 2 e v
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é_<2(_<
for 2 7= 7~ 1

Since all K's are different, the MCO-difference signature is
not expected to be symmetric about the mid-span. In order to
derive the response for X/% £ A/%, the following interchanges
are necessary,

X X
Replace T by{ 1 - 7 }

Kp by KL

KB by KA

KA by KB

K; by K

L R

in Equations (36), (37) and (38). Equation (36) will remain
unchanged. Therefore,

I C7AE R L P I RV
Py /EI 17 [ ( 7 ) ( [ )( l‘) (39)

2 2
. 226 - 54(5) + 27(8) (1 - %

3
+3 -24 + 78(%) - 81 (%) +27(%) %(1 - %)

2 3 4
+ 38 - 36(%) + 58(%) - 40(h - 10(%) f}
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It is evident from Equations (36) through (40) that, except
for a small portion around the mid-span (4/% < x/% < 1 - &/%),
the MCO-difference for a given span depends not only on the
flexibility of its own supports (KA and KB), but also on the
flexibilities of the two adjacent supports on either side (KL
and KR).

As shown in Figure A-13 for supports with equal flexibility,
theoretical signatures were produced for supports having un-
equal flexibility. Two cases have been investigated, one
where one soft support (B) exists among infinitely rigid
supports and the other in which the support B is significantly
softer than other supports of equal flexibility. The results
of these computations are shown in Figures A-16a and A-16b.

It is evident that the one soft support causes a dip in the
MCO-signature. Thus, from the trace of the field data, sup-
ports which have deteriorated and become unusually soft can

be readily singled out. It is also noticed that the maximum
of the signature shifts away from the support. In fact, it
can be shown that beyond a certain relative flexibility ratio
KB/K, the maximum occurs at the same point (i.e., x/%) along
the span. In Figure A-16b, with A/% = 0.423, this value is
KB/K = 0.66. Furthermore, if the present theory is verified
by experiment, a possibility exists that the difference between
the values of MCO-difference at two supports can be directly
calibrated to reflect relative softness of the supports. It
is also possible, through a somewhat involved procedure, to
locate a zero reference for C(x/%) using asymmetrical MCO-

difference signatures for three consecutive spans.

A.4.6 COMPARISON OF THEORY WITH TEST DATA

During the recent Track Stiffness System Lvaluation Test,

several timber bridges in marshy terrain were encountered.
One such bridge at MP 87.50, on the Selma-Mobile line, pro-

duced a symmetrical MCO-difference signature without any
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unusual characteristics. The schematic of this bridge and

the corresponding signature are shown in Figure A-16c.

First, 1t 1s necessary to examine the signature visually

and locate the supports. If one thinks of a bridge with

rigid supports, Figure A-16c¢ shows two embankments with

tnree supports in between. In actuality, however, the bridge
has two supports between embankments. Then, if the signature
1s interpreted as due to a bridge with flexible supports, the
two middle supports and the embankment supports are readily
located. This fact also agrees with a later field observation
that the supports are indeed flexible. Therefore, the flexible
support theory is appropriate for application to this bridge.
The next step was to match the amplitude of the signature of
the center span to the theoretical model in Figure A-18. This
agreement in amplitude occurred for an EI/K}Z3 of approximately
0.35. Subsequent calculations showed that the EI product for

a span with six 9 x 16-inch stringers is 1.8 x 100, pound fect/
inch, with 2 = 14.7 feet measured from the trace, K has roughly
the value 9 x 104 pound feet/inch. It must be pointed out that
an axle load of 45,000 pound feet was used as P in the theore-
tical formulas, since comparisons had been made with the average
MCO-difference of the two rails. This also produces reasonably
good agreement between theory and experiment. However, a sounder
justification for using the axle load rather than the wheel
load is necessary. Proceeding with this value of P, the mea-
sured MCO-difference data samples were made dimensionless with
respect to PQB/EI and plotted in Figure A-18. The solid line
1s the theoretical curve calculated using Equations (27), (28)
and (29). The agreement between theory and field data is quite
good provided K = 90,000 pound feet/inch as mentioned earlicer.
A verification of this value was obtained in the ficld by
positioning a locomotive on the bridge ana measuring the
deflections at the supports. Knowing the approximate axle
loads of the locomotive and using the three moment method,

the reactions at the supports and hence the stiffness in
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pounds per inch were calculated. The stiffness values were
5

roughly 105 pound feet/inch for one support and 4.2 x 10

e s s

pound feet per inch for the other. Considering the inexact
nature of the deflection measurement, the lack of knowledge
of the exact weight of the locomotive, and the changes in
bridge condition since the stiffness test, the agreement with
the prediction of 9 x 104 pound feet/inch is reasonable.
Therefore, the usefulness of the flexible support model is
promising. Absolute zero reference for the track in Figure
A-16c was determined as follows: For A/% = 5.5/14.7 = 0.423, T
Equation (32) gives b/a = 4.06. From Figure A-14 (b - a) =
0.16-inch. Therefore, (a)dim = 0.16/3.06 = 0.05 from Equation
(33). The preceding calculations should be repeated with more
exact values of span length (which appeared to be 14.7 feet

on the trace but was actually found to be 13.1 feet), axle

load, etc.

An example of a typical asymmetrical signature for a bridge
with unequal support flexibilities is shown in Figure A-17a
and A-17b. This bridge, at MP 87.20 MB, is also constructed
of timber and has supports in muddy ground. The dips in the
MCO-difference correspond to softer supports. Notice also
the shifting of the peaks on the trace away from softer
supports as predicted by theory. No detailed calculations

were made for this bridge.
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APPENDIX B
TEST ZONE DESCRIPTIONS

B.1 PHASE I
B.1.1 TEST ZONES AND TEST OPERATIONS

The test zone for obtaining compliance data on RM-176.1 was
the Southern mainline from Manassas to Bristow, VA. The con-
sist was arranged as shown in Figure B-la. Back-and-forth
runs were performed at Bristow and at the Brickyard according
to the following schedule:

. A north and south run at 60 mph.
° A north and south run at 30 mph.
] A north and south run at 15 mph.

Following this testing, the consist moved to Manassas, VA and
west-bound measurements were made on the Harrisonburg Branch
from MP 0 to MP 8 at Gainesville, VA using the consist shown
in Figure B-la. At Gainesville, the locomotive changed ends
and the eastbound return trip to Manassas used the consist
shown in Figure B-1b. Speed on the Harrisonburg Branch ranged
from 10 to 25 mph.

At Manassas, the consist moved onto the mainline and the con-
sist was configured as shown in Figure B-1lc (R-1 was effectively
turned end for end). Back-and-forth runs were repeated at
Bristow and at the Brickyard locations. Details of the test

zone are shown in Figure B-2,

Test operations for RM-176.2 were similar to the above, except
that:

° MP 34 through MP 37 was treated as one
test zone rather than as two separate
zones.

° The Harrisonburg Branch was not surveyed.

° R-1 was not turned on the wye.
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TABLE B-1

SUMMARY OF DATA PROCESSING DETAILS

Test #1

@ 176 L

o M-176.2

* RM176.3

B-176.4

Test Title:

First Test on Southern

® Second Test on Southern

@ ansas Test Track Re- e Test on BSLE

aTocessing

Softvare
Jevelopment:

i
§
7
i
o
g

i Program to
6 chamnels of R-1
data o RQPLOT.

J

¢ TNGPS:  Prograa to I.ma: Progra to

reformat raw data
tape for processing

PTOgTER.
e T176P3: Tri-modal pro-
cassing progrmm.
RGSR2:  Regression
anklysis program--
selects chammel peirs
aver specific zones.

reformat raw data
<aps for processing
prograa.

Difficuities
Enconmtersd:

o Jlgitizing vielded

modified to delete
false scans.

¢ Spring-mmss inter-
actions produce i
ringing response in
the 11' M0 daca
from R-1. [mpsct of
this noise comtam:-
nation needs %o be
avaluated.

|
¢ No processing to date. [ e Existence of gracusal

l

capscitive sensor out-
Mt veriations within
3.02 inches of cali-
brated value.

¢ 04" resolution for
profilaneter limits sys

® No processing to date.

Unresolved
Problems:

e High zain of profilo~
meter combined with
flutter and wow of

tape recorder -
juces oias dngo in
data.

» Noise contamination
cited in Table 1.

e None, except above
notad limitations.

s None encoantered o
iate.

Accomplistmments:

Real-time phase shift-
less processing of

b) Excellent repeat-

ated 50' M.
Excellent repest-
ability of new
“psudo-track’
reconstruction
technicue.

a

o None to date,

e An improved, single e Nonie to date.

function linerizacion
scheme was developed
for the capecitive
sensors.

¢ Regression anslysis
used to fine-tune
sensor gains.

e Individusl sensor
data was exmmined as
opposed to 3 14.4°
M0,

IMajor Highlights:

® Real-time processing
techniques described

& Nome to dats.

® A repeatable track

compliance processing
developed that is re-
latable ta XIT zones
and to cut-£ill trans-
actions and to other
track structure and
sub-qrade features on
the KIT.

¢ Nome to Jate.

Actions:

kigh-pass filter on
profiloneter to !
slininate long wave-
length variations that
are below profilo-
neter noise loor and |
that contain bias dr‘.ftli

Such & filter sas suc- |
cessfully uncorporated

J in T176PS3.

o Explore possibility
of using an snvelope
decector algorithm
<o sliminats noise

problen,

¢ Sowe additional fine- |, process sata using

wming possible. Deter+
2une if snorrer wave-
length defects are more
Telisbly defected.

fine-Tunad software
from RM-174.3.
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Test operations for RM-176.3 and RM-176.4 are described to
some extent in Table B-1. Greater detail is provided in the

appropriate Test Events Reports. Details relative to data
collected, difficulties encountered in testing and a general
assessment of data quality are also given in Table B-1.

B.2 PHASE II

A brief description of the actual test performed to evaluate
the track-stiffness-measurement system is given in the follow-

ing paragraphs.

Tests were conducted on Southern Railway mainline track
(Figure B-3) between Alexandria, VA (MP 9) and Monroe, VA

(MP 165). The track segment between MP 34 and Mp 37 was

used for controlled testing to evaluate system repeatability,
A track chart for this segment is shown in Figure B-4,

The test consist (Figure B-5) included a locomotive, the
Southern Railway System Research Car R-1 and the Federal
Railroad Administration Data Acquisition Car T-7. The R-1
car.was instrumented to measure vertical track stiffness and
the T-7 car provided the data acquisition System. On the
first test day the consist was arranged with the R-1 car
between the locomotive and the T-7 car as shown in Figure
B-5a. On the second test day the locomotive was moved to
the T-7 end of the consist so that the R-1 car was trailing
as illustrated in Figure B-5b. The instrumented truck was
adjacent to the T-7 car on both test days. A Forward Observer
was assigned to the locomotive to assist in the control of
train movements and to identify road Crossings, bridges and
mileposts for entry into the data acquisition system.
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At the beginning of the first test day a wayside measurement
was made at MP 10.4 to determine the baseline for the 11-foot

mid-chord offset transducers. All instrumentation was field
calibrated at the same time. A data run was made to the
controlled testing segment at MP 34-37. The actual run

through the segment was made at 60 mph. Repeatability runs
were then made at 30 and 15 mph in the southbound direction.

A field calibration and a second wayside measurement were
made after the consist had been turned through a wye; then
repeatability runs were made in the northbound direction at
30 and 60 mph. Data were collected on the return run to the

Southern Yard at Alexandria, VA.

On the second test day, a long data run was made from
Alexandria, VA to Monroe, VA at MP 165. An improved method
was used to take the wayside measurement and the equipment
was field calibrated prior to the data run. There were
several instrumentation problems during the second day of
testing. At Monroe, VA the test consist was turned through
a wye, and the return data run was made. At Monroe, VA and

again at Alexandria, VA the equipment was field calibrated.

A more detailed look at three specific track segments shows
the correlation of track conditions with measurements of track
stiffness. The three examples which follow are typical of the
results obtained by comparing measured stiffness data to the
physical track. Figure B-6 shows a topographic map of the
track from MP64 to MP67 (Culpeper). An analog strip of the
28.5-foot-filtered stiffness data at scale is superimposed on
the map. On this strip, softer track is represented by an
upward excursion of the trace and harder track by a downward
excursion. The baseline of the trace is arbitrarily set to

emphasize the variations in the trace. The track lies near
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the trace. Starting from the right-hand edge of the map
(corresponding roughly to MP63.7), one can scan the trace and
find the physical features on the map corresponding to the
excursions. The first less stiff event at MP63.8 corresponds

to a culvert as noted by Southern Railway on the stiffness events
charts prepared after the test. A corresponding event occurs at
MP 64.8. At MP 64.2, a more stiff response results from the
existing bridge across the highway. A turnout at MP 65.60 re-

sulted in a softer response as did the interlock at MP 66.0 and

the turnouts at MP 66.1, 66.2, 66.4 and 66.". At MP 66.9, the

bridge showed a less stiff response at each of its ends.

Figure B-7 is a similar illustration for the area from MP 115

to MP 116 (Charlottesville). The turnout at MP 115 clearly
stands out and correlations with individual rail structures

can again be made. However, an additional feature, not present
in Figure B-8, is the long-term change from MP 114.6 to MP 118.0.
Here the track exhibits softness for the entire l1.4-mile zone
corresponding to the presence of a stream which runs closely
parallel to the track and at nearly the same elevation, and

some recent highway construction. Interstate 64 was built

across the tracks just north of MP 115 and US 29 which runs

adjacent to the track was widened to four lanes in 1971/1972.

Figure B-8 is a further example for the area from MP 149 to

MP 151 (Tye River). The expansion joint just off the end of
the bridge at the Tye River (MP 150.25) is clearly visible

in the track stiffness trace. Near the center of the bridge,
there 1s an anomalous area of softness that may be associated
with a known problem that exists with one of the bridge piers.
Another feature is the relatively rapid change in the stiffness
trace at MP 150.5 to a more stiff level. This can be related
to continuing maintenance effort south of the Tve River. The
Tye River Bridge was destroved in the hurricane of August 1969.
The footings under one pier have become soft creating a con-

tinuing problen.

B-§
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B.3 PHASE III
B.3.1 - TEST ZONE

This test was conducted over two different mainline sections
of track (see Figure B-10). The first test zone was on Southern
Railway track southeast of Alexandria, VA between MP 9 and

MP 40, and was used for system and instrumentation validation.
The second test zone was divided into three sections; each
section required one day of testing. Section 1 was from
Cincinnati, OH to Chattanooga, TN. Section 2 was from
Chattanooga, TN to Selma, AL. The third section was from
Selma, AL to Mobile, AL. Sections 1 and 3 were of primary
interest. Section 1 was tested mainly for roadbed character-
istics. Section 3 was tested for characteristics of bridge
structures. The consist (see Figure B-9) operated at track

speed through the test zones.

Following preliminary data analysis, selected areas of interest
were inspected with emphasis on areas of stiffness variation in

which no unusual track geometry had been observed.

Vestibule End \‘
///// Loco R-1 T-7

OO0 O OO

™

Instrumented
Truck

Figure B-9. Configuration of Test Consist
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B.3.2 OBSERVATIONS IN TEST SECTION 1

The areas selected for field examination in Section 1 were

in the vicinity of Lexington. The observations obtained are
detailed below. Figures B-11 through B-13 show the locations
of the areas selected.

MP 103.1: The High Bridge in this area was examined to study
physical characteristics of a Conley joint which appears dis-

tinctly in bridge signatures.

MP 94.8: This spot was of major interest because a very
abrupt change in stiffness-related signature was observed
during the test. The area in the vicinity of MP 95.0 was the
site of a derailment, and consequently, there are a number of
split and loose ties. Initially, it was believed that one
particular spot on the track with an almost nonexistent tie
might have been the cause of the abrupt change in stiffness.
This observation was based on the fact that two out of the
five joint-like indications on the stiffness-related signature
turned out to be bolted joints north of the spot at roughly
the expected distance. The remaining three were thoﬁght to -
be rather low welded joints. This interpretation, however,
did not predict correctly the location of a switch south of
the abrupt soft spot. It was finally concluded that the soft
Spot was due to a low bolted joint in the right rail (going
from north to south). This joint existed at the time of the
test and had been welded recently. A later examination of
the test data revealed that the right profilometer saturated

in this area and led to erroneous stiffness-rclated signatures.

MP 92.4: The stiffness-related trace indicated the presence
of a switch which was not shown on the track charts. During
the inspection, the track supervisor mentioned that the switch
existed at the time of the test.

B-14
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MP 89.4: The stiffness-related signature indicated three
low joints on the right rail and one on the left rail. It
was found that there was a signal between Joints 2 and 4
which were insulated. Joint 1 showed significantly more
batter and wear compared to other joints. It was also

noted that there was mud and that there were three or four
loose tie plates around this joint. The beam MCO response
did not show the joint to be unusually different from others
but the stiffness trace indicated that it was much softer
than the others. Also, it was observed that this joint
pumped more than the others under the passage of a train.

In this case, therefore, the MCO-difference, which is related
to stiffness, yields considerably more information than the

beam-MCO measurement alone.

MP 89.0: The stiffness-related signature indicated a large
(about 400 feet) soft area around this milepost followed by
a hard zone. The transition was more pronounced here than
in any other zone tested. Field inspection revealed the
presence of a number of crushed ties, a stretch of pumping
mud, and the track was laid in parallel with a small flowing
stream. The stream was blocked off where the muddy area
terminated. It apparently went under the track at that
point but no culvert was visually evident. The soil in

the fill was soft and moist adjacent to the stream but
after the stream it was hard and dry.

MP 87.9: The stiffness-related signature indicated transi-
tion from a soft to a hard zone. This area was found to be
very muddy with water visible around the ties and in cribs.
This zone, in general, was muddier than MP 89.0. This fact
is reflected in the stiffness-related signature also. The
beam-MCO signature did not reveal any characteristic changes

in this soft zone.




MP 88.5: There was a section of very muddy track around this
milepost; The stiffness-related trace, however, did not show
significant reduction in its value. This observation could
possibly indicate that the water had not penetrated signifi-
cantly in the subgrade which appeared to be hard.

The bridges from Section 3 selected for examination and the
results obtained from inspection are included in the following
section. Figure B-13 shows stiffness-related signatures for
selected bridges and their physical correspondence.

B.3.3 OBSERVATIONS IN SECTION 3

The field inspection here was concerned with the characteris-
tics of the five bridges in the vicinity of Selma and Jackson,
AL (refer to Figures B-14, B-15 and B-16). The MCO-difference
traces are oriented with less stiff being downward. As dis-
cussed in Appendix A, the signature reverses itself. This is
due to the bridge panel length being close to the spacing of
the outer axles of an R-1 truck. As the R-1 vehicle passes a
bent and the measurement truck is centered over it, the bent
carries practically the full load and there is a corresponding
deflection. When the truck is centered on the span the two
bents split the load and consequently the deflection of the
bents is less, the center span consequently appears stiffer
than the supports. This was indeed verified physically
utilizing the wooden panel bridge at MP 87.5 (Figure B-16)
when deflection measurements were carried out in conjunction
with locomotive loading at several discrete points on the
bridge. This effect tends to emphasize the relative stiff-
ness of each bent of a short-span bridge.

Physically, most of the bent-associated deflection occurs
at the bent caps. These are normally shimmed with plywood
to accomodate uneven settling among the bents. The plywood
shims tend to crush after some service time. The stiffness
trace can be used to determine where new shimming is necessary
or where helper bents are required.
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APPENDIX C
DATA PROCESSING

C.1 PHASE 1
€C.1.1 DEVELOPMENT OF REFINED DATA PROCESSING TECHNIQUES

The results of the initial analysis of Test RG-116 data indi-
cated the feasibility of measuring stiffness by comparing two
differently obtained profile measurements. However, the pro-
cessing scheme used to achieve the above results was complex
and was limited to down-stream data processing methods. The
next stage of the program was to devise data processing
techniques that could compute track stiffness information

in real-time, onboard a track geometry car, in a manner similar

to that presently used to compute track geometry parameters.

To accomplish this, a series of analysis tasks and field

test runs, designated RM-176.1 through RM-176.4 were carried
out. Altogether, three field test runs were performed in
addition to the original tests on the Kansas Test Track (KTT);

two on the Southern Railway System and one on the Bessemer G

Lake Erie Railroad.

Attention was first directed toward the original KTT data
because more details are known about the KIT track and sub -
grade structure than any of the other track systems that
were tested. As progress was made in the analysis of the
KTT data, it became apparent that the objectives of gen-
erating reliable stiffness or compliance data. of relating
the data to physical track conditions, and of devising
real-time processing procedures would be accomplished most
efficiently by focussing on the KTT data. Consequently,
this phase of the program was concentrated primarily on the
RTT data. It was planned that the track stiffness measure-
sent technique would be demonstrated on the other railroad
track that was tested, when the necessary data processing

procedures had been perfected.

s
|
—



C.1.2 DATA PROCESSING TECHNIQUES FOR GENERATION OF
EQUIVALENT MCO FROM PROFILOMETER DATA

It is necessary to convert the profilometer data to an
equivalent MCO in order to extract the stiffness information.
Little difficulty is encountered when producing MCO data from
profilometer data for the purpose of Track Safety Standards,
since the profile exception thresholds are large fractions

of an inch (e.g., 0.5-inch MCO for a 62-foot chord on

Class 6 track). However, when generating equivalent MCO

data in the present application, displacements of a few
hundredths of an inch are critical. To obtain this accuracy,

special data processing techniques had to be developed.

The profilometer itself is an electromechanical device in
which accelerometer and displacement transducer signals are
passed through analog electronic processing circuits (e.g.,
integrators and other filters) to obtain the track geometry
profile data. Inherent in this process is the introduction
of time delays or phase shifts, which result in distortions
of the data. It is, therefore, necessary to devise data
processing techniques for creating MCO data from profilometer
data that are sufficiently free of phase shift to allow
proper extraction of stiffness data. This set of computer

programs was designated Mode 1 processing.

In Figure C-1, the results of Mode 1 processing are shown

for some data acquired on the Southern Railway (Test RM-176.1).
By comparing Graph (a) with Graph (b) and Graph (c) with

Graph (d), it is clear that the timing of simultaneous

events is well correlated. Graphs (a) and (c) were obtained
from the Southern Railway, R-1, 11-foot chord system, while
Graphs (b) and (d) were generated by processing profilometer
data. The high frequency ringing effect in the chord data

is believed to be instrument induced (i.e., some vibration

of the mechanical parts of the sensor system). The beam
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Figure C-1. Mode 1 Processing at Turnout



svsten installed on R-1 was eleven vears old at the time of
the test and was scheduled for replacement in November 1978.
Considerable play had developed in the bearings at each
frame corner and the frame was also subject to occasional
flutter. Therefore, high-frequency ringing was injected into
the MCO measured by R-1 (this ringing was not part of the
track data). In the normal use of R-1, the ringing was not
a problem since the actual error was approximately *0.031
inch. However, an error of this magnitude becomes quite

critical in stiffness measurements.

To further demonstrate the elimination of the undesirable
phase shifts, data taken traveling in two different direc-
tions on the same section of track were processed using Mode
1 techniques. Once again, if therc are significant phase
shifts or time delays in the analog processing of the
profilometer data, the distortions in the data will cause
differences to appear when comparing northbound versus
southbound runs on the same section of track. In Figure
C-2, the high quality of the Mode 1 data processing is again
demonstrated. The patterns seen from left to right (south-
bound) arec repeated very well when seen from right to left
(northbound). The profilometer-derived, 11-foot MCO's also
agrec well with the chord values measured by the R-1 test

car.

Curves (c) and (f) of Figure C-2 are profilometer derived
MCO's for a 50-foot chord length. The long chord involves
profile data that are more sensitive to long wavelength
deviations than short chord. Again the results show that
the Mode 1 processing is effective in eliminating phase

shifts.
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c.l.3 AVERAGING ULS FOR OPTIMUM EXTRACTION

OF STIFENE

0y

In generval, the quality of the computed stiffness information

8

can be improved by eliminating random svstem errors and other
cxXtraneous noisc by averaging many data samples. This is
successtul only up to a point, since this same averaging pro-
cess may smooth out the very variations that the system is
designed to detect. An optimum averaging technique must be
cstablished that will mininmize extraneous noise but still

be capable of resolving the phvsical phenomena.

The data shown in Figure C-3 is based on whole section
averages of the KTT involving many data samples -per section.
In the case of the KTT, this is meaningful because therc

should not be much variation within a section and a whole
section average is valid. However, in more tyvpical track
systems this is not the case and it is not valid to average
as many points. As a means for determining the optimum
averaging technique, track data obtained under Test RM-176

on the Southern Railway was utilized. Several filter "window
widths" for the averaging technique were applied. Filter 10
had a window of 10 points, Filter 32 had 32 points and Filter
100 had 100 points. The filters were also applied to KTT

data and the rcsults obtained applving these different
filters (termed Mode 2 processing) are shown in Figure C-4

Curve (d) is the raw difference between the scensor gap value

and the cquivalent profilometer value. Curves (a), (b) and

(¢} show the effects of increasingly larger averaging intervals.
the results in Figure C-4 show:

o Profilomter prediction of sensor gap
1s quite good, being limited in this
case by the digitizing resolution of

8

0.04-inch.
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° The raw difference signal is jagged,

reflecting the generally random
character of the 0.04-inch resolution
cited above,

o Filter 10 and Filter 32 are becoming
progressively more reproducible.
However, the influence of the pro-
filometer resolution noise still
shows through.

. Filter 100 completely eliminates the
profilometer noise, leaving a signal
that is reproducible from run to run.

(NOTE: The dashed lines indicate the existence of a grade

crossing. The capacitive sensors do not function properly

in the vicinity of grade crossings, so that the data within
the neighborhood of the Crossing should be ignored.)

From this investigation it was concluded that given the

noise floor conditions of the KTT instrumentation, Filter

100 was the best compromise between feature extraction and
error reduction. Improvements ip the noise floor are expected

in the design of the final stiffness measurement system.

C.1.4 APPLICATION OF OPTIMNUM AVERAGING TECHNIQUE

TO KANSAS TEST TRACK DATA
Having determined the optimum averaging filter, it was de-
cided to reprocess the entire set of KTT data and make a
careful comparison of the derived compliance or stiffness
data with the known physical conditions at the site. This
was to be a final check on the complete data processing
package which now had been substantially updated and improved
by incorporation of the advanced Mode 1 and Mode ? processing
techniques. Figure (-5 shows this reprocessed data for the
entire KTT for all four passes using front and rear sensor
configurations. It is evident that the compliance variations
are very reproducible and at the same time distinct section-

to-section variations are easily detectable.
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In Figure C-6, a profile of the test track embankment [7] is
displayed against one of the derived track compliance charac-
teristics. Both are to the same longitudinal scale for ease
of comparison. The correlation of the derived compliance
with the actual physical phenomena is very good and provides
substantial validation for the proposed track-stiffness-

measurement technique. Significant points are:

. There is a noticeable decrease in com-
pliance in passing from Section 9 to
Section 8. On the actual track, there
is a transition from a fill to a cut
condition. Also in Section 8, concrete
ties spaced 27 inches on-center with
15-inch ballast are being used. This
together with the compacted condition
of the soil and the proximity to bed-
rock probably accounts for the increased
stiffness of Section 8.

o Section 7 is particularly interesting.
It is a zone in which there are intermit-
tent transitions from cut to fill, and
vice versa. In spite of the use of rigid
precast beam construction, stiffness
variations are quite evident and are
coincident with the cut-fill variations.
The precast beam in this section had
developed negative moment cracks, and
the compliance data suggested that the
softer fill areas were responsible for
these cracks.

° Section 6 and its surroundings present
another interesting facet of the KTT.
It is the only zone which is effectively
unsupported by bedrock. The only support
is by the red-brown clay indigenous to
the area. Correspondingly, Section 6 1s
the softest of the KTT zones.

° Section 5 has a uniformly low value of
compliance throughout. This is consis-
tent with the concrete slab construction.
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me——a




LIX eu3 Uo suoritpuoy TedTsAyq yjrm

ed>uerTdwo) painduon 0 uostaeduoy -g-1 san3t g
1334 - 3vos
0001 00§ 0
008 008 008 008 008 Y 008 008 008
1sviwe o 20,0¢ Svitve o' 20,22i4Sv1ve 01700,08 ANV38 3L3HONOD 18vivs LSvIIve Gt .,U;O..NN
S$31L 3L3YONOD S$31L 31349NOD S31L 3L3HINOD SNONNILNOD 8VIS 313I¥INOD Q321 gvis Wv38 1Svd3nd S31L 3134ONOD NOI123S 1081NOD
I NOILD3S 2 NOILD3S € NOILD3S v NOILJ3S S NOILD3S 9 NOILJ3S L NOILD3S 8 NOILD3S 6 NOILD3S
217
com R — . I _— o "\
rc — N 1 L1 N 1A\
on™ Ji e | TN
ifg oy gy I 7 . - D
m £ e ) Y ol
E D, S ——
g il AN I S N
Sz -t
m o
i
1
§ -2
% 8¢ e, e prm e h | ~ <
o6 m et

e RSN 4718 13AvTD MOTI3A 37vd %204 WIN
g et 777 (H9) Av10 Nmowe a3y
<
» <] \\
m 00! il%vltloa{llb‘f!. §- \\\
3SvE 3avHoans 3INIT ONNOYS
M SOvi \ e —] YNISING
——
. L —
g sl

) - . .
oty N30y T vy 40 3sve
Sivi

02b1




° One would expect the same situation for
Section 4. However, the continuous con-
crete beam construction experienced con-
sierable negative moment cracking which
is probably responsible for the varia-
tions between very stiff and moderately
stiff values.

. Passage from Section 4 to Section 3 is
accompanied by another transition from
fill to cut. The decrease in calculated
compliance is consistent with this change. i

° Section 2 shows up as slightly softer i
than Section 3. This is not surprising ?
in view of the 27-inch on-center spacing
of the concrete ties with roughly similar
subgrade conditions.

) Section 1 shows up as slightly more stiff
than Section 2. This is surprising since
concrete ties spaced 30 inches on-center
are used. WES results [6] and ENSCO
findings in the previous report [8] also do
not show this to be the case. Possible t
explanations are that compaction has 4
taken place since the WES data was taken;
and the nonlinear characteristic of the E
chord sensitivity characteristic used o
in the previous evaluation caused an ,
improper ranking. o

° The proximity of bedrock to the surface
of Section 1 may be an overriding factor
in causing the low compliance of this
section. Note that 200 feet from the
left end of the section, the rock comes
closest to the surface. This corresponds
to the stiffest value in the section. 4

° Two hundred feet to the right of Section
1 there is a cut-fill transition. This
is reflected by a substantial increase
in compliance.

C.1.5 DATA PROCESSING &

Data processing was conducted in two phases:

. Software development and debugging. j

. Data reduction.

C-13 i




The software development effort produced the following pro-

grams whose functions were as follows:

° Program T176D2 was created to select six
channels of data from tapes generated on
Southern's R-1. The digitization capa-
bility on R-1 produces a tape that has
up to 16 channels of data packed into
2,048 16-bit words per record. Data is
digitized using a 10-bit sign plus a
magnitude miniverter. The six channels
SO selected are output to an intermediate
tape for plotting using program RQPLOT.

. Programs TNGP3 and TNGP4 selected required
channels from raw data tapes generated by
FRA T-3 on the KTT and the BGLE, respec-
tively. Sensor data were linearized in
this process. The output 1is a data tape
in a 15 x 256 record format suitable for
programs T176P3 and T176P4.

. Programs T176P1 and T176P3 are tri-modal
processors that are the crux of the track
compliance measurements. In each mode,
six channels plus event information were
transcribed onto an intermediate tape in
the 7 x 256 format required for RQPLOT.
Additional programs T176P2 and T176P4
were generated as minor variants of these
for processing data from tests RM-176. 2
and RM-176.4, respectively.

° Program RGSRI is a regression and corre-
lation analysis program that selects one
Or more pairs of channels from an RQPLOT
input tape. Specific channels of data,
i.e., from scan to scan or from event
to event can be processed.

Some existing general-purpose programs that were used included:

[ Program RQPLOT, a six-channel plus event
plotting package suitable for output on
the Gould plotter/printer.

. Program C1527 takes six of fifteen
channels of a 15 x N channel tape and
converts it to a 7 x 256 format. The
option to carry a seventh event type
channel is included.

Figure C-7 shows the data flow between program and intermediate

data tapes.
C-14
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C.2Z PHASE 11

The main processing program was written to process the data

scan-by-scan to simulate real-time, onboard processing,

I't was necessary to perform three intermediate steps before

the main processing.

() The 1600-bpi, 9-track magnetic tapes
written by the onboard HP-2100
computer were delivered to the ENSCO
computer facility in Springfield, VA
and translated into 800-bpi, 9-track
tapes for use at the ENSCO/FRA computer
facility in Alexandria, VA.

° Each raw data tape was processed
through the BACK432 program which
generated analog charts of the raw
data for the primary system channels.

° The dynamic calibration data were
processed through the CAL432 program
to determine the relative gains be-
tween the accelerometer and the
1inear—variable-differential-trans—
former (LVDT) of each profilometer.

Gains and bias for the various displacement transducers and
the linear-variable—dfferential-transformers were derived
from the field calibration data and were used as input to
the main processing program (T432). This program produced
a sixteen-channel tape of scan-by-scan rail geometry and
rail stiffness information. A simple additional program
(DMXSTIFF) was used to read this tape and seclect six
channels for plotting on analog charts. Figure C-8 shows

the data flow for post-test processing

C-16
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C.5> MAIN PROCESSING

The main processing program (T432), functionally illustrated
in Figure C-9, is a real-time simulator. Data are read fronm a
nine-track, 800-bpi, raw data tape and processed scan-by-scan.
The signals from the accelerometer and the LVDT on each pro-
filometer are filtered, corrected for gravity and velocity
changes which affect the profilometer and combined to produce
a phaseless, short, mid-chord-offset (one foot in length).
These short, mid-chord-offsets are stored and can be used to
generate simulated 11-foot, mid-chord-offsets or pseudo space
curves. The signals from the paired, beam-mounted, displace-
ment transducers (used to measure I1-foot, mid-chord-offset)
are averaged to correct for rocking motion in the journal

bearings.

Sixteen output channels were written on magnetic tape. These
included events, time between samples, crosslevel, and for
each rail, space curve, measured 11-foot, mid-chord-offset,
profilometer generated 11-foot, mid-chord-offset and three
rail stiffness channels. An auxiliary program was used to |
read the output tape and select any six channels to be output

as analog strip charts, or to create track-averaged analog

strip charts.

A segment of a typical set of profile charts is shown in
Figure C-10. This figure shows plots of space curves and
Il1-foot,mid-chord-offsets both measured and profilometer
generated for the left and right rails. These outputs are
useful in providing accurate location information along the

track as well as in the interpretation of stiffness variations.

A segment of a typical set of track stiffness charts is shown
in Figures C-11(a) and (b). In Figure C-11(a), the track-
averaged 11-foot, mid-chord-offsets both measured and pro-

filometer generated are shown with their raw different curve.

C-18
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Figure C-10, Sample Analog Charts - Profile Mode
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- The high-frequency component in the raw difference data can
‘be related to the 9.5-foot circumference of the R-1 wheels.
This contribution results from small asvmetries in wheel
diameters. To remove this periodic noise that is super-
imposed on the signal, a filter having a triangular impulse
response was used to smooth the data. The frequency response
of this filter is shown in Figure C-12. The filter was chosen
for its nodes at 9.5 feet and multiples of that length. As
shown in the graph, the 0.707 point is at a wavelength of

30 feet. To emphasize longer wavelengths, filters with

nodes located at 28.5 feet and 114 feet were also used to
process the data. The frequency response of these filters

1s also included on the graph in Figure c-12. The triangular
impulse shaped filter was chosen for its simplicity in digital

application, especially with regard to scan-by-scan processing.

The raw difference curve and its three filtered versions are
shown in Figure C-11(b). The response for stiffer track (less
compliant) will be close to the baseline; the response for
track of less stiffness (more compliant) will deviate further
below the baseline. Note that the amplitude scales for the
9.5-foot, 28.5-foot, and 114-foot filtered data are in

progressively larger expansions by factors of two.

C.4 PHASE III

The data processing used in the third phase was the same as

that utilized in the second phase. The only difference between
the two systems was the computers. In Phase II an HP2100 was
used while in Phase III an HP21MX was used in data collection.
Off-line processing was accomplished with an RDS-500 at ENSCO's

Huntington Avenue facility,
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APPENDIX D
INSTRUMENTATION

D.1 PHASE I

D.1.1" INITIAL APPLICATION OF TRACK STIFFNESS MEASUREMENT
TECHNIQUE TO KANSAS TEST TRACK (KTT)

The proposed track stiffness measurement system was first

tested on the KTT under test objective RG-116 [5]. The test

used track-geometry measurement consist, T-3/T-4 (this was a

temporary configuration while T-1 and T-2 were being refurbished)

with the combination profilometer/chord profile system. The

test was successful and resulted in the following accomplishments:

° The nine KTT sections were ranked ac-
cording to increasing stiffness using
whole section stiffness averages.

With the exception of Zone 4, these
rankings agreed with those determined
independently by the Waterways Experiment
Station (WES) [6].*%

) It was demonstrated that individual
features such as zone transitions,
culverts and some other soft spots
were marginally identifiable.

From this initial application, it was concluded that the track
stiffness measurement system showed promise and should be re-

fined and developed further.

D.1.1.1 Alternative Sensor Configuration

Some alternate sensor configurations may be more effective for
deriving compliance or stiffness information than the MCO

configuration. However, just as with the MCO configuration,

these sensor configurations will pick up geometric profile

variations which are not stiffness related and must be removed.

x
WES measurements were performed in advance of the KTT opening,

while the stiffness measurement of RG-116 were performed after
considerable KTT traffic. During the intervening period, the
concrete slabs in Section 4 developed negative moment cracks.

D-1



This is done in the same way as in the MCO case. An equivalent
sensor gap value for the profilometer is generated and then
subtracted from the actual sensor gap value.

Four possible configurations for the proximity sensors mounted
on the measurement beam-of T-3 are shown in Figure D-1. 1In
Configurations (b), (c) and (d), the wheels provide two known
point loads, and the proximity sensor provides a measurement
of the spacing from sensor to railhead. While neither of these
is quite as sensitive to higher compliances as the 14.5-foot
MCO or the Southern 11-foot MCO, the response of the outside
sensor has a higher sensitivity in the lower compliance region
which makes it a more desirable candidate since track with low
compliance is of greater interest. For the center sensor
configuration, the higher nonlinear response makes it rela-

tively ineffective for compliance or stiffness measurements.

D.1.2 APPLICATION TO KANSAS TEST TRACK DATA

After validation, the Mode 1 processing technique was used to
reprocess the KTT data to obtain track compliance information.
Since the KTT is made up of nine sections which are constructed
on uniform foundations, it is meaningful in this computation
of track compliance or stiffness to work initially with whole
section averages. Furthermore, since the Waterways Experi-
mental Station had also made stiffness measurements on the

KTT, a comparison of these whole section averages with the

WES results provided a good means for gaining confidence in

the reliability of the proposed stiffness measurement technique.

Figure D-2 shows the compliance results obtained using front
and rear sensors for several different measurement passes.
It is clear that the computed values for track compliance
are all consistent. In Figure D-3, averages for all the
passes are plotted against the experimental WES results.
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Figure D- 2 shows that except for Section 1, the general shape
of the computed compliance curves agree well with the experi-
mental results. It should be noted that the WES data were
obtained prior to the opening of the KTT, whereas the sensor
data were taken after the KTT had experienced tonnage-included
compaction. This is particularly important in the case of
Section 1, which was an extensive fill area.

D.2 PHASE 11
D.2.1 GENERAL

Accelerometers and displacement transducers were mounted on
the instrumented truck of Southern Railroad Research Car R-1.
The R-1 was used to take advantage of its three-axle trucks
and cylindrical wheels. The analog signals generated by the
instrumentation were cabled directly to the signal conditioning
electronics aboard T-7. The signals were then recorded in
digital form on magnetic tape using a computer-based data
acquisition system. The 15§ channels of collected data in-
cluded six accelerometers, eight displacement transducers

and one crosslevel signal. Time-between‘scans, automatic
location detector information, milepost numbers and message
unit numbers were also recorded in the scan header. Figure
D-4 is a block diagram of the data acquisition system. The

locations of the instrumentation mounted on R-1 are shown in
Figure D-5.

The instrumentation can be divided into the following groups:

[ Primary
° Secondary
° Supplementary

The primary instrumentation consisted of the equipment required
to collect and process the data needed to determine vertical
track stiffness. This included:
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° Four modified string-pot displacement
transducers mounted on the instrumented
truck of R-1 to collect 11-foot, mid-
chord-offset measurements.

° Two inertial profilometers to measure
track profile.

. The beam system on R-1 to measure cross-
level and compensate for accelerometer
inputs due to gravitational accelerations
experienced on non-tangent track.

° Signal conditioning electronics to re-
ceive signals from the transducers,
reduce noise, and provide proper signal
levels to the analog-to-digital converter.

° The data acquisition system on T-7 to
filter, digitize and record the condi-
tioned signals.

] Cables, connectors, brackets, mounting
plates and hardware.

The secondary instrumentation consisted of two piggy-backed
profilometer systems which operated simultaneously with the
primary system and were being independently tested for

feasibility:

° A carbody profilometer system which con-
sisted of displacement transducers con- ‘
nected between the carbody and the central-
axle, journal bearing; and linear-ride-
quality accelerometers located directly
over the central axle as shown in Figure
D-5.

° A foam isolated profilometer mounted
with the primary profilometer on the rear
axle of the instrumented truck as shown
in Figure D-5.

The supplementary instrumentation included:

° The communications system between T-7,
R-1 and the forward observer.



. Surveying equipment to measure static
track-deflection (mid-chord-offset
bias) which is required in the deter-
mination of absolute stiffness.

D.2.2 PRIMARY INSTRUMENTATION .

D.2.2.1 Measurement of 11-Foot Mid-Chord Offset

The truck under the vestibule-end of R-1 is equipped on each
side with a rigid beam attached to the journal boxes of the
leading and trailing axles. The beam has a triangular cross
section for maximum stiffness. Eleven-foot, mid-chord offset
is measured by measuring the distance from the beam to the

center of the middle axle.

Clearance problems made it impossible to attach a displace-
ment transducer to the journal box over the center of the
middle axle. It was necessary to use a pair of transducers,
one on either side of the axle, to eliminate errors caused by
the journal box shifting between the pedestal liners. The
outputs of the paired transducers were recorded separately
and averaged together during post-test, data processing.

Several modifications were made to the standard transducer
design to bring its accuracy within the 0.02 inches required
for this test. Special potentiometers were used which were
screened for better than 0.1 percent linearity. The bearings
chosen were of an improved type and grooves were machined
into the take-up spool to prevent the wire from wrapping

over itself and thereby changing the diameter of the spool.

A resistor network was added to derive a differential signal

at the output.

D.2.2.2 Track Profile Measurement

Two inertial profilometers (the same type used on Track-
Geometry-Measurement Car T-6) were attached to the journal
boxes on either side of the rear axle of R-1 (the axle

nearest to the vestibule end).
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Inside each profilometer, a fluid-damped, 10 g, servo-accel-
erometer (Terra Technology SA102-10) was mounted on a suspended
mass; the mass acts as an inertial reference when deviations

in track profile are small. In this case, a displacement
transducer (linear variable differential transformer, Schaevitz
LVDT Model 1002XS) was used to measure the displacement of the
mass relative to the journal box. In the presence of larger
inputs from the track, the output of the accelerometer was

used to measure the extent of the deviation from a true

inertial reference.

D.2.2.3 Crosslevel Measurement

The Crosslevel signal was required to compensate for acce]-
erometer inputs due to gravitational acceleration experienced
on non-tangent track. This signal, produced by standard
equipment on the R-1 car, was derived fronm carbody tilt
relative to a reference furnished by a gyroscope compensated
for track and speed irregularities between § and 80 mph.

D.2.2.4 Signal Conditioning

To keep noise levels low, displacement transducer signals were
routed to a differential amplifier and then to a second stage
where zero position and gain could be set during pre-test
calibration. Scale factors are listed in Tables D-1 and D-2.

The linear-variable-differential transformer in the profilom-
eter produced a voltage output proportional to the position
of its primary coil. An oscillator/demodulator circuit was
used to provide the necessary excitation and gain adjustment.

Accelerometer signals were transmitted in the current mode.

At the signal conditioning chassis, these signals were con-
verted to voltage signals and then routed through a two-pole,
low-pass active filter (fc = 0.4 Hz). The filter double-
integrated the signals above the corner frequency and produced
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TABLE -1
FIELD CALIBRATION SUMMARY (22 AUGUST 1977)

ALIERATION “MUMBER so3cmy-
nQDIS‘\' o =C
rfr’-\“”lE 7 2 3 vl“J’ERAGE S—rﬁ ‘../AQH
! SCALZ TAC R 7005, oo SEVIATION
0. 2 LIDT, Lett at 7,28 I T 3.1
.394 Inch | |
[
1
{0. 3 LVDT, Riont as 7,30 3.7 1 907 3.0 5.4
2.3997 Inch !
Mo. 6 Carbody, Laft , ‘
at 1.665 Inch 3.98 1 3,33 3.36 13 A 4
2.457 Incn 2,39 ! 238 3.95 3.36 24
0. 7 Carbody, Right ‘
at 1.665 Inch 3.38 3.97 1,96
2.451 Inch 3.39 3.37 3.33 3.38 3.2
Ho. 10 MCO-A Lef+
at 1.565 Inch 2.9 3.97 4.90 3 39 o
2.457 Inch 4,00 3.98 3.97 . Ve
No. 17 MCC-A Right
at 1.665 Inch 4,02 4,92 3,39 4
2.351 Inch 1,04 1,01 2,00 .01 2.4
No. 12 MCO-5 Left
2.457 Inch .01 4.90 3.38 e
No. 13 MCO-B Right
at 1.665 Inch - 4.01 1,02 3.99
2.457 Inch 3.98 4.00 3.37 4.00 o.4

a displacement output. The filter served a dual purpose by
attenuating high frequencies so that low-frequency gain could
be higher. This improved resolution at low frequencies

without sacrificing dvnamic range.

Regulated power supplies were used to provide required power

for the transducers and the electronics.
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ABLE D-2

FIELD CALIBRATION SUMMARY (26 AUGUST 1977)

CALIBRATION MUMBER “
ASSIGNED PERCELT
CHANNEL 1 2 __3 AVERAGE STAMNDARD
SCALE FACTOR (VOLTS/INCH) OEVIATION
[lo. 2 LVDT, Left at 8.10 7.95 8.02 8.02 0.8
0.994 Inch
[fo. 3 LVDT, Right 7.61 7.59 7.66 7.62 0.4
at 0.991 Inch
[lo. 6 Carbody, Left
at 1.665 Inch 3.97 3.94 4.01 3.98 0.6
2.451 Inch 4.00 3.97 3.98 : )
jlo. 7 Carbody, Rt.
at 1.565 Inch 3.99 4,02 3.99 4.00 0.4
2.4571 Inch 4.02 4.02 3.99 : :
[lo. 10 MCO-A Left
-pt 1.665 Inch 4.03 3.98 4,00 4.00 0.4
2.457 Inch 4.00 4.01 4.00 ) )
flo. 11 MCO-A Right
at 1.665 Inch 4.04 4.02 4.02 .93 0.2
2.451 Inch 4.04 4.04 4.03 * ’
[lo. 12 MCO-B Left
at 1.665 Inch 4,04 4.00 4,01 4.02 0.4
2.457 Inch 4.04 4,03. 4.01 ) *
No. 12 MC0O-B Right
a3t 1.665 Inch 4.02 4.03 3.99 4.00 0.5
2.451 Inch 4.00 4,02 3.97 ) )
D.2.2.5 T-7 Data Acquisition System

The conditioned analog signals were anti-alias filtered by

four-pole, low-pass, Bessel-function filters with their
corner frequency set at 100 Hz.

The filtered signals were

routed to a 12-bit Hewlett-Packard A/D converter for analog

to digital conversion.
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The T-7 digital interface was modified to change the data
sampling interval from a time base to a distance base. One
sample was taken every six inches of travel. The sampling
interval was controlled by a tachometer signal routed to the
speed and distance unit. The sampled data were then recorded

on magnetic tape for subsequent processing.

Several other signals were recorded in the scan header with
each sample: time-between-samples, automatic location de-
tector information and milepost and message-unit numbers.
The time between each sample, counted by a register in the
digital interface unit, is necessary to relate the distance-
sampled data to the speed at which it is acquired. The ALD
aboard T-7 is a metal detector; it was adjusted to respond
only to large metal objects between the rails. Metal targets
are usually placed to provide reference locations but the
presence of frequent switches and turnouts through the test
zone, to which the detector also responds, made special
targets unnecessary. The T-7 data acquisition system also
provides for milepost numbers to be entered into the scan
header via a remote milepost entry box. Special events such
as road crossings and bridges were recorded in the hand-
written log and indexed on the magnetic tape by entering

the appropriate message number at the T-7 digital interface

unit.

As a partial check on the integrity of the recording system,
selected channels of the incoming digital data were recon-
verted to analog form by the digital-to-analog converter

and displayed on a six-channel analog chart recorder. The
digital-to-analog system also allowed recorded data to be

monitored during playback.




D.2.2.6 Cables

The cables were multi-pair and individually shielded by alumi-
num-mylar foil. They were fabricated from No. 22AWG stranded
conductors with polypropylene insulation and a chrome-vinyl
Jacket. The cables were terminated with carefully potted
connectors at the transducers aboard R-1 and were run directly

to receptacles at the Signal conditioning chassis on T-7,

D.2.3 SECONDARY INSTRUMENTATION

D.2.3.1 Carbody Profilometer

In this system, the body of the car is used as an inertial
reference similar to the function of the mass inside the type
of profilometer used on T-6. Two modified displacement trans-
ducers, one on each side of the car, were attached between the
middle axle of the instrumented truck and the carbody to serve
the same function as an LVDT. In order to measure vertical
accelerations on the carbody mass, two linear ride quality
sensors were secured to the floor of R-1 over the middle

axle, one sensor on each side of the car.

The displacement transducer signals and the accelerometer out-
puts were conditioned just as in the primary system. The
accelerometer in the linear ride quality sensors is a fluid

damped, 1.0g servo-accelerometer (Schaevitz LSVCS-1) .

D.2.3.2 Foam Isolated Profilometer

Frequent high-amplitude, high-frequency accelerations present

in the structural vibration of the vehicle are potentially
damaging to accelerometers. When track profile or track stiff-
ness data are being collected, these accelerations are of little
interest, Through special mounting techniques, it is possible
to attenuate these high frequencies, thus allowing the use of

more sensitive accelerometers in an environment that would
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- otherwise saturate or destroy them. For example, the sus-
pension of the inertial mass performs this function in a
T-6 profilometer. The carbody suspension isolates the accel-
crometers of a carbody profilometer system.

Foam isolated profilometers were fastened to the profilometer
brackets at the axle nearest the vestibule of R-1. Each
foam-isolated profilometer employed open-cell, polyurethane

foam in a specially designed enclosure to interpose a mechanical
filter between the structural accelerations being measured and
the servo-accelerometer. The filter attenuated frequencies
above 150 Hz by approximately 12dB per octave. The Servo-
accelerometer was identical to that used in the T-6 profilometer
(Terra Technology SA-102-10) and its current output was condit-
ioned in the same way as the output of the accelerometers in

the primary instrumentation.

D.2.4 SUPPLEMENTARY INSTRUMENTATION

D.2.4.1 Communications

The forward observer in the locomotive cab was provided with a
microphone and headset which were cabled to the public address
system on T-7 to maintain communication between the observer
and the data acquisition crew. Communication between R-1 and
the locomotive was maintained by the conductor who was in

contact with the engineer via two-way radio. There was no
radio or telephone communications between T-7 and R-1. Communi-
cation between these vehicles, when necessary, was via a message

carried by a crew member.

D.2.4.2 Static Displacement Survey

A surveyor was hired to make the static displacement measurements

which were required in the determination of absolute stiffness.

15

jws
'




The measurements were made using a Wild-Heerbrugg N10 engineer's

level; the procedure used was as follows:

. Both the wheels and the rail, on one side
of the instrumented truck on R-1, were
marked with chalk at the three points of
contact.

° The entire consist was moved down the
track until it was at least 30 feet
past the measurement points, thus
leaving the track unloaded.

° A special tool was used to make a
scribe mark an equal distance below
the rail head at each contact point.

° The engineer's level was adjusted to
establish a reference horizontal plane
and then a ruler was used to measure
the position of the scribe mark rela-
tive to the horizontal plane. Unloaded
mid-chord offset was calculated from
these measurements.

° The train was then repositioned to align
the chalk marks and mid-chord-offset
measurements were made with the engineer's
level, a stringline across the journal
boxes and with the electronics.

) The procedure was then repeated for the
wheels and the rail on the opposite side
of the instrumented truck.

After the first survey, the static measurement procedure was
modified to eliminate the need for scribe marks below the rail
head and to increase accuracy; the measurement of unloaded,

mid-chord-offset and the stringline measurement were also deleted.

On the first survey, a wooden folding rule was held against the
scribe marks for the surveyor to use in sighting. In the modi-
fied procedure, a bubble level was placed against the bottom
surface of the wheel extending over the rail. The level estab-
lished the wheel/rail interface and served as a platform to
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Support a ruler against the wheel. At the direction of the
survevor, the ruler was marked with a fine point (0.015 inch
wide). This mark defined the intersection of the rule with
the horizontal reference plane. Three marks were made on

each ruler, one for each wheel on the side of the instrumented
truck being tested. These three points were accurately mea-
sured using a dial Caliper and the measurements were used to
calculate mid-chord offset. This procedure was repeated at
least twice on each side of the instrumented truck.

The actual implementation of this static displacement was less
than optimal. The PUTrpose was to measure accurately the static
displacement of the mid-point of the triangular beam. The
accuracy required was not obtained and congequently the absolute
mid-chord-offset of the beam could not he Calculated. Without
the absolute MCO measurement, the absolute stiffness measurement

could not be accomplished. The relative stiffness of the track
system was measured.

D.2.5 TRACK STIFFENESS SYSTEM CALIBRATION

D.2.5.1 Qpngral

Prior to field use, the signal conditioning electronics, the
transducers and the field calibration techniques were tested

in the laboratory so that scale factors, linearity and frequency
response could be accurately determined. The inertial profilo-
meter and the displacement transducers were also calibrated
several times a day during the field tests to monitor variations
in scale factors. After the field test was comnleted, the instru-
mentation was returned to the laboratory for a final check.

D.2.5.2 Displacement Transducers

The displacement transducers and the linear variable differ-
ential transformers on the profilometer were tested for linearity
on a milling machine graduated in thousandths of an inch. The
displacement of the mill and the voltage output of the signal




conditioning electronics were recorded as each transducer was oper-
ated over its range. Great care was exercised to minimize errors
due to vertical misalignment and backlash in the gears of the mill.

Errors due to non-linearity in the transducers were less than
0.015 inch which is better than the required 0.020 inch in all
but two cases. The exceptions were the No. 2 LVDT in the right
profilometer and displacement transducer No. 3-106 (right car-
body displacement). In each case, the accuracy of the trans-
ducer was within tolerance over 75 percent of its full range.
The twin constraints of the test schedule and the fact that
Spare parts were not readily available prevented replacing
these transducers before the test.

Field calibrations were performed to check the gain of each
displacement transducer channel. The string pot displacement
transducers were calibrated by wrapping the wire around a rod of
known diameter. The output of the signal conditioning electronics
was then recorded in a hand-written log and on magnetic tape.
Calibration of the scale factor from this information takes into
account the effect of the thickness of the wire.

The LVDT in the profilometer was calibrated in the field by mov-
ing a metal rod, screwed into the inertial mass, to each end of a
slot. The output of the signal conditioning electronics was re-
corded at each position. To complete the profilometer calibra-
tion, the inertial mass was moved up and down vigorously and
randomly while a speed signal representing 30 mph was simulated.
During this dynamic calibration, the servo-accelerometer signals,
the LVDT signals and the speed signal were recorded on magnetic
tape for at least 60 seconds. Post-test processing applied to
these signals, including fast Fourier transform, provided compar-

ison of frequency spectra for gain and phase information.

The results of field calibration are listed in Tables D-1 and
D-2., Variations in scale factor were less than one percent from

one calibration to the next,

o
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D.2.5.3 Accelerometers

The accelerometers were tested in the laboratory under static
and dynamic conditions without the signal conditioning elec-
tronics. The resonant frequency of each foam isolator was

also measured.

Gravitational acceleration was used to calibrate the scale
factors of the accelerometers. Each accelerometer was placed

on a level surface with its sensitive axis vertical. The output
of the accelerometer was recorded in this position and again
after turning the accelerometer through 180 degrees so that it
was upside down on the same surface. The scale factors measured
in this fashion were within 0.5 percent of the manufacturer's
specification. To test dynamic operation, each accelerometer
was mounted on a shaker table and its output was compared with
the output of a reference piezo-electric-crystal accelerometer.
Frequency response was plotted over the range from 25 to 60 Hz
to check corner frequency. A spectral analysis was made and

the waveform was monitored by oscilloscope to detect any

distortion.

One accelerometer failed post-test calibration. Output from
this unit, serial number 342 in the right foam-isolated profilo-
meter, stopped suddenly after the interlock near MP 65 during

the return trip.

A broken suspension wire inside the accelerometer was identi-
fied as the source of the problem. All the other accelerometers

operated normally during post-test calibration.

The signal conditioning electronics for each accelerometer were
tested in the laboratory to check the corner frequency of the
filter associated with each profilometer and to measure the
gain of each channel. The frequency response of each channel
was plotted between 0.1 and 1.0 Hz. 1In each case, the corner
frequency was close to 0.45 Hz, as expected.
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The d-c gain measured in each case is listed in Table D-3.
Prior to August 26th, the gains were adjusted to be nearly
equal. After reviewing the data collected on August 22nd,
the gain of the accelerometers in the two secondaryv systems

was reduced to avoid possible saturation problems.

The low-pass characteristics of the foam isolators, used

on the secondary system, were checked by performing a shock
test on each unit. With a piezo-electric-crystal accelerometer
attached to the servo-accelerometer inside the isolator, this
System was subjected to an impulse of acceleration. A solid
steel ball, suspended from the ceiling, was allowed to swing
and strike one end of a solid steel cylinder which was sus-
pended in the same manner. The unit under test was mounted

on the opposite end of the cylinder as shown in Figure D-6.

LLLLL L L L L L L L

e SUSPENSION WIRES
DIRECTION OF -—_.\
MOTION
-Q ja-—— ISOLATOR UNDER TEST

STEEL CYLINDER

STEEL BALL

Figure D- 6. Shock Test Assembly

The resonant frequency, which corresponds to the corner frequency,
was recorded on polaroid film as the output of the piezo-electric

transducer made a trace across an oscilloscope screen.



Initially, three isolators were tested. They were found to
have resonant frequencies of 133, 90, and 112 Hz, respectively.
Although it had no adverse effect on accelerometer data, it
should be noted that the second isolator showed a much higher
corner frequency (145 Hz) during post-test calibration, Since
the initial corner frequency was lower than normal, it is
possible that some of this difference could be attributed to
additional hardening of the glue that held the foan,.

TABLE D-3

ADJUSTED GAINS
ACCELEROMETER-SIGNAL-CONDITIONING ELECTRONICS

ASSIGNED ADJUSTED ADJUSTED
CHANNEL GAIN (8/19/77) GAIN (9/7/77)
No. 1 Left Profilometer 1597 155.9
Accelerometer ‘ '
No. 2 Right Profilometer 165.1 165.0
Accelerometer ) ’
No. 5 Left Linear-Ride- 150.1 15. 6%

Quality Accelerometer

No. 6 Right Linear-Ride- = ok
Quality Accelerometer 150.0 15.96

No. 9 Left Foam-Isolated- 160.0 ~g 1%
Profilometer Accelerometer ) ‘

No. 10 Right Foam-Isolated- 160
Profilometer Accelerometer :

[ S

78.5%

*Gains for accelerometers in the two secondary instrumentation
systems were reduced after review of the data collected on
22 August 1977 to avoid possible saturation problems.
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D.3 PHASE I1II

D.53.1 INSTRUMENTATION AND ELECTRONICS

The third phase instrumentation was identical to the second
phase instrumentation except for the ommission of the piggv-
back profilometer svstems. All calibration information was
essentially the sane The =ame transducers used in the second
phase were utilized in the third phase. For specific informa-

tion, refer to Section D.2.
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