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PREFACE

This volume is the third of three volumes dealing with the
Yehicle/Track Interaction Assessment Techniques (IAT) which were
developed by the Transportation Systems Center (75C) and its
contractors: Arthur 0. Little, Inc. (ADL}, Battelle Columbus
Laboratories (BCL), ENSCO Inc., Kaman Sciences Cerporation (KSC),
Systems Control Technology Inc.(SCT), and The Analytic Sciences
Corporation {TASC).

This information was developed from the Stability Assessment
Factlity for Equipment (SAFE) Program. That program had direct input
from the ~atlroad affitiated personnel of the International
Government-Industry Track Train Oynamics Research Program and the
Federa! Railroad Administration, Track Safety Research Division.

The Vehicle/irack Interaction problems addressed by the IAT,
called "Performance [ssues,” are listed below:

Hunting;

Twist and Roll;

Pitch and Bounce;

Yew and Sway;

Steady State Curving,

Spiral hegotistion;

Dynamic Curving;

Steady Buff and Draft;
Longitudinal Train Action; and
Longitudinal Impact.

- W v oW W W

These problems have been responsible for compromising rail vehicle
stability in the past and are expected to be important issues for
consideration in future designs.

The [AT has evoived over the past few years through experience
gained in conducting & number of tests dealing with vehicle/ track
interaction. Essentially, the [AT is & systematic approach using a
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standardized set of procedures and tonls ({i.e., elements} for
fdentifying, diagnosing and solving stab.lity problems in a rail
vehicle already tn revenue service and for assessing the stability of 2
new or modified vehicle (freight car, passenger car, or locomotive}
prior to its introduction into revenue service. The primary goal of
the [AT is to provide a2 means of assessing the adequacy of rail vehicle
stability at & minimum cost. This 1§ accompiished by:

¢ Systematically developing an approach for identifying
stability problems;

s« Ildentifying the test procedures and tools necessary to
assess the stability characteristics or the rail vehicles;

# Reducing, through the use of computer models, the amount
of testing reguired;

& Surmarizing the state-of-the-art in tools;

¢ Standardizing the nomenclature fin stability assessment;
and

¢ Providing the ability to compare date from different
tests.

Altnough the IAT cen determine the potential for derailment as 2
result of excessive motion between the wheel and rail or because of
undesirabfe levels ot wheeljfrail interaction forces, it does not
explicity deal with derallments resuiting from the failure of &
vehicle or treck compunent due to wear, fatigue, or excessive stress
caused by these forces. Alsc, the AT has been developed to &ssess
the dynamic performance of most types of freight cars, locomotives,
anc passenger Cars; however, particular type of vehicle may nol be
sensitive to &ll Performence Issues. Therefore, the [AT
tncorporates & procedure ftor identifying the principal Performance
Issues ut concern for any venicle design.

The IAT is organized in the form ot assessment Procedures. For
each of three objectives of the IAT, a distinct Procedure is identified
and presented in the form of & flow chart. Thus, & procedure i:
defined for:
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¢ The Modified vehicle Assessment ;
& The Vehicie P'obiem Oiagnosis; and
& The Prototype Vehicle Assessment.

Eech procedure requires a nuaber of steps to be conducted in order
to meel the 5pecific Assessment (bjective. (Often, but not & imdys,
Lest musl De Congucted to meel the Assessment WWjecttve. These tests
are Qistinctiy difterent ana complementary to ihe revenue service
testing to which & new or mogitiled vehicle is generaily subjected.
The JAT tests are designed to subject & venicie or consist to a
Sévere service environment which 15 simulated using Test tracks or
iaboratory equipment. In tnts way, the range of cynamic
Characleristics of & wehicle couvle be Drought out in 4 relatively
short time. Achieving the sape goal by means of & revenue service
lesting procedure may require extensive tésting In many miles of
track,

This document, which provides informstion on test and analysis
procedures incorporated in the IAT, s divided into two parts., The
first part introduces the AT and provides the basic information on
various Assessment Procedures and the steps to be taken in perforaing
them. The second part consists ot t1fteen sections, eacn detailing one
aspect of the Assessment Techniques. in this way, & potential user
need only read Part | to understand the key aspects of the [AT: +he
details provided in the second part can be studied later while the user
is gaining further knowledge of the IAT or before actually utilizing
the AT for Yehicle Performance Assessment,

This document was developed under the guidance of the 15, with
the following principal contributing fndividuals:

{ADL} A. B. Boghant, P. Mattison, D. W. Palmer, C. Sriyder;

{BCL) D. R. Anlbeck, J. M. Tuten; (ENSCO) J. X, Yesier; {KS()

J. J. Angelbeck, B. W. Baxter, {5CT) S. E. Shiadover; {TASC)

F. B. Blader; {75C) K. Ceccon, R, Ehrenbeck, M, E. Hazel,

J. H. Lamond, 5. M. Polcari, H. M .Wong.

The organizations involved in developing the document are shown on the
next rage.
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SECTION J
ANALYTICAL TECHNIQUES

J.! Introduction

The data gathered in 5 test progrsm (or from computer simulations)
conducted under the IAT are generally not very useful unless they are
converted to & more interpretable format through data analysis. This
section deals with a number of techniques which can be employed to
accomplish this task. Each technique is illustrated with an example
and references are provided to sources which contain more information
on these technigues,

Depending on the complexity of the technigues employed, a data
analysis can be considered to belong to one of the three levels --
Levels 1, 2, and 3, which include the following techniques:

Level 1
¢ Simple statistics; and
¢ Resonant frequency amalysis.
Level 2
Levai 1 plus;
® Threshold exceedance analysis:
¢ Frequency spectral analysis; and
¢ Damping ratio calculation.
Level 3
Level 2 plus;
¢ Probability distribution analysis; and
® Regression analysis,

The selection of the data analysis level is based on the Response
Variable being analyzed, as well as on the Test Category, i.e., whether
the test was a Proof Test, Diagnostic Yest, or Service Environment Test.
This 1< 1llustrated in Table J-1, which is identified as Table 3-4 in

J-1
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part 1| of the document. As shown in the table, & Proof or Diagnostic
Test requires Levels 1 and 2 dats asnalysis, whereas ¢ Service
tnvironment Test needs Level 3 data analysis. Once analyzed, many of
these variables are used in developing Performance Indices, as
described in Subsection 3.2 of Part 1; the others are required for
additional interpretation of the test resuilts.

The specific analytical techniques to be applied for Response
varizhles which are to be used for calculating Performance Indices are
provided in Table 3-8 in Subsection 3.2. However, the techniques to be
used for the other variabies are not identified. For these variables,
Table J-2 can guide the user to the most appropriate data analysis
tecnniques.

The following subsections describe the various analytical
technigques along with illustrative examples.

J.2 Technical Discussion

The datz available for analysis are generally in a digital format,
with discrete values recorded every so many milifseconds. The first
task after obtaining the data is to go through & quality control
process in which the data channels having absurd values (zero, much
larger than expected, and so on) are identified and discarded. At this
stage, the lost channels are synthesized from raw data, if at all
possible. Also, new channels are created from the existing data
channels. The prime examples are L/V ratios and rigid body
accelerations.

Once all channels, measured and synthesized, are available, the
data analysis can be perforrad according to the technigues identified
in the following pages. The selection of techniques te use is dictated
primarily by the requirements pcsed by Performance Indices. Additional
analysis f{s generally performed by an analyst seeking further
understanding of the vehicle/consist behavior.

J-3
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J.2.1 Level 1 Data Aralysis

J.2.1.1 Simple Statistics

The simple statistical descriptors of a particular Response
Variable are calculated in the following manner:
n

i
Mean: _f...'.nl__ » whare X, is a digitized time series of the

Response Variable X containing n values, This time series may
represent vehicle responss over a test segment or over the whole
test zone depending on the test objectives.

Maximum: peak positive value;

Minimum: peak negative value;

Root Mean Souares:

Standard deviation from the mean [u}:‘,mﬁ}z- [HEA.H}E

J.2.1.2 Resonant Frequency Analysis

Simply stated, the resonant frequency analysis attempts to
correlate the frequencies of the input & vehicle receives from the
track perturbations with the natural frequencies of the vehicle in the
modes being excited by the perturbations. The relationships between
the perturbation types and the vehicle modes excited by them are shown
below:

Perturbation Type Yehicle Mode
Crosslevel Roll

Profiie Pitch and Bounce
Alignment, Gauge Yaw and Sway



R substantial increase 1in the motfon of the vehicle in a
particular mode can be expected if an input frequency coincides with
one of the natural frequencies in that mode. As a simple case, assume
that a vehicle with velocity, V, is going over a track incorporating
sinusoidal perturbetions {of any type) with wavelength, 1. The
frequency of the input received by the vehicle, f, will then be:

f = ¥ (J.1)
A

This input will have a peak amplitude which is determined by the
perturbation amplfitude,* the truck center distance and the wheel base
a5 shown in Table J-3. These equations indicate that, depending on the
truck center distance,** certain perturbation wavelengths provide more
input to one mode of vehicle motion than another. This is schematically
shown in Figure J-1, in which an "even mode" (E) represents bounce,
sway, and roli, whereas an “odd mode® (0) represents pitch and ¥aw,
Thus, a vehicle with 39 feet truck center distance will experience
largely yaw motion on a track incorporating 78 feet wavelength
alignment perturbations, whereas the same vehicle will experience
targely sway motfon on & track ‘incorporating 39 feet wavelength
aiignment perturbations. The details of these are provided fn Ref, 1.

An example of the effect of truck center distance and wheel base
on the input amplitude is shown in Figures J-Z and J-3. In these
figures, the gains (i.e., the sine and cosine terms in the - uations
shown in Tabie J-3)} for & locomotive {SDP-40F) in yaw and sway modes
are plotted as functions of wavelength. As th figure shows, ¢n

* This assumes that the track is relatively stiff. A
vehicle operating over a more compliant track will see a
somewhat different amplitude.

** The effect of wheel base is usually negligible, unless

the perturbation wavelength is very short, say less than
20 feet.

J-8



TABLE J-3:

Roil

Pitch

Bounce

Yaw

THE EFFECTS OF TRUCK CENTER DISTANCE AND WHEEL
BASE ON PERTURBATION INPUT

PEAK-TO-PEAK AMPLITUDE OF THE INPUT

ztan'l (?é! cos — L cos —l ) radians

E!tanr:'1 {EI sin % cos %i ) radians
P | cos ‘TL cos ‘;—bi inches

2tan™ (;} sin EiL* cos Lf-f )] radians
A| cos i cos ii fnches

C = Crosslevel amplitude (peak-to-peak)

P = Profile amplitude {peak-to-peak)

A = Alignment amplitude (peak-to-peak)
G = Nominal Gauge

L = Truck center distance

b = Wheel base

| | = Absclute value

J-9



Mode Excitation
{E = Even, O = Odd|

O E
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Truck Center Distance (1o nesrest foot]

=

““m
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E-“m
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o
i
¥
10 20 75

Truck centers lying betwesn nodal points (E. O will excte both modes, with the
nput energy being distributed between the two modes based upon how close the
truck center lies 1o sither node.

FIGURE J-1: RELATIONSHIP BETWEEN TRUCK CENTER DISTANCE AND
TYPE OF EXCITATION
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alignment perturbation with wa.elength 92 feet causes the vehicle to
experfence & large yaw sotion, but hardly any sway motion.

So far, we have assumed that the perturbations are sirusoidai in
shape. Often, they are not. In these cases, equivalent sinusoidal
components have to be Jeveloped using Fourier Transtormation [Ref. 31,
as shown 1in Figure J-4, This process will convert the given
perturbation shape intoc a number of equivalent sinusoidal components
with ditferent ampiitudes and with wavelengths which are given by i/nm
(n=1, 2, 4, ...}, whee & is the basic wavelength. For the purpose
of resonant frequency analysis, only the components with large
amplitudes need to be seiected and treated as individual sinusoidal
perturbations,

The use of Fourier Transformation is tllustratec through an
example shown 1n Figure J-5. In this, two popular types of
perturbation, piecewise Iinear and rectified sinewave, which have
actuaily been used in a test program [Ref. 43, are analyzed.

The resulting values of relative amplitudes (C ] show that perhaps
the first two components of either perturbation Shapes {78 ft. ana 19
ft. wavelength components for the piecewise linear and 39 ft. and 19.5
ft. wavelength components for the other} should be studied, the others
neglected.

To summarize, the resonant frequency analysis is to be performed
in the following way:

1. Iransform the given perturbation shape into equivalent
sinusoidal components using the Fourier Transformation
shown in Figure J-Z.

2. For each wavelength with sigmficant amplitude, determine
the input amplitude, using equations given in Table J-2,
and input frequency using Equation J.1.

3. Compile & table of input frequencies corresponding to
components with significant input amplitudes.

4. Repeat Steps 2 and 3 for different test speeds.
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| Perturbation

{Deviation from 1
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l,_ 3 ._! (Distance Along Track]
'.' 2en
ve fixi=4C *A I C,Cos &=
i
C.* ¥, *b,
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_A
Az

b.* %f f 41 Sin zﬂrﬂ dt

=Af2

FIGURE J4 FOURIER TRANSFORM OF A PERTURBATION SHAPE

J-14



Fourier Transform:

c b
ix} = gt Amhml%’m-und{rfﬂ

Aectified Sine Perturbation

o 1 v | 3 % 5 & 7 2] g8 113
A 3 §185 13 1975 | 78 | 65 [5571 | 487514333 | 38
c, |04244]00849 0036400202 0.0129 | 0.0089 | ¢ 0065 | 60050 |0.0038 | 0.0032
Peicewite Lines: Perturbation

o595 —

—————— 7% -I
n 1 | 2 3 4 5 [ 7 8 ] 10
2 78 | 3 26 |185 ] 156 13 [11.11 |87s | B667| 7.8
< u.mqmm: 00508 | O | 0018t joo1t3joo0e2 | O | 0.0056}0.0041

Soutce: Fef [&]

FIGURE 45

FOURIER TRANSFORM OF TYPICAL PERTURBATION SHAFE




The significant ingut frequencies for the completed speed range
can then be compared with the vehicle natural freguencies in relevant
modes, whick are calculated as shown in Section K {¥Yehicle
Characterization). [f, in a particular speed range, 2 significant
input frequency 1is equal to @ natural freguency, the resulting
resonance can explain tne vehicle behavior in that speed range., Figure
J-6 shows the relationship between the wavelengths of typical
perturbations existing in revenue service and typical natural
frequencies of different vehicle types.

J.2.2 Level 2 Data Analysis

J.2.2.1 Tnreshold Exceedance Anaiysis

This analysis provides information regarding the exceedance of &
particular Response yariable ahove a predetermined threshcia value.
Thitc exceedance can be characterized by many descriptors [Ref. §], such
as:

Lgg: 95 percentile level (that level exceeded 5% of the
time)

LTEMI: The maximum level which is exceeded for 20 msec

Lyaomax® The maximum level which is exceeded for 40 msec

Lraomax’ The maximum leve! which is exceeded for 80 msec
Lroomean’ The level at which the mean of all the exceedance
times is 2U msec

"T#Mhﬁ: The level at which the mean of all the exceedance
times is 40 msec

LTBDHEME: The level at which the mean of all the exceedance
times is B0 msec

ngs{suﬂnds}: The maximum exceedance at Lgg threshold level

erslsﬁmds}: The mean exceedance duration at !.,gr5 threshold
Tevel.
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This analysis is particularly useful in interpreting the wheel
force data. This is because the effect of a wheel force which exists
for very short time [Ref. 6] on vehicle or rail behavior is generally
insignificant because of fnertia of the vehicle and of rail. Thus, L95
or LTEOH&I may be better descriptors of the wheel force than a peak
value. Also, all of the above descriptors can be obtained per
perturbation cycle, test segment, or test zone, as dictated by the test
objectives.

The above descriptors can be calculated by developing arrays which
store the intermediate data related to exceedances (see Ref, 7). An
exceedance of a threshold occurs when the data values fincrease from
below to above & threshold and then, after some time above that
threshold, decreases to below that threshold. Such an occurrence is
one exceedance of that threshold and has & time duraztion associated
with it. During data processing, the number of exceedances and the
times of exceedance of each threshold value can be recorded to provide
the following four arrays:

# Array 1, total time of exceedance:

o Array 2, number of exceedances;

# Array 3, maximum duration time of any exceedance; and
e Array &, mean duration time of all the exceedances.

From these arrays, the exceedance descriptors can be calculated in
the following way:

195: The tota! time of exceedance for various threshold values
are stored in Array 1, from which the level which is exceeded
only 5% of the time can be obtained through extrapolation.

exceedance Yevels can be stored in Array 3. Using these data, the
peak levels which are exceeded for 20, 40, and B0 msec can be
found using extrapolation.
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LTM' LTIMAH' me: Array & can orovide the mean
duration time of all exceedances at & particular thresheld level.

from these mean times, and the corresponding threshold levels, the
tevels which correspond to the mean exceedances of 20, 40, and 80
psec can be determined using extrapolation.

Lraaxes’ The maximum exceedance duration time corresponding to
the Lgg level (calculated as shown above) can be determined from
Array 3 using extrapolation.

LTHEM?{:: The mean exciedance duration time corresponding to the
Lgg level can be determined from Array & using extrapolation.

An example of the Threshold Exceedance Analysis is shown in
Figures J-7 and J-8 both of which show the response of a vehicle to &
set of perturbations. The first of these two figures deals with
intermediate dats storage in the four arrays for the threshold levels
of 20,000 and 40,000 lbs. The other figure uses these data to
calculate the various descriptors associated with the analysis. The
relative values of some of the key descriptors are compared with the
maximum and mean values in Figure J-9, which shows the results of tests
done at various speeds between 38 and 74 mph [Ref. 51.

J.2.2.2 Frequency Spectral Analysis

The Frequency Spectral Analysis is simitar to the Resonant
Frequency Analysis discussed fin J.2.1.2, except this technique f{s
generally used for characterizing a revenue service track as opposed to
a test track with discrete perturbations. In this analysis, “Power
Spectral Densities {PSDs)" of the various track parameters (gauge,
alignment, crosslevel, and so on} are calculated using & "Fast Fourier
Transform (FFT)" algorithm [Ref. 8]. Since this subject is relatively
compliex, and fts treatment is readily availabic *o an fnterested user
[Ref. 9, 10 and 11, for example], no attempt is made to explain an FFY
algorithm. The current advances in electronics makes it possible to
obtain the PSD of & variable very quickly while the test is being done
[Ref. 10 and 11].
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LATERAL WHEEL FORCE

=20 kips
c --"V{ | ' e ’ - ﬂ" Threshold
: I=20,000 pounds
} Threshold
T=40,000 pounds
+80 kips L
CAART SPEED = l== = 0.0%0 seconds
CONTENTS OF THE ARRAYS AT T = 20,000 AT T = 40,000
ARBAY 1, Total Exceedance Tizme 1.06 sec 0.12 sec
ARRAY 2, Number of Exceedances & Exceedances ) Exceedances
ARRAY 3, Maximu= Exceedance Duration 0.20 sec 0.0 s=c
ARRAY &, Mean Exceedance Duration 0.17 sec 0.0& sec

Response Variable : Lateral Wheel Force, Lead Axle
vehicle : SDP-4OF

Soarce: Ref. [7)

FIGURE J-7: AN EXAMPLE OF DATA ARRAYS FOR TWO THRESHOLD LEVELS
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SDP-40F LATERAL WHEEL FORCE, LEAD AXLE

FROM: DESCRIPTION VALUE IN EXAMPLE

arraY 1 @ L 35 kips
g@ Lr20 max '= kips
) 37 kips

RONY S Lrig max -
© Ligo wax ps
® Ly pay g5 (8t Lggs vhich = 35 kips) 060 sec

39 ki
\@‘ b120 MEaN e
@ 36 rips

_“. 3

FhiEa 4 Lrio veas .
5

({‘3 Lrso mEax P
® L ppan gy (3% Lgge which = 35 kips) 038 sec

Source: Ref. {7]
FIGURE J-8: TYPICAL EXCEEDANCE AMALYSIS RESULTS
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A typical example of what this analysis would generate fs shown in
Figure J-10. The figure shows that the PSD of the crossievel of a
typical bolted track has & downward slope (i.e., long wavelength
crosslevel wvariations have large amplitudes, short wavelength
variations have small amplitudes). Also, peaks are observed at
frequency values {expressed in cy/ft) between 2 x IG'E and U.1 (i.e.,
wavelength of 50 ft. to IN ft.). These jcaks would include the
crosslevel variations with 39 .t. wavelength caused by dipped joints.

Such informet'on s very useful in characterizing the finput a
vehicle receives from & revenue service track. This analysis can also
be used in characterizing vehicle response. Just as high peaks at
certain wavelengths in the PS0 of & ‘track parameter incicate
particularly large input at those wavelengths, peaks in the PSU of a
vehicle response variable at pairticular frequencies represent resonance
of the vehicle at those fregquencies. An example of this is shown in
Figure .LL11. Knowing thus both the input to the vehicle and its
response would prove helpful n evaluating its performance on a revenue
service track.

J.2.2.3 Damping Ratio Caiculation

As mentioned earlfier, in Table 3-8 of Part 1, the calculation of
the Performance Indices for hunting requires obtaining the damping
ratio of carbody and truck sway accelerations from their time history
plots. The most common method of doing this 15 called the "Logarithmic
Decrement Method.” Tn Figure J-12, a variable 1s shown to reduce to a
stable value after being excited by a transient perturbation. If
successive amplitudes of this variation are Xy and Xys then:

2
Damping Ratio, £ = - ) (3.2}
+ dn
X
where & = in {i';‘] (3.3)
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PSD LEVEL, in?/cy/ft

W VELENGTI®, 1%

10} 10% 10 1.0
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——— enmm Lone i, Class 4 Main Bolted
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FIGURE J-10: TYPICAL POWER SPECT®A!t DENSITY (PSD) OF
A TRACK CHARACTERISTIC
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This is a Tinear representation of damping which in reaiity may be
noniinear in nature,

J.2.3 Level 3 Data Analysis
J.2.3.1 Probability Distribution Analysis

One of the applications of probability distribution analyeis is to
determine the repeatability of a parameter in 2 test program. The
following procedure can be applied in this situation:

If it is assumed that the parameter being measured through testing
(say, the peak valus of lateral force) has a normal distribution, we
can say with confidence leve” of (l1-a) x 100% that the true mean value
of the parameter by will be bounded by:

Shias2 Sasar2

< p, <X+

o {2.8)
= =

X -

where

sample size (number of tests)
T, true mean
i = calculated mean

tn,ﬁ!z = percentage point of student t distribution
(see Table J-4)

ne=kK-1

SE = calculated unbiased estimate of varfance

K
TR D
PIE]

{J.5)

M
[ ]

(3.6}

x
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TABLE J-4&: PERCENTAGE POINTS OF STUDENT t DISTRIBUTION
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For example, the values of 52 and X for vertical wheel force peak
value at 40 mph are found to be 0.423 and 42.587, respectively, from
the four samples available. For 95% confidence level, a = 0.05 and
taiu‘ﬂzs - 3-1&2; fm Tﬁh]! J""u Thtﬂ:

st
f w005 GET x 3.182
¥ ; L z

= 1.02.

Thus, we are 95% confident that the true value lies between 42.597
#1.02 kips. An example of such repeatability estimation using the
probability distribution analysis is shown in Table J-5.

As mentioned above, this procedure is valid only if the variable
being measured has a normal distribution. This can be checked using
the Chi-square goodness-of-fit test described in Appendix J-A.

The other area in which the probability distribution analysis is
useful deals with estimating the probapility of derailment based or a
limited revenue service testing. There are two requirements toc be able
to do this:

# A deratiment criterion should be available; and

# Test data on the variables used by the criterion should
be avatlable.

Much work has been done and is being done to develop reliable
derailment criteria (see Ref, 6 and 12}. A simplified criterion puts
limits on the wheel lateral force {L}, wheel vertical force (V), and
the ratio of the two (L/¥ ratio)}. This can be represented as shown in
Figure J-13. In this diagram, & value of L and V combination which
ites in the hatched ares would be considered unsafe.

Now, to estimate the probability of derailment, one must determine
the probability of L and/or V lying in the unsafe zone, Let:

1= f(L,V) (3.7)

J-29



SO IEINEEEIRE] Jo eBuryd wofl| Pl BITRIME JIRE 03 Enp g AR
e

R LFFE

(lusmly Y dwee)] mpadadld « T TRaR]ERSID IVINTY rupasald w [) O @e)ef -..:_-.i._u.

‘ylgl @) gopt wea) shurga wopieanl]jued )8 138) )8 RegE R

-y L
§600°0 » (60 = LDD'0 & SI0°0 oY (% uy})
Y000 ¢ 9K0°0  YIUTO * I%0°0 REI0'0 ¢ BLD'0 YLOO0 + C¥DD it weyiwas(eday [eis1w] v eleiivgl (9
610°0 + 15070 N ¥O00'0 ¥ 91070 o ¥ =)
gy + lIG"0 oo + ¥o°0 s(000 « 1070 o * tlo'o 5t wo| iEASLBIFE (wapises ) ele¥leg o4
110°0 ¢ (4070 = 1000 ¥ 00 " JOF (2 #1)
[#00°0 ¢ #9070 TIL°0 + 6I0°0 WLOOUO ¢ 8070 ST0OCD ¢ (W'D % wojleia] Ry (PRew] ) dimeda]]  Of
[10°0 & £(0°0 ; U000 3 HED'O . £ .M
&10°0 » W'D FLI0'0 + &0°0 1000 » IED'0  STOOD'O ¢ 91070 L B ERR[AIIY [RI)IASL e demes ] Wi
R ) 80 ¥ 68°% . oy (%413 ¥1)
.!__n 01« 7Yl %Y o S700 _._u_-.: " T JJUT e My 4 | #3130 |eaym [TIEIF) 4
01y o9y _ 2 0 ¢ 1reL B 0% (adin w1)
11 o« sILCCy WL e LTy Y0+ DE'e2 %0 v 20 8l L1 wii0g [AwNA LEATIIRA i
(4 ) il o il arids v LR
R e 3 v 4 besoiddent
[$] "iwu i934n05
(T H “isisi
vt 2
:-E"ﬁ e o E-.R_M LL I FrIda1Rg §ibe]
Ol 1+ 2-H )

‘EEEA WReE paihdedE Jo F e LI

WA Jeap] jeed I(E Pav ap

$378VIMVA 1531 40 ALINIEVL
404 NO1NGIYLSIO ALITIGYBO4d 40 3

pA ) Foldyassap jo ER]Es ST enlae
LHi PR ATwEp W) W azeya ty JU senwy

¥3d3d 40 NOILYINITYD
SN IHL 40 ITdWVXI NV

G- 378Vl

J-30



- |

<jr

Unaste

A

Sufe

FIGURE J13

A SIMPLIFIED DERAILMENT CRITERIA

J-31

e ——

i, S i B W T

i

-



where L and V are the absolute latera] and vertical wheel forces and 7
is the probability of occurrence of the L and V pair. One candidate of
f{L,¥} is the Bivariate Norma) equation given by:

Losy v iy o]
L) s——— e E sy (2 J S
Er:u o qu 2{1- i} c:t 9y G"r’

where

= mean value of L;

= mean value of ¥;

= standard deviation of L;

= standard deviation of ¥; and

= correiation coefficient between L and V.

For a2 set of experimentally obtained L and ¥V values, the first
four of these parameters can easily be calculated using techniques
shown in Subsection J.2.1.1. The last parameter can be calculated in
the foliowing way:

-z z—: Pu "Li'ht.! “j""#'j

¥=0 L=0 (J.9)

% %
whe e Pij = number of observations in Ly = 4L and ¥j +4Y divided by

the total number of observations., If both &L and &V are assumed
to be 0.5 kips; L11 - Li-i = | kip and 't.j - ¥'}_1 = 1 kip.
Once the expression for the probability distribution is obtained,

the probability of L and/or V being in the unsafe safe zone can be

found as: - "c i7a =

-l-ffi’{l..v}-dlﬂ .

unsafe L=0 V=0

f f P (L.,V) - dL d¥

iL=0 'l"

(J.10)
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fef [13] shows that the test data fits the Bivariate Normal
distribution better if L is replaced by /L. If L' = /L, then the
following values are obtained for all the curves on a particular
revenue service track.

= 1.79 kips
= 2B8.18 kips

-qﬁu r-Ft

L

= 0.55 kips

4

= 4§12 kips

. aQ
L LY

= 0.382
J.2.3.2 Regression Analysis

Regression analysis 1s & technigue used to determine the
relationship between a dependent and one or more independent variables.
In the case where only one independent variable is fnvolved, regression
analysis is simply a "least squares fit"™ of one variable to the other,
A typical case would be to derive the relationship between height and
weight for adult males. Multiple variable or multivariate, regression
analysis is, simply stated, the “least squares fit" of ome dependent
variable to more than one independent variable. An example of
multivariste regression analysis would be tc determine the rate at
which track geometry degrades in terms of physical parameters which
might affect track degradation suchk as traffic density (in Million
Gross Tons}, rail weight and tie condition.

In addition to quantifying the relationship between a dependent
varfable and sultiple independent variables, regression analysis
quantifies the strength of the relationship (correlation coefficients
and coefficients of determination - 8%}, the significance of the
relationships (t-value and F-value) and the confidence intervals for
each regression coefficient.

Although regression analyses can accurately determine the
statistical relationship between varfables, it is encumbent upon the
analyst to determine the physical significance of that relationship. A
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description of regression analysis terms and fundamentals is contained
in Appendix J-B.

Other Tlimitations which should be considered 1in appiying
regression analysis include:

1. Sample size determines accuracy and confidence limits for
the results. {As a general rule, sample sizes of less
than 20 are unacceptable - 50 to 100 is preferred
minimum, )

2. Measurement errors which directly affect the accuracy and
confidence limits of the results are difficult to account
for.

3. Application of the vresults cannot ({reiiably) be
extrapolated beyond the range of the data base from which
the regression was derived.

4. Digital data acquisition and processing is required.

The specific application of regression analysis presented in this
section involves the evaluation of the relationship between wheel/rail
forces and track geometry. The data which supported this analysis were
collected during the Chessie Test of Locomotives Ref. [14]. A general
summary of the procedure for conducting vehicle/track regression
analysis is shown below (Table J-6). A flowchart for the overall
approach used in the case study analysis is shown in Figure J-14,

The specific objective in this example was to determine what track
geometry characteristics contributed to excessive lateral wheel/rafl
forces and L/V ratios. Measurements of track geometry data and SDP-40F
tocomotive wheel/rail force data were made separately over the same
track. Datz were selected from 37 curves in the test 2zone.
Statistical descriptors were developed for each parameter over each
curve. The descriptors included minimum, 5th percentile, mean, 95th
percentile, maximum, standard deviation and variance. The statistical
data base, by curve, for vehicle response and track geometlry were
merged and & quality control check was performed to eliminate any
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TABLE J-6: SUMMARY PROCEDURE FOR VEHICLE TRACK REGRESSION ANALYSIS

'z"

3.

6.

Define the independent {or control} varfables of interest,
based on the test objectives.

Define the dependent {or response) variables for the selected
performance issues.

Select data segments for processing, check data gquality.
Compute statistical descriptors {e.g., aean, standard
deviation} for each variable of interest over the selected

data segments.

Merge track geometry and vehicle response {independent and
dependent) variable data bases.

perform quality assurance check for statistical data base.

Define variables and descriptors for regression, define
regression type and limits for test of significance.

Perform regressions.

Analyze results and modify regression, if required, and rerun,
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outliers, due to instrumentation failures (typically full scale and
zero  values ), from the analysis. The specific parameters and
descriptors for analysis were selected and crouss products of some
descriptors were calculated to fdentify any combined effect (i.e., o
curvature and mean AE-underbalance).

Stepwise regressions were performed using the data base prepared
ard & regression analysis software program developed to support
maintenance of way planning research Ref. [15].

The results for the SOP-40F show that the 95th percentile level of
lateral force, L%. is related to track geometry as follows:

6290 + 1940({aE} + E?ﬂ'ﬂfet} - 1170({D}

tes

where

Lgg = the 95th percentile level of lateral force {1bs)

(€ = uynderbalance of operation {in)
6. = standard deviation of curvature (degrees per 100 feet)
P = 0© for right curves, 1 for left curves

A more detailed discussion of 1“7s cate study can be found in
Appendix J-C.
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APPENDIX J-A
TeSTING A DISTRIBUTION FOR NORMALCY

In performing probability distribution snalysis, we often assume
that the values of & variable obtained during & test foliow & normal
distribution. Described briefly in this appendix 15 a method to
evaluate this assumotion.

The test most commonly uscd to determine §if a sct of data fil some
assumed distribution is called the 12 {Chi-squared} test [see Ref. A.1
and A.2, for example]. This test involves grouping the data int: a
number of intervals and then comparing the number of data in the ith
intervai {nm.] to the number expected [”E'il if the hypothesis of
normaicy were true. The value of 1‘? ig then calculated a:z:

2 = 2
X ¥ g [“ni “H"' (J-A. 1)

intervals Te

Knowing the value of y° and the number of intervals, one can
determine from Figure J.A-1 whether the hypothesis of normalcy is good
or not. In the figure, the number of degrees of freedom is the number
of intervals minus three. Also, the vaiues of P in the figure refer to
the probability levei. For exampie, if the value of 13 iies on the
line marked P = (.1, there is only one chance in ten that if the datsa
does fit the hypothesis ({(i.e., if the probability distribution is
normal), a value of 12 as large as this would have been observed.
For  a probability level of <13 (P £0.01), the hypothesis is assumed
to be disproved. Also, for the probabiiity level of >99%, the data are
assumed to be too good, f.e., the data may have been “adjusted” [Ref,
A.1].

é

A couple of aspects of this technique need to be discussed
further:

1. How to define intervals, and

Z. How to obtain the expected number of data points in each
interval.
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There are basically two ways to define intervals. The first way
is to select them in such & way that the expected number of data points
in each fnterval 1s equal. For a normmal distribution, this would lead
to the intervals being larger at two ends and smaller near the mean
value. The second way fs to select intervals of equal width, in which
case the number of data points in the middle {near the mean) will be
higher than that at either end. Since the second way s slightly
easier to implement then the first, we will highlight it in the
‘Hustrative exampie shown later,

in order to select the internal width by the second way, we first
need to caiculate the mean (X} and standard deviation (o} of the data
in & manner shown in Subsection J.2.1.1. Once these values are
obtained, Ref. A.Z recommends that the interval width should be 0.4
times standard deviation. Also, it is desirable to have at least five
data points in each interval. Thus, the intervals at the two ends may
need to be grouped together to achieve this requirement,

Once the intervals are defined, the expected number of dats points
in each interval can be calculated as follows:

Ii - R
z, = - {J-A.2}
where X is the lower value of the ith interval,
x 1is the mean value of the data set, and
g 1is the standard deviation of the data set
¥; = plzy) (J-AR.3}

where p{ } is the ordinate of the standardized normal density function
obtained from Table J-A.1.

Finally,

N {J.A-4)
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TABLE J-A.1: ORDIKATES OF THE STANDARDIZED NORMAL DENSITY FUNCTION
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Hote: l?o;t values are valid for both positive and negative values
of .

J-44



where N is the total number of data points and n, fs the expected
number of data points in the ith interval.

An example of this procedure is shown in Table J.A-Z. In this
example, 2 set of 16Z data points, with values iying between G and 18,
is tested “or normalcy. First, the mean and standard deviation for the
data set are obtained. Since o is 3.12, an interval which is 1 unit
wide is considered appropriate. Next, the values of Ziv ¥io and Mo
are calculated using equations J-A.2, w-A.3, and J-A.4.  The
corresponding observed values are obtained by classifying the data set
into the nineteen intervals. Now, as suggested earlier, the intervals
at the two ends need to be grouped together, because some of them hold
less than 5 data points. Thus, intervals 0-4 and 16-18 are grouped
together ani & new set of n . and n . values are established. The next
three columns show how the value of 13 can be obtained from L and
Mg This value §s plotted in Figure J-A.1 as shown, According to the
boundaries shown in the Figure, there is no reason to Suspect that the
data presented does not follow a normal distribution.
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APPENDIX J-B

VERICLE REGRESSION ANMALYSIS
CASE STUDY

J-B-1 INTRODUCTION

This appendix to the analysis techniques section of the IAT
Handbook describes the data measurement, instrumentation,
recording, data processing nud data analysis techniques avalilable
for the empirical derivation of statistical relationships between
track geometry inputs and vehicle response. These techniques are
presented and discuased within the framework of & case study
involving the determination of the statistical relationship
between track geometry i{nputs and locomotive wheel/rall force
response. The data used ware collected during the test of SDP-
ROF and E-B locomotives on Chessie track in 1977. (see Ref. B-}
for a complete description of these tests).

This case study presents a practical application of regression
analysis techniques to stability assessment. A rail vehicle, the
SDP-40F locomotive, was believed to have a higher than normal
accident rate. A simulated revenue service test was conducted
during which recordings of both track geometry and vehicle
response data were made. An E-8 locomotive, believed to have a
good accident record, was also evaluated as a baseline for com-
parison with the SDP-40F. Statistical summaries of the data were
developed and regression analvsis was used to determine which, if
any, aspects of the vehicles' operating environment (i.e., track
geometry conditions) could be linked to known derailment indica-
tors (i.e., excessive lateral wheel rail forcel.

During the test, track geometry data were collected using the FRA
track geometry measuring cars (T=-1/T=3). These cars ran in
consist with an E-8 locomotive which was instrumented to measure
lateral and vertical wheel/rail forces. The track geometry data
and wheel/rail force data were simultaneously recorded onboard an
FRA data acquisition car {T-T7).
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The results of the case atudy presented here show, as expected,
that high levels of lateral wheel rail force are strongly related
tec underbalance operation in curves. As with earlier studies
performed on curves of 2% to 39, the SDP-40F appears to be
affected more strongly by underbalance than does the E-8
locomotive, the baseline unit. Also the SDP-40F is more affected
by long wavelength alignment disturbances {as indicated by
variations in curvature) while the E-8 is sensitive to shorter
wavelength alignment disturbance (as indicated by variations in
gauge).

This appendix seeks to acquaint the reader with regression
analysis techniques and demonstrate their aoplicability in
determining the causes and/or conditions related to the poor
dynamic performance of a rail vehicle,

J=-B-2 TECHNICAL APPROACH TO CASE STUDY

In planning the test, track geometlry inputs, train operating
conditions, and vehicle maintenance conditions were identified as
the primary independent test varlables, Only the effects of
track pgeometry are addressed in this appendix. Two simulated
revenue consists, one with an instrumented SPD-L0F locomotive and
& second with an instrumented E-8 locomotive were used during the
test, The E-8 locomotive was used as a baseline for comparison
with the SDP-4OF because of its perceived relatively good safety
record.

in order to get a variety of track geometry inputs, a test zone
was selected which included 500 miles of typical class 3 track.
To evaluate the effects of train operating and maintenance condi-
tions a single test site, four miles in length. was selected for
repeated testing. Lateral #nd vertical wheel rail forces, as
indicators of derailment tendency, were selectsd as the primary
dependent (or response) variables of interest. 1iIn order to mea-
sure wheel/rail force, strain gauged wheelsets were installed on
both the E-8 and SDP-40F instrumented locomotives. The FRA track
survey cars, T-1/T-3 were run in the E-8 consist to measure track
geometry conditions throughout the test zone.
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To enable correlation between the SDP-40F consist data and the
track geometry data, accurate determination of track location was
required. Therefore, the test operations plan specified that
manual entries of milepost locations would be made for each data
tape during the test. An Automatic Location Detection System
{(ALD) was installe®* on each consist to detect the location of
switches and road crossings as a further aid to lo~ation identi-
fication.

ine following sections describe the measurement requirements,
test procedures, data processing and data analysis technigues
used for the test. For additional information on test planning
and test design the reader is directed to Section E, Test Plan
SJummaries, and Section kh, Field Test FPlanning.

J-B-2.1 INSTRUMENTATION AND RECORDING REQUIREMENTS

The track geometry data measured by the FRA track geometry mea-
surement consist T-1/T-3 and the E-8 wheel/rail force data were
recorded on the same digital tape. The sample rate for the track
geometry measurement systems was one sample every 2.42 feet. The
data from this system was subseguently recorded in the vehicle
response data stream at a sample rate of 250 Hz. Thus, the
shortest wavelengths of track which could be measured were around
5 to & feet, which is adequate for evaluating most vehicle track
interaction issues. The highest vehicle response freguancy which
could be resolved was around 100 Hz, which is more than enough
range for any rail wvehicle rigid body resoonse mode, The track
geometry data recorded included gauge, crosslevel, curvature, and
left and right profile.

To facilitate data processing, speed, distance, milepost number
and the location of switches and road crossings were also
recorded with the track geometry data. An Automatic Location
Detector {ALD), basically a capacitive proximity detector, was
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used to identify the location of the switches and road cross-
ings. Location identification for the E-8 consist was Qquite
simple because the geometry data could be used to clearly iden-
tify the location of each curve in the test zone. The instru-
mented E-E locomotive preceeded the geometry cars by 282 feet in
the consist. PFor the SDP-40F consist, accurate location of the
data for each curve depended upon the manual entries of milepost
numbers made every time a milepost was passed by the locomo-
tive. Calculated distance, in feet, beyond each mileoost was to
be used to help locate curves, however, errors and dropouts in
the onboard speed measursment precluded this. Therefore, strio
charts of lateral wheel force, from milepost to milepost were
used to identify curve locations. A summary description of the
track geometry measurements can be found in Tabhle JR-1,

Lateral and vertical wheel/rail forces were measured using strain
gauged, instrumented wheelsets installed in both the =-8 and
SDP-40F locomotives. Carbody accelerations were measured on bhoth
locomotives and suspension displacements were measured on the
SDP-40F. Only the wheel/rail force measurements are addressed
here. (See Ref. B-1 for a complete description of the instrumen-
tation and test). A summary descripticn of the wvehicle response
measurements is contained in Table JB-2,

J-B~2.2 TEST PROCEDURES

In conducting a diagnostic type test with two consists (one base-
line} over many miles of track special care must Dbe taken to
control the independent variabtles and to ensure data from the
consists is selected from the same track locations.

The effect of acceleration as an independent parameter was minti-

mized during the test by maintaining a nearly constant speed
throughout each test curve.

To enhance the ability to compare performance of the two locomo-
tives, the consists were intended to pass through each test zone
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Data Recorded

Sampling Rate

Instrumentation
Profile

Gauge

Crosslevel

Curvature

Location

Milepost

Speed & Distance

TABLE JB-1
TRACK GEOMETRY MEASUREMENTS DESCRIPTION

Left and Right Profile (62
foot MCO)

Gauge

Crosslevel

Curvature

Automatic Location Detection

Speed and Distance

2.42 (ft/sample) or 0.413
(sample/ft)

Inertial Profilometer

Non-contacting Servo Magnetic
Gauge System

Compensatnd Inertial Cross-
level System

Inertial based Curvature
System

Capacitive Automatic Location
Detector

Manual =Entry [(Forward
Observer)

Axle-drivern Optical ®ncoder
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TABLE JB-2
VEHICLE RESPONSE MEASUREMENTS DESCRIPTION

Data Recorded

Filtering

Sampling Rate

Instrumentation

Wheel Forces

Location

Milepost

Speed & Distance

f.ateral W/R Porce
vertical W/R Porce
L/V Ratio

Automatic Location Detector
{ALD)

Speed and Distance

Milenost

100 Hz Corner on 4-Pole Bessel
Filter {12 Db/octave}

256 Hz

Strain Gauge Instrumented
Wheelset

Capacitive Automatic Location
Detector (ALD}

Manual Entry (Forward
Cbhserver)

Axle-driven Optical Encoder
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at the same speed. This was not always possible since slow
orders, locrl traffic cunditions and instrumentation calibra-
tion/maintenance stops varied, even though the consists were run
on the same day ‘o minimize the effect of changing conditions.

Every effort was made te eliminste data biases {(zero offset} and
scale factor errors which can directly affect the results of the

subsequent regression analysis.

J-B-2.31 DATA PROCESSING AND ANALYSIS

A general flowchart for the data processing reguired to oerform
the wvehicle track interaction regressions is shown in Figure
JB-1.

This flowchart is shown for separate track geometry and vehicle
response data tapes as recorded for the SDP-40F consist. Por the
£-8§ consist, the geometry and vehicle response data were recorded
on the same data tape. The geometry and vehicle dynamics mea-
surements for the E-8 consist were, however, displaced in time
due to the distance between the locomotive and the geometry car
{282 feet).

J-B-2.3.1 LOCATING DATA FOR PROCESSING

Test segments were identified for processing which included =he
wodies {distance between spirals) of 99 curves for the T©-8 con-
sist and 38 curves for the SDP-40F consist. To ensure that the
independent track geometry variables are controlied, each curve
in th: test zone was treated as a separate statistical samble.
Only the data from the bodies of the curves was introduced into
the analysis. 1If data from the sﬁirals or adiacent tangent track
were included in the statistics for a given curve then the means
and standard deviations of the geometry parameters, particularly
curvature and crosslevel, would be “contaminated" with the non-
curve data. The same holds true for the response data. There-
fore, it too had to be selected from the body of the curve
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only. If spiral performance analysis {s desired the datas should
be filtered to include only the wavelengths of interest orior to
statistical processing.

Summaries of the track geometry data tapes were created which
defined the location, in milepost plus feet, of the approximate
start and end of each curve. From the test logs, the tape num-
bers, and approximate record numbers, for the dynamic data for
each curve were identified. Time history plots of crosslevel,
curvature, wheel forces and ALD data were produced in the vicin-
ity of each curve for both test consists, For the E-8 consist
data tape, which included the geometry measurement, the location
and duration of the curve body data was precisely located 250
feet using the crosslevel plot. Given the location of the track
geometry data on taoce, the E-B vehicle response data was easily
located by advancing (in the data stream) a time equal to the
distance between the wheel force and geometry measurements {282
feet) divided by the average speed through the zone (in feet per
secondj. (See Pigure JB-2).

For the SDP-40F consist, without geometry measurements, the ap-
proximate location of curves were identified by the manual mile-
post entires (accurate to 2100 feet), Lateral force and ALD data
were plotted for the SDP-40F consist on a mile by mile basis for
each mile which contained at least one test curve of interest.
The approximate location of the curve was estimated knowing the
time elapsed between mileposts. The duration of the curve is
known in feet from the geometry data, Knowing the ecpeed of the
consist in the vicinicy of the curve the approximate Auration, in
seconds, of the data within the curve was calculated.

Knowing the approximate location and duration of the SDP-40F data
for the test curve of interest, the time history plots of the
lateral force channels were seatched in the vicinity of the curve
for lateral force activity of the duration ({in seconds) expected.
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GEOMETRY CONSIST HON-GEOMETRY CONSIST

MP/Curve MP/Rec. No.
Record No. Summary
Summary

Plot XLevel ' Plot
Curvature, ALD Lateral
in Vicinity j Forces
of Curve ALD
Examine Plot to
Determine Exact Curve Locate
Data Records Length Force Data
Containing Curve > Corresponding
Start and End for To Curve
Both Geometry and
Vehicle Resonse

/ Start/End Start/End /
E-B SDP=-40F
f Record Record f
/ Numbers / Numbers /

Figure JB-2 Location of Data Segments for Quality
Control {Q.C.) and Processing
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The caveat to this approach is that the identification of the
curve is dependent upon an indirect measurement, lateral force.
However, this is a fairly reliable means of detecting curves
where high levels of lateral force are experienced. Also ALD
events, such as road crossings or switches, can be used as a
secondary check of location. * more direct way of determining
location would be to integrate the measured speed to get the
distance from the last milepost. This in fact was used where
practical. However, data dropouts due t¢ an instrumentation
failure in the speed measurement prevented its use for many seg-
ments in this test.

To further identify curve locations for a non-geometry consist
the measurement of truck to carbody yaw angle {as an indicator of
curvature) or manual entries for the start and end of curves can
also be helpful but they were not used in this test.

J-B=2.3.2 STATISTICAL DESCRIPTORS

Once the test curves were located the plots were examined to make
sure that the data contained no noise or unusual signatures such
as spikes or drop outs. Data bases were then compiled which
contained the track geometry and vehicle response statistical
descriptors for each test segment (see Table JB-31.

The statistical descriptors calculated for each test segment were
the mean, standard deviation, maximum, minimum, 5th percentile
and 95th percentile wvalues. The 695th percentile i3 the wvalue
below which the data remains below 95% of the time for a given
test segment. The 5th percentile is the value below which the
data remains 5 percent of the time for a given test segment. The
95th percentile and Sth percentiles are perhaps bettrer indicators
of extreme values than are the minimum and maximum values because
they are not as susceptible to short duration data drop outs and
spikes. (See Figure JB-3.)
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Variable
Number

Variable

Y

TABLE JB-3
STATISTICAL DESCRIPTORS

INDEPENDENT VARIABLES

Parameter Descriptor

Speed Mean

Curvature Mean

Curvature Standard Deviation
Curvatare VYariance

Gauge Mean

Gauge Standard Deviation
Gauge Variance
Crosslevel standard Deviation
Unbalance Mean

DEPENDENT VARIABLES

Parameter Descriotor

High rail lateral 95th Percentile
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NOISE SPIKES IN DATA

E

ERRONEQUS

PEAK VALUE

95 % | A

LEVEL

5% 1

LEVEL ii L:
dgs dgs dgs J ]
ds - dgg = >l gy - ds =

T {SECOND!

EXAMPLE TIME HISTORY
SHOWING 5% AND 95% LEVELS

95% Level = level which the data is below 55% of the
95

vime, Level is selected such that ——— = 55,

5% Level = level which the data is below 5% of the
bl |
5

time. Level is selected such that - 05,

Note: Because of their short duration, noise spikes
have little effect on the calculation of 5% and 95%
values.,

Figure JB-3. Description of 5% Level and $5%
Level Statistics
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The statistical data base for the SDP-40F and track geometry data
were merged by curve number. As a fins: quality control check
prior to regression analysis the data base was examined to make

sure that no full scale or erronecus zero vatue data had been
included.

Separate data bases for left and right curves were created for
each locomotive. This was done so that regressions could be

performed for the high and low rail (outside and inside} wheel
forces separately.

J=-B-3 REGRESSION ANALYSIS

Regression analysis provides a simple method for the determina-
tion of functional relationships between variables, The resul-
tant linear relationships between a dependent variable and mul-
tiple independent variables is generally expressed in the form:

y' o= Bp ¢ Byxy 4 Boxy 4Ll Bx

where

¥' = the estimated value of the dependent variable

B; = the regression coefficient for the jth independent
variable

Eﬂ = the constant term

The regression analysis performed in the case study was based on
software developed by ENSCO in support of the maintenance of way
planning system program for the Federal Raillroad Administration,
Office of Research and Development. Complete documentation of
this software can be found in Volume I11, Software Documentation
(Ref. B-2). Before reviewing the regressions performed in this
study it will be helpful to review the terms used in describing
regression analysis in this report.
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Dependent Variable (yi: A variable which is estimated using one
or more independent variables. Wheel/rail force descriptors are
treated as dependent (or response) variables in this study,

Independent Variable {xj: A variable which is used to estimate

the dependent variable. Track geometry parameters of gauge,
crosslevel, curvature and operational parameters of speed and
underbalance are the independent variables in this study,

Dummy Variable: A dummy variable is used to describe a variable
which has two or more distinct levels. A dummy variable "D* was
used in this study to identify Airection of curvature; for right
curve D=0, for left curves D=1,

Regression Analysis: Regressicn analysis is a technique used to
develop the relationship between a dependent and one or more
independent variables. The term multiple linear regression is
used when the relationship involves more than one independent
variable in some linear fors.

Stepwise regression: is the procedure whereby a subset of the

independent variables is included in the regression equation.
The selection criteria is based on the telative importance of the
independent variables in explaining the variation of the depen-
dent wvariable,

Residual: A residual is the difference between the observed v
and the y' predicted from the estimated regression equation. Ry
an analysis of residuals, one can test the adequacy of the pre-
dictive model and the assumptions underlying the regression
analysis.

Qutiier: An outlier is defined as a data point that does not
appear real and results from errors in recording observations.
Outliers can be traced by an analysis of residuals. If the abso-
lute value of & residual is far greater than the rest and perhaps
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iies three or four standard deviations away t. = the mean of the
residuals, the corresponding observation is most likely an out-
lier.

Analysis of Variance: This is an approach whereby total variation
is divided intoc meaningful components. In regression analysis,
the total variation in the response variable is divided into
regression and error components. This approach is valuable in
estimating the gquality of a regression equation.

F Value: An P value is the statistic which measures the strength
of the relationship between two quantities. 1In regression analv-
sis, the P value is used to evalute the relative magnitude of
variations explained by the regression equation and those varia-
tions which could not be explained by regression. A large F
value, such as 3.0 or more, indicates that the regression ondel
explains a significant amount of variations,

Correlation Coefficient: It is a measure of the linear depen-
dency of two variables. The correlation coafficient varies from
=1 to 1. An absolute value close to unity indicates a strong
linear cependency. On the other hand, a value close to zero
indicates no linear relationship.

Coefficient of Determination ;nzj: It is the proportion of total
variation explained by the regression equation. It can be used
as a figure of merit for the estimated regression equation. For
example an r2 value of 0.8 means that 80 percent of the total
variations are explained by the regression model.

Adjusted Coefficient of Determination {Rz}: This is the R? value
adjusted for the number of independent variables. RZ values
increase with each added variable. However, the adjusted coeffi-
cient of determination increases only if the added variable is
significant. All R? values used in this report are adiusted
coefficients of determination.
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t=-Value: In regression analysis, a t-value provides a measure of
the significance of an estimated regression coefficient. A large
t-value such as 2.0 or more indicates that the corresponding
regression coefficient is significant, i.e., is not zero.

Confidence Interval: A confidence interval for an estimated
regression coefficient is a measure of the spread of possible
values at a certain significance level. An empirical regression
coefficient (b} is only an estimate of the true regression coef=-
ficient (8}. A confidence interval computed, for example at 0.95
confidence level will provide a 95 oercent confidence that the
population parameter (8} will fall in that interval,

In performing any regression analysis the primary task of the
analyst is to select the optimum regression for his require-
ments. He must decide which independent or control wvariables
should be included in the regression. Generally, the more inde-
pendent wvariables which are included in the regression, the
better the prediction. Of course, as more variables are added
the costs of obtaining the input data for the regressions and the
costs of data processing will both increase for applications of
the final regression. A point of diminishing return is reached
as each new variable provides only marginal improvement in the
regression. The significance of adding each new independent
variable should be determined and a decision should be made as to
whether or not it should be included in the regqression. 1If the
total number of independent variables is small or if the indepen-
dent wariables to be included in the regression can be inferred
from physical conditions (i.e., mean lateral wheel/rail should be
related to underbalance of operation) then the indevendent vari-
ables to be put into the regression model are easily defined. 1f
the number of independent parameters is relatively large and/or
the physical significance of the parameters is not obvious then a
stepwise regression can aid in the selection of variables.
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Once the analyst has prepared the data base which contains sam-
ples of the dependent and all independent variables of interest a
stepwise regression is the most efficient way of selecting the
independent wvariables to be included in the regression. A step-
wise regression adds one varjable at a time to the regression.
As each new variable is added the P statistic is calculated for
all variables in the regression to determine their significance.

In performing the stepwise regressions the regression equation is
developed by adding one independent variable (x5} at a time. The
{x;} with the highest partial correlation coefficient with the
dependent variable (y), is selected for inclusion in the regres-
sion. An analysis of variance i{s then performed to determine the
quality of the resultant regression.

The F-value is calculated for the regression equation as a test
of significance (see Appendix J-C). The P-value for each
variable inciuded in the regressions is compared with the minimum
value set for inclusion and retention in the analysis. If the F
statistic for a particular variable is too low, that variable is
removed from the ‘regression, but could be reconsidered on later
steps. The minimum F-values for inclusion and retention are
inputs to the software.

A stepwise linear regression was used in the case study to deter-
mine the relationship between the statistical descriptors of
lateral wheel/rajil force and track geometry data in Table JB-13
{see Appendix J-C for complete definition of reqression analysis
terms and techniques). Each response descriptor was evaluated
independently for left and right curves. The general flow of
the data processing for stepwise regression analysis is shown in
Figure JB-4. Analyses were also performed by modifying the data
base to include cross products of speed and curvature and under-
balance of operation (cant deficiency) and curvature.
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The minimuw' P-value, which defines the statistical significance
required focr inclusion and retention of each independent variable
in the regression was set at 2.0. The output from this process-
ing includes tabulations of the regression coefficients (bi‘s},
the ccefficient of determination {Rii, and the F-values for the
variable added «t each "step® of the regression. Plots of y-
actual vs y-predicted; and residual versus y-predicted were also
produced. These plots were examined to see if the residuals
exhibited any nonlinear trends. If nonlinear trends were
observed then transforms of the ¥;'s and X;'s such as (log x;)
and K? could be considered. No nonlinear trends were observed
in the test data. However, residual plots were helpful in iden-
tifying outliers. Regression equations were subsequently devel-
oped by eliminating these ocutliers.

J=B=-4 RESULTS OF ANALYSIS

Regressions were performed to determine the relationship between
the high rail SDP-40F lateral wheel/rail forces and track geo-
metry input. Data wire taken from 37 curver in the *est zone.
The 95th percentile c¢f high rail lateral force, Lgg » was the
wheel/rail force descriptor for each curve. The results for the
SDP-40F, summarized in Table JB-4, show that the SDP-40F is
sensitive to underbalance of operation (AE}, standard deviation
of curvature {o.) and direction of curvature (D}.

The final regression was:
Lgg = 6293 + 1540 (2B} + 6701 (o.) - 1169 (D)
with:

R = .715

Lgg in pounds

AE in inches

G in degrees

D = 0 for right, 1 for left curves
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TABLE JB-4

STEPWISE REGRESSION RESULTS, SDP-40F,
HIGH RAIL WHEEL/PAIL FORCES

Standard
¥ n! F Error Lgg
8,799 0.7% 5.7 1,221
Lgg = 6293 + 194058 + 6701 (o ) - 1169(D)
Independent Variables
Variable Mean S andard Deviation
AE 0.778 G.764
oe 0.261 6.130
D f0.635 0.287
SDP-40F HIGH RAIL Lgg
CONTRIBUTION OF TERMS
Contribution
Regression Contribution of Standard
Term Coefficient of Mean Deviation
Value Std,Error
Constant 6,293 - 6,293 -
AE 1,940 3g2 1,500 1,482
gc &, 701 1,78% 1,745 870
D -1,169 468 - 750 569
TOTAL g,788

Lﬂﬁ Mean = Ef?gg
Lgg Standard Deviation = 2,454
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The final results indicated that AE contributed slightly more
than o, in determining Lgg and that, statistically, the left
curves produced force levels roughly 1200 pounds lower than the
right curves., This could be caused by differences in the way the

locomotive regotiates left and right curves or differences in the
characteristics of the curve population.

An earlier study {Ref. B-1l) using only data from curves of 2 to 3
degrees produced the following regression:

= 2
LEﬁ = 4,100 + 400 C + 17,300 {cc} + 40,100 {GG} + 1,800 AE

where:

aé = the variance of gauge {inches?)
o] = mean curvature (degrees)

In this case C contributed from 800 to 1200 pounds, 0. from 2200

tc $500 pounds, 5 from 4CC to 2900 pounds und AE from O to 5400

pounds.

In the current analysis, including curves from 0° to 7° the
regression coefficent of AE to Lgg is roughly the same while the
coefficient for o, decreased significantly. The effects of gauge
variation and mean curvature did not contribute significantly to
the latest regression.

Analysis of the E-8 locomotive was performed for a larger data
base which included 99 curves. Due to a known imbalance in the
locomotive's suspension system, separate analyses were performed
for right and 1left curves. The results of this analysis are
summarized in Tables JB-S and JB-6. The results for the right
hand curves produced a relatively low R? value of .63, Por this
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TABLE JB-5

STEPWISE REGRESSION RESULTS, E-8 HIGH
HIGE RAIL PORCES - (LEFT) CURVES

¥ 2 F SelY)
Lgg = 6368 - 1113 (C) + 1032 (ABR) 11,141 .78 9.25 1422
+ 6396 (oXL)
Variable Mean Standard Deviation
54 -2.56 1.650
AE 0.437 1.460
oXL 0.227 0.108

E-8 HIGH RAIL Lgsg
CONTRIBUTION OF TERMS

Contribution
Regression Contribution of Standard
Term Coefficient of Mean Deviation
Value Std.Error
Constant 6,368 6,368 -
c -1,119 142 2,864 -1,846
AE 1,032 i68 451 658
oXL 6,396 2103 1,452 6531
TOTAL 11,135

Lgg Mean = 11,141
Lgg Standard Deviation = 3,017
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TABLE JB-6

STEPWISE REGRESSION RESULTS, E-8
HICH RAIL FORCES, + (RIGHT) CURVES

¥

aZ P Sely)

Lgg = 4773 + 1249 (C) + 81910 (¢%G) 10,731 0.62 15.7 2023

Variable Mearn Standard Deviation
c 2.89¢0 1.750
AE*4c 0.228 0.593
o2G 0.029 0.0615

E-8 HIGH RAIL Lgg
CONTRIBUTION OF TERMS

Contribution
Regression Contribution of Standard
Ters Coefficent of Mean Deviation
Value Std.Error
Constant $,773 - §,773 -
c 1,249 176 3,610 2,186
a%G 81,9106 20,690 2,375 1,229
TOTAL 10,758

Lgg Mean = 10,731
L55 Standard Deviation = 3,321
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regression mean curvature and o< B3uge were i{dentified as the
Z=ajor contributors to L9s. From analysis performed in Support of
the test of locomotives on Chessie track az. gauge was found ts

be a good indicator of short wavelength alignment irregularities,

For the left curves Lgg was found to be related to AE but the JAE
regression coefficient for the E-8 was about half that for the
SDP-440F in'the current analysis.

Mean curvature was a major contributor to Lgg for the BE-8 in left

curves and 9%t — the standard deviation of crosslevel was a minor
contributor.
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APPENDIX J-C
REGRESSION ANALYSIS®

This appendix discusses ceqression
anslysis in textbook forast for sasy
reference to Section "-8. The reader is
cefarred to any advanced taxt book on
applied regression snalysis for detalils.

J=C-1 MULTIPLE LINEAR RECRESSTON
JC-l.1 FOCTIONDL FEATIOEEIP

Fegression anslviis asv be droadly defin-
#d &3 the analvsis of relacionships
smong variables. t is one of the most
widelv used statistical tocls because

it provides & simple method for asta-
blishing & functiomal relationship among
variables. The relationship 13 exnress
sed in the form of an egQuation connacy-
ing the response or dependent variable
v, and cnw or more independent variables
Lo, Bay wen B The equation may be
wiittin as

v e 5 = §,xX,
* -

- 5;1- L -‘.s“l {}'I

whete 3 L5 The Sonstanmt tere and §
the regression coefficients.

ETe®

The estimated eguation, o7 to be morTe
precise, the regression equation is
WTitten as

v o= 3w h:l: - b:l: ..-h!l- t:}
where & i3 the estimated constant and hy
ate Tthe e3timsted Tegression coefficients.

The regression cosfficients are usually
estimated from an experimental set of dama
using the method of ledst squares, The
method of least sguares involves minimiz-
ing the sum of the squares of residusis
betwesn the chbserved v's and the predict-
#d v's. This gives The least squirTes
“"best” value of these coefficients for

& particular samplie of chservations. An
isportant spect of rvegression analysis
is that it i3 & sessure of the relishil-
ity of sach of the coefficients 3o That
tnferences can be made regarding the
parameters of the population from which
the sample observition wii Taken,

Ihis appendix is reprinted, with ainor
changes, from the report entitled "A
Prototype Maintsnance of Way Planning
Systes,” PRA/ORD-80-47.1, Voloms I.
(Reference B-1)

J=C-1.1 DERIVATION OP TNE MNETHCO

-et us assume that v, s 1o be estimated
&5¥ The SquUETion

¥ b, = I

- EE3]
A s bjxi} L

The ertor of estimate &, i3 given by

ti-fi'bﬂ.

3 B5¥ys (4)

1 4

The purpose of the regression anelvsis is
to determine b, in suck & wav that the
length of the tecter e,, £ = 1, 2 i3

sinimized. But -
a N |
fel{® = (o, ) » T v . -b,
ge1 |
(5}
= -
- I Bix, +J

': 4 =

'

Taking the partisl Jerivative with respect
to bh. By-..by 3nd squating tc IETD, WE
ltﬂigltt the set of normal egquations

= n -]
ab, = L b; I =x = I ¥
P ge1 1 ogey M ey
n = o1 n
b, T %, I b I K : ¥
e T I b7y | e £
(6)
1] = n ke
Ba = Kex v o B, I ek, * o Ray¥
b uge i i :
X, * b I %x.= I ¥
O qo1 807 40y S o b TR, Lt

The sclution of regression can be 3impli-
fied using the matrix approach. First
consider the matriz:

i :11 11: .

Is H Ty Eyy sonks

1 Xpy Zyg ek
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where zhe 1°% row, apart from the imirisl
#lement, repTeseEnts the X values that
f§ive rise To the Tespomse vy. One will
note that the norsel equations can be
wiiTTER As

(X*Xib = X'Y (7N

where X" i3 the = x n mavyix which is the
transpose of X, b is & column vector of
iength = which i3 given by

iy
be %

&IJ

and v i3 the celumm vector of length n
given bv

L

LY the astriz X'X ip son-singular, The
sclution of regression coefficients can
3¢ wTitten as

e (X'} xvy (8)

The reqresEion coefficients can te cal-
culated dsing the zelation given by Equa-
tion § when the regression model contains
only & few (two of three) independent
variables. Howsever, results can be
entirely lnvalidated due vo round-off
#rrofs in probless with several indepen-
dent variables. The round-off errore can
be minimized by replacing the X'X and x*y
pacfices Dy the respective correlation
matrices. Furthermore, if the nuaber of
indepandent variadbles exceeds 7, the co=-
putations should be performed in double
precision. The regression analysis algo-
tithes for the applications were imple-
manted in this form. The reader it
feferred o Voluse III of the report en-
titled "A Protorypes Maintenance of Way
Planning System.™"

3C-1.3 ASSIMPTIONS

The Tegression coefficignes givan ov
Squation § are an unbiased sstimsvg aof

b which minizizes the «rror sum of the
sguares {rrespective of anv distribution
propeviies of the ervors. Howsver, faor
tests lisved in laver sectioms suck ag
t- or Fetests and for obtainimg comfi-

dence intervals, ic i3 assumed what errors

are normally distriduted. Furthermore,

simple least square anslysis (as opposcs
to weighted lesit sguares] assuses Thar
eTrars are random with & mean of zers.

It &9 also sssumed that errsars are inde-
grndn: and thusy b are *he maxisus likeli-
ood sstimate of £,

JC-l.4 TRANSTORATION OF VARIASLES

Siscussions in *he Previcus Fazagrapns
were llmited 10 simple Linear models.
Sowever, several other models can Se sade
sinmar Sy approprists transforastions,
Swen e dethod of linear least SquaTes
san Se applied I3 sstiaste tSe pacamecers
of the regression sodel. Scme of =ne
LEPOTIANT linearizable sursves are sheon Ls
Figures JC-1, JC=-1 snd JC-1 and =ne trans=
formations o make nem linear are Listed

0 e«d « %

Figurs JC=1. Graph af ¥ = gﬁtﬂ
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TABLE JC-1
LINEARITABLE FUNCTIONS

Function = Transformations
3

Y = £,% y' » log v, x' = log x
Yy =8y *8logxix' = jogx

y=8, * &= ' = x"

The scdel developed will then include
SEITE Terms 51=1' E.z, and Bg2q-

Figure JC=-1. Graph of v » -!ﬂ = 3 log x

J=C-1.5 Dmeer vARIASLES

The variables in the reqression squation
Bay not always be continueous. Occasion-
ally, some of the variables may take Iw
or more distinct levsels. 1In regression
analysis, this situation say be handled by
using dumsy variables. e can deal with i
levels by the introdoction of (£ - 1)
dussy vaviables. Suopposes & variable, such
a8 track class wap caed with valuves of 0§,
1, 2 and 3. The affect of track class aay
be analyzed by the Introduction of three
dummy varisbles {2;, 25, and 23). Then we
can assign the values a8 follows:

Tracik - . *
Ciass = - -3
0 1] D &

. 1 ¢ 0
= Q i 0
3 8 L i
K

Pigure JC-1. Graph of v = B, = E!:

J=C~-1.% AMALYSIS OF VARIANCE

The quallty 2f the estizated cegression
sine iz usually ansiyred tarough an EEly-
iis of variance approach. This is & pro-
cedure in wolch the total variation in t=e
dependent wariadle i3 zundivided ineo
Iea=~ingiyl components. As laq\rn in Figqure

=4, the devigtion of me | sbaarvition
2f ¥ san Sw sxpressed as

\‘*-';' a"v* -:" - ;.';? {g.}
it can be showr® that

a _}2 - R [ 3

L O, =71"* L ([, =¥, )" = L [y, ~""

= S G

(10}

whete the TerTE on the left i3 the Total
sue oFf the squares, the first ters om
the Tight i3 the sum of the sguares about
Tegressicn called the error su=m of the
squaTes, and the sscond Ter= on the Tight

REGRESSION
¥

T iy

AR AR AL AR AL

Ty -Fitellyy v M- Iy, -9

i
PHYSICAL PARAMETER (z)

Figure JC=-4. Fartitioning the Total
Tariation of ¥

*N. Draper and H. Smith, "Applied Regression
AHHHI.' 7. Wiley § Sons, New York, 15466,
p. 14,
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is the sus of sguares dus T2 Tegreszzion
callied the Tegression sum of the squarss.

This shows that the total corrected sum
of che sqguarss of ¥ (58T) canm be parti-
ticned ints two Components. We shall
indicate this partitioning svmbolically
a8

5T = SSE - 5SE (ii)

55% is called the regression sum cf the
squares and it reflects the amount of
variation in the ¥ values #xplained by
the model. The seconéd compoment (S5I)
iz the error sum of the squares which
reflects the variation abour the regres-
sion lins.

Farvitioning the total sus of the squires
into two Compoments gives & wavy of azses-
sing how useful the Tegressiom line is.
55% and 55E are values of independen:

' a=3GuaTe variables with m and n-m-}
degrees of freedom, respectively. Zar

B independent variables, To feit the
aull hypothesis that the variation in

v i not expliined bv the regression

Sut rather by chance, i.#.,.

Hy: B, = .8 v 0
He: At lmast cneé+# O

we compute the F vaiue a5 follows:

F = !53.’: - MIER ‘I:}
5;! L:‘I"I-Ii 3

and retect Ey &t the 3 level of signifi-
sance whan F > P, im, a-a=1). Hig iy
(llustrated in Plgure Jo-f.

Lirf)

3

3 ‘

boe DO NCT REJECT MULL woime REJECT ==

YPOTHESIS IF F« F
3 IF £ F:

T3t af the Significance of
Regrassion Equation

Pigurs JC-4,

THE COmPUTACICnS arwe SEUALlY SUSmEC:ized as

3N analysis of variance ‘ANCOVA) =able
shown in Tables 2C-2.

When the null hypothesis i Teigcied, we
conclude that there 13 & significant
amount of varistion in the responss
sccounted for by the postualited aodel.
If =he F statistic i3 in the scceplance
region, we conclude that the ZLata 4id
not refiect sufficient evidence to sup-
por: the sodel postulated.

J-C-1.7 STANDARD FEROR OF ESTDGTE

The mean squkres aboul regression [s”)
provide am estiagte of the variance adous
the TegTession (=-). If the regression
sguation =i e3timsted from & large num-
ber of observaticms, the variance szbout
regression would represent a measure of
#TTOT with which anv observed valus af »
coculd be predicied using the regression
egquation. The quantity (3} i3 called the

TABLE JC-2
AMALYS]YS OF VARIANCE TABRLE

Source of Sux of Degrees of | Mean : i

variztien SouzTes Trgessm SouzTe i

Regressicn 53R n* M55SR HSSRJ:: |
E=Tor 5t n**-m-1 ;1

Total L1y B =1

*  Numbsr of independent variables.

*® Nusmber of observetions.

J=T6
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standard error of estimate and & rele-
tively small valuse of (3) would indicate
& relatively better prediction power for
2 Tegression equatiom.

J=c-1.8 CORNELATION CORFPICTEWT

The measure of the linesar relztionship

between two variables = and v {3 esti-

mated by the 8 le corralation coeffi-
Cieny (1) which iz defined a3

T (13)

]

where

: { 3 ¥)

5 - o £, = x)(y, = ¥
S 3

$..,* ¢t {x, - x}

ix il i

o

By ™ IELEFt - ¥t o= 88T

From Equation (131},

. - 5'.:"' .
’ o o (14)

xXUyY

It can be shown® that §'.. /Sy, is the
Tegression sum of the sduazes (S5R).
Thus

et . 358 (15)
er
rfe 1 - g5 (18)

Since S5E < SST, we comclude that vt

nust lie betwewn Isro and 1. Conseguent-
lv¥ r sust renge from =i te I. A value
of -1 or =l will cccur when 55F = 0, Byt
this is the case when &il poinzs lie

in & straight linme, Hence, & parfact
relatisnship exists betueen x and ¥ when
r % z]l. On the other hand, & vslue of
=0 occurs when S5E = 55T or SS5K = 0,
and this is the case vhen no linear rels-
tionship exists betwesn x and v. The
rtiltianihlf far these extrese vilues of
t Lz ahown in Plgure JC-4. Interaediace
vilues of r are not so sasily inceg-
preted. However, If we consider ¢, it is

*E. E. Walpole and R. H. Mvers, "Proba-
bility and Statistics for Engineers and
Scientists,”™ The MacMillan Co., New York,
1972, p. 186,

]
w
T e o] r= 1
-
z
v
]
g © =] [+
e o ¢ g ©
Il.:
g o c
o o

Figure JC-6. Interpretation of Extrens
Values of Correlation

Cosfficiencs

evident from equation 1% that (100 x rdj
oetcent of the variation in the valuoes of
¥ mxy Lo accounted for Dy the lienar rela-
tionship with the variable x.

3-c-1.3 ComyRrCIENT OF CETERGWATION

Aithough the concept of the correlation
ceafficient i3 stricily applicable to

& single independent variable, we can
define & similsr criterion to illustrate
the adequacy of a fitted regression medel
in the case of =multiple limear regresszion,

11‘1 L]

R (17)

R* i3 called the Cosfficient of Deter-
sinstion and indicate: the proportionm
of the total variazion in the response
¥ that i3 explained by the Titted model,
A value of RS close to umity would indi-
cate & good Tegression mode].

The asture of the computration for R is
such that an addiziom of a Ttrtlhlt would
always incresse the veloe of I whether
ar net the contribution due tc The addi-
tionsl variable was significamt., This
;Phln can be overcome by adfusting the

value for cthe de 3 of freedom,
This modified quantity i3 cailed the
::iﬂlttﬁ Coefficient of Determination

iz defined as follows:
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£ el-(1-R°)m-1)/(0-2) (18)

where % i3 the number of independsnt
variables in regressiom, and (n - 1}
i3 the degrees of freedom of S55T.

J-G*I.'lﬂ

ln the sreviocus paragraphs, 1t «af

shown how the overall regression =odel
cam be tested to ses whether 3 ralaticn-
ship #xists between tThe Teiponse variable
and s sst of independent variables. The
indtviduasl regression coeff'cients cCan
e tested bv computing tne Tt value©,

T e, /s (19)

where 5{ is an estiasted Tegression
coefficient, and s, '3 the eszimared

=
-

standard error of bi.

*ne sctatistics given by Equation 19 have &
t Aigrribution with (n = 3 = 1} degrees of
fresdom and can e used to test the rull
hypothesis:

HJ:- ‘t - 0
HT.: 51 ¥ 0
I£ the sagnitude of the computes T

- - = =
value is Jrester tham S, o vy 472,

woe caE Teject the mull hvpothesis &t a2
tevel aof :t!;ifzcnn:t. As & rule of

thumb, tf 'T] » I, we can conclude that
¢4 iz mot tera. This 13 fllustrated in
tqure JC-T.

J=C=' 11 CONPIDENCE INTERVALS FOR

EECRESSTON CORPFICTES

As tRdicaTed in the previous paragraphs,
the regression coefficients are com-
puted from & sample of observations from
a certain population, Inferences for the
entire populaticn can be sade by cone
structing the confidence intervals for
rngrtt:tuﬁ coefficients. A(l - a) 3
105-percent confidence interval for the
parameter & is given by:

)
LI L TR T t-:.i"l"bl (20)

where t5/7 18 & value of the t distridu-
tion with (mem-1) degrees of freedom.

i a2
. [i;
":uf: =:J .
RETOT WML TO MO SEJECT WnI § PEJECT ML
HYPOTIESIS IYPOTHEST T
Tt Tty

RULE OF THUMR: TNEJECT THE :MILL IYPOTHISIS

IT IT] »

Figqure JC-7, Test of Individual Regres-
ston Soafficients for Null
Eypothasis

3=C-1.6 STEPWISE RECRESSION

In msnv appliications of regression analve
§13, the $e% of variables o0 Le included
in the regression model i3 not pre-deler-
ained, and 1% i3 cfter the fivst par: of
the anElysis o seiect These variables.
in the $itustion was=e there if nc clear-
cut theorvy as to which variables should
me included, the nrohlem of selecting
varishles for & regression eguation
secomes AN LASpPOTIINT one.

To nmake the sguaticn useful for predictive
surposes, it i5 mecessary 1o include as
asnv x°s as possible 3o that a reliable
gstimate can be made far the TeEponse
variabie. However, due o the cost in-
veiveéd im obtaiaing information on 4

large numbder of 2's and subsequently =oni-
toring them, we would like the eguation

to includeé 33 few '3 &5 necessaTv. The
compromise betwesn CThess exTTeRes 13

what 5 usually called selecting the

best regression eguatiom. Stepwise
regression is one of =he tTocls used to
arTive at suck an eguatien.

In sTepwise Tegression, The Tegresiion
eguation i3 developed by adding one inde-
pendent variable at 3 time. The veriable
added i3 the she “That has the highest
partial correlation coefficient with v

st exch srep and i3 significant according
to the F test. A siganificance tTest iy
alsc made on the variables slready in the
model. This procedure is comtimued unmtil
an additional variable weuld net signifi-
cantly impreve the model.
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3-C-3.0 AUTOREGRESSTON

iulu?iffllllﬂi iz used te investigste
the eifects of previous vilues of she
TEIpomse variable on the Current values.
In this case, the Tesponse variable canm
S¢ treated a1 an indspendent variable
:nd the regression equatien takes the
oTH

1!% - a8 - hﬁ"':-l - aiil.‘-vhlx' [.'.'1]

*NeTe vy i3 the current value of ¥, veoy
i3 the previous values of Y. and hy's
aTe The estimgred TegTession coefficients.

For sll practical pPurposes Equation 21 can
De trested 23 & general linesr model. The
parameters of the sodel can b estimated
by the usual Procedurss such as sultiple
Linear regression or Etepvise reqgression,
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SECTION K

WAYSIDE AND ONBOARD INSTRUMENTATION

k.l Introduction

Tnhis section contains the technical information coverning all aspects of
instrumentation needed to support theoretical predictions and test results
ddcéressed in other sections of this document. In Volume I, procedures are out-
lined to provide a guide to assess specific vehicle problems and determine 2

general approach to finding the solution. VYolume [ leads into Section g,
Yolume Il where the specific problem is enalyzed in more detail and a test

plen 1s generated as a further guide. This test plan conteins the pertinent
information needed to design the instrumentation scheme for the test.

The format used in this section is based around providing the instrumen-
tation requirements for solving performance problems related to vehicle
dynemics and the interaction of the vehicle with the track. These performance
probiems are addressed in terms of specific vehicle performance issuves. The
performance issues are characterized and quantified through the related per-
formance and test parameters (subsection K.2). These parameters are then in-
vestigated with regard to the measurement requirements {subsection K.3) to
provide the information needed toc design this instrumentation for the test.
Information for selecting and installing on-board instrumentation is contained
in subsection K.4. The contents of the subsection is summarized at the end
with labels showing finstrumentation required and a sketch of the instrumen-
tation lay out for each performance issue. Subsection K.5 ([Kayside Instru-
mentation] contains the information needed to select and install wayside
instrumentation.

Techniques for synchronizing and recording are given in subsection K.6.
Informaticn s provided to synchronized data acquisition locations within ar
on-board and wayside station or between on-board and wayside stations.
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Specia) equipment and techniaues that have been §

dentified as important or
unique are covered in subsectiia K.7

K-2



K.2 PERFORMANCE ISSUES AND TEST PARAMETERS

K.2.1 PERFORMANCE ISSUES

The design and construction of rail vehicles have evoived over the years
to & limited number of categories especially in the United States. [f one
examined the history of safety performance problems in these vehicles, it
would be found that each generic type of rail vehicle tends to have certain
dynamic modes which appear repeatedly. As 2 result, if one can identify all
of the major problematic dynamic modes, most of the performance problems
related to vehicle dynamics can be addressed. Under an earlier study Ref. [1],

major problemstic modes have been identified and referred to as stability
performance issues; these are:

Hunting

Twist and Rell

Fitch and Bounce

Yaw and Sway

Steady-state Curving
Spiral Negotiation
Dynamic Curving

Steady Buff and Draft
tongitudinal Train Action
Longitudinal Impact

0 0 o o 0o o oo 9

For existing and new rail vehicles which do not deviate drastically from
the current generic types of designs, the above performance issuves can bde
expected to address all of the potential stability performance problems
related to vehicle dynamics. Because of the vastly greater requirements in
cost and effort to investirate dynamic behavior of long trains, it was decided



that the initial consideration for ¥/T IAT would be limited to single-vehicle

dynamics in a short train, therefore excluding the last two performance issues
listed above.

The ¥/7 IAT is to provide uniform means of evaluating safe performance of
vehicles and track by establishing a standardized approach 1o the test pro-
cedures. Special track conditions and operating scenarics cen be used 10
systematically examine each of the performance issues and 1o identify and
isolate any unsatisfactory characteristics in the vehicle. In order to
characterize and to quantify each of the performance issues, & set of
variables must be used. These variables must be clear indicators of the mode
and the magnitude of the vehicle dynamic response and they should aliso provide
& measure of the degree of severity of the response as & safety risk. Before
discussing the requirements on instrumentation to collect the data, some
del ineation of the parameters of interest would be heipful.

K.2.2 PARAMETERS OF INTEREST

Many parameters are involved in causing & particuiar response in a vehi-

cie. For the purpose of adopting & consistent set of notatfons for
vehicle/Track Interaction testing applications, a general grouping of the
parameters is made as follows:

CONTROL VARIABLES: those variables that are contrelled by the experiment
conductor, €.G.,

- Speed

Track characteristics [curvature, elevation, spiral
design, etc.)

- Intenticnally introduced track perturbetions [wave
shape, wavelength, magnitude, etc.)

- QOperating modes {power, braking, dynamic braking,
drift, etc.}

- Ratl surface condition (dry, sanded, wet, lubricated,
etc.)

- Adjustable parameters in the vehicle {(wheel profile,

damping rate, spring rate, clearances in truck compe-
nents, load configuration, etc.)
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RESPONSE VARIABLES: those variables that describe the outcome of the experi-
ment, e.g.,

= Inertial response {accelerations, velocities, displace-
ments with respect to an inertial reference)

- Relative displacement between vehicle components
{spr;ng deflection, carbody roll with respect to truck,
etc.

-  Internal forces and stresses {damping force, truck
frame stress, etc.)

-  External forces (wheel-rail contact fcoces, coupler
forces, force vector crossing, etc.)

VEHICLE CHARACTERISTICS: those parameters that are inherent to the vehicle
design and are not changed during the experiment,

€=,

- Yehicle mass and inertia

- Structural dimensions and clearances

= Properties of fixed suspension components

instruments are required toc measure the vehicle characteristics and the
response variables in an assessment experiment. Most of the design charac-
teristics and some of the control variables can be measured once during the
experiment and n¢ continuous monitoring is required. Some of the control
variables and all of the response wvariables reguire continuous monitoring
during dynamic tests. Monitoring of control variables is needed to insure
that intended test conditions (speed, power, braking level, etc.} are
achieved; response variable data are needed during the test for safety
monitoring and for pre- and post-test analysis.
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K.3 MEASUREMENT REQUIREMENTS

This section contains discussions of general requirements for measurements
to be performed in safety assessment for railrosd equipment. Many of the
measurements have been made by conventionazl tools which require no special
instrumentation; others may require instrumentation that is tailored for the
application. Those measurement requirements that can be met by conventional
techniques are mentioned in this section and not elaborated further in this
report. Measurements requiring special instrumentation are covered in more
detaii in the subsequent sections of this report.

K.3.1 CONTROL VARIABLES

K.3.1.1 TRACK ChHARACTERIZATION

Track geometry constitutes the main input to externally excited dynamic
stability response in & vehicle. Parameters of interest include gauge, super-
elevation, aligmment and profile of each rail, and track curvature. These
parameters in a s5tatic mode can be measured manually by conventional hand
tools such as a gauge and crosslevel ber and & string line. More precise
measurements can be obtained by survey techniques using optical equipment.
Loaded geometlry, which is what a moving vehicle senses, may not be obtained
accurately by manual methods. An automalted track geometry measuring car can

provide an accurate geometry survey &t loads and speeds similar to standard
railroad traffic.

Track stiffness/compliance in the vertice] and the lateral directions are
important to the track-teain interaction. Dynamic measurement techniques are
under development. The only reliable methods that can be used today are
static techniques which define the load-versus-deflection relationship for a
single point on the track through & loading/unloading process. Continuous

measurement of track stiffness under & dynamic moving load may become avail-
able in the future if research programs are successful.
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Surface conditions of rails and cross-sectional profile of ratl head are
élsc measured manuzlly by hané tools today. A device for measuring static and
steady-state coefficient of friction on the gauge-side of the rail was used on
the perturbed track test of locomotives Ref. {3] and on a transit car rolling
resistence test Ref. [4]. This approach, however, has some drawbacks (see
Sectton K.3.1.4}. Rail cross-section profilers that produce graphical plots
mechanically are available in the market. A device that can store digitized
data of the rail cross-section shape on magnetic tape has been developed Ref.
[5]. However, rail cross-section profiling continuously over the length of
track 1s not yet available.

K.3.1.2 NEHICLE CHARACTERIZATION

Controi variabies of vehicles being tested include load variations,
changes in suspension elements, clearances and wheel profile, etc. For each

of the configurations considered in the assessment, the measurement require-
ments are the same &s those to be discussed later in design characteristics.

The measurements would be repeated, using the same instrumentation and tech-
nique, for each of the configurations under consideration.

K.3.1.3 OPERATION VARIABLES

Operation variables are generally needed in real time, in addition to
post-test analysis, toc insure that ihe specified lest conditions are achieved.

Vehicle speed can be measured from axle rotation by a voltage generator or
by the combination of an encoder and a time-base generator. Distarce and

acceleration can be obtained easily alsc with the second technique. Cne
cosmon undesirable feature in axle-driven speed/distance measuring systems is
that they inciude errors due to wheel slippage, tread conicity, curving,
brakirg and traction. A separite measuring wheel with a cylindrical tread and
& low-resistant mount can allow sl'p-free measurement of speed and distance.
A speed signal is often evailable in & locomotive or & self-propelled car,

most of them are derived from gear-tooth counting. The accuracy of the
built-in systems is generally not adequate for test control purposes.
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Brake pipe pressure and brake cylinder pressure can be measured by stan-
dard transducers connected to the brake system. Actual brake shoe pressure or
the braking force are more difficult to measure. Strain-gauged brake beam and
load cells placed in the drake rigging have been used to measure the applied
brake force. Although some riggings have components which can be instrumented
to measure the brake force to the wheel, it is rather difficult to do in
typical riggings. In general, the multiple load path problem, the shock and

vibration and the high temperature near the brake shoe make it difficult to
obtain reliable measurements.

Throttle position, motor current for traction or braking and other parame-
ters associated with locomotives and seif-propelled cers have generally been
medsured by the equipment manufacturer during development. One can usually
rely on the marufacturer to provide the equipment or the technique for these
measurements. Catenary voltage, fuel flow rate and fuel consumption rate are
related primarily to operating efficiency and are generally not measured for
stability assessment. Live-wire measurement of electrical or dynamic proper-
ties of the pantograph is an extremely difficult problem. The manufacturer
should be consulted when designing a measurement system. Measurement of panto-
graph dynamics under dead-wire conditions is & much simpler task; conventional
¢isplacement/velocity transducers can then be used. Typical fuel systems in
diesel locomotives mafntain a very high flow rite from the fuel tank to and
back from the engine. The difference between the outward and the return flow
rates is the actual consumption rate. It is important to have highlr accurate
end matched flow meters if the consumption rate is to be derived by differenc-
ing the two measured rates. Yolumetric type of low rate meters are sensitive
to temperature variations. Compensations for temperature changes are neces-
sary if a fine resolution is required. Schemes have been developed to intro-
duce special modifications tc the fuel system to measure the net fuel con-
sumption rate directly (ConRail). It would be advisable to work closely with
the equipment manufacturer in order to avoid undesirable consequences due to
the modification.



K.3.1.4 ENVIRONMENTAL CONDITIONS

Several variables environmental conditions should alsc be monitored, in-
cluding but not be limited to ambient temperature, humidity, wind velocity and
direction, and prepicipation ({(type, rate, and cumulative amount). When
freezing conditions exist, prior history of freeze-thaw cycles should be
obtained for the current season to assess ballast conditions. Perhaps another
fmportant envirommental parameter for some performance issues is the co-
efficient of friction between the wheel and rail interface. Hand-held measure-
ment devices have shown limited success due to the relatively light loads
applied. Perhaps the best way to evaluate the friction coefficients is to
lock-up one axle of a test vehicle and measure the change in force required to
move it. This technique duplicates the load and contact geometry encountered
under actual test cenditions.

K.3.2 RESPONSE VARIABLES

Forces transmitted through the rail-wheel contact area are the most impor-
tant response variables in stability considerations. High vertical or
lateral loads can cause structural degradation or failure which may lead to
derailment. High L/V over some duration of time §s known to cause rail roll-
over or wheel climb. Llow vertical force on & wheelpiate is an indication of
potential wheel 11ft.

Continuous monitoring of wheel forces has been done successfully by instru-
mented wheel spokes or wheelplates Ref. [6, 7. 8]. Instrumented adapter

plates and axles have also been used Ref. [9]. Estimation of dynamic lateral
forces can be made if the inertial properties and 2cceleration measurements
are avaiieble Ref. [10].

The advantage of using & vehicle-borne force measuring technique 15 the
continuous monitoring of the force-time history over all track locations

tested, 1f comparisons of force levels for different vehicles {or the same
vehicle with different suspension configurations) are intended, an instru-

mented track location may be more appropriate. Strain gauges applied to the
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rail have been used successfully to measure instantanecus force levels as
wheels pass by the instrumented ‘ocstion Ref. [11].

Laterai wheel position relative to the rail and the angle-of-attack when
the wheel is flanging are important parameters in assessing wheel climb poten-
tial and rail wear rate. A vehicle-borne system would monitor the response of
one wheel on & conttnuous basis while & track-side system would obtain @
single instantaneous measurement as each wheel passes through the instrumented
location. Both contact type Ref. [12] end non-contact type Ref. [13] trans-
ducers have been used to measure the wheel position and the angle-of-attack
onboard & vehicle. To date, these attempts have achieved oniy limited

success. A wayside angle-of-attack system has been used on some field test
Ref. [14].

WKheel-rail contact geometry determines the effective center line of the

track which is generally different from the geometric center line as both the
rails and the wheels are worn. The actual location of the contact patch on
each rail and the slopz of the contact surface are the key parameters which
control the dynamic center li.« of a rolling axle, An instrument to measure

the static relative geometry of the wheels and the rails is available Ref.
{15] from which the contact geometry can be derived using & compuler program.

This method is & slow station-by-station measurement technique for monitoring
the contact geometry.

w¥hen & vertical load shift causes & wheel to unload completely, the wheel

may 1ift off the rail as the load shift continuves. The vertical distance
during & wheel 1ift is an important stability parameter since the derailment

potential is much greater if the wheel flange clears the top of the rail. A
contact-type system has been used successfully in a twist-and-roll test in

which 2 smail wheel is mounted on an arm pivoted from the truck frame, the
wheel 15 kept in contact with the rail by & spring load. A vertical lift of

the running wheel from the rail will register as argular movement of the pivot
arm. A non-contact transducer can be used in & similar way to measure wheel

1ift. Since it is not possible to place the contact wheel of the non-contact
transducer directly over the wheel-rail contact peint, an error 15 introduced

due to profile variations in the rails. This error can be ninimized by using
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@ pair of transducers, one leading and one trailing the wheel being measured,
énd by placing the measuring poinmts as close as possible to the wheel-rafl
contact point. The error can be eliminated if 2 baseline is established for
the track by running the system slowly enocugh to insure that no wheel Tife is
occurring. The baseline measurement represents 2 three-point mid-chord of feet
measurement of the rail surface.

A videc camera mounted on the truck can be 2 relatively simple alternative
t0o monitor lateral wheel position, wheel climb and wheel 1ift. Although quan-

titative valuves are difficult to obtain the occurrence of flange contact and
wheel 1ift can be observed. Some of the problems encountered with video moni-

toring include the survivability of camers and tighting, and the relatively
short duration of wheel climb events (can be 50 msec or less) which is diffi-

cult 1f not impossible to observe with normal 30 freme/sec video. High speed
video (120 frames/sec) may not survive the enviromment.

K.3.2.2 TRACK RESPONSE

frack response paremeters include forces and stresses in the raiis, fas-

leners, ties, ballast and subgrade; relative and absolute movements in these
components; and vibration levels.

Ferce levels are of interest in the rails and the fasteners; pressure

measuremenis are more appropriate inm ties, ballast and subgrade. Rails and
fasteners have been instrumented to serve as Yoad cells for force measurement .

Strain-gauged rails have shown better overall success in recent years than

instrumented tie plates. Conventional pressure transducers can be used in
ballast and subgrade measurements.

Simple displacement transducers have been used to measure gauge widening
at the base of the rails. Rotation of the rails under Toad could add signifi-
cantly 1o gauge which would not be detectable at the rail base. A more accu-

rate method is to use linear displacement transducers to measure railhead-to-
tie movements on the field side of the rail. Hail base movement can be meas-

ured the same way from which the rotation of the rail can be calculated.
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Rbsolute lateral movements of the rail or the tie are generally measured from
& refe~ence point fixed to an anchor far enough away from the track so that it
would not be disturbed by & passing train. Vertical movements of the rails or
the tie can be measured with respect to & rod driven several feet deep into
the track bed. The bottom of the rod is fimmly anchored to the sub-grade
while the upper portion is isclated from the surrounding soil and ballast by a
tubular sieeve so that their movements under load will not affect the station-
arity of the rod. All of the displacement measurements discussed above are
designed to monftor the movement of a single pofnt on the track on & contin-
uous basis as vehicles pass through the point.

Stress levels in ties can be measured if the material is suitable for
strain gauge application {concrete or steel). Surface strain/stress levels
are useful for studying load distributions in ties; they are not sufficiently
informative for calculating wheel-rail Toads. It is possible to convert an
entire tie intc a2 load cell for vertical amc lateral lcad measurement, how-
ever, inserting an finstrumented tie in place of a regular tie would cause
‘cnsiderable disturbance to the ballest which wii: change the roperties of
he irack structure.

K.3.2.3 TRUCK AND SUSPENSION RESPONSES

Dynamic muvements between truck components can be measured by conventional
displacement transducers if their sizes and ability to withstand shock are
acceptable (100 g shock at the axle level, unsprung, 2% g shock at the truck
frame level, beyond primary suspension, and 5 g shock at the carbody level,
beyond secondary suspension are typical). High velocities and repeated oscil-
lations about equilibrium positions are to be expected in truck component
movements. Typical reccil-string type rotary displacement transducers may
require special modifications to avoid frequent breakage or high wear rate on
contact areas. Non-contacl type proximity sensors are useful when the maxis:es
range is smail, usually less than an inch. An added advantage of & noncontact
sensor 15 the insensitivity to movements of the surface being measured in
directions normal to the measurement directfon. A cantilevered reed, strain-
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gauged on both sides for bending strain, has been used &s & transducer Lo meas-

ure displacement at the end of the reed. Such & trénsducer is rugged and
reasonably 1inear if the bending strazin is kept relatively small.

Mulci-dimensional movement is a general problem in making measurements in
a rail vehicle. The distance change between two points in a vehicle is often
caused by several components of movements in different suspension elements.
it is not always possible to obtain direct measurements for cach of the compo-
nents, thus, special mechanical arrangements are often used to isclate a com-
ponent of the movement or to reduce the sensitivity to other components. It
ts also possible to resoive the components mathematically from indirect meas-
uréements using trigonometric relationships.

Accelerations on truck components are weasurable with accelerometers.
Shock and vibration levels on truck components are extremely high, selection
of transducer is critical in meeting the reguirements. Low freguency, low
acceleration levels should be measured by servo-type transducers; they must be
mechanically fsolated if used in an enviromment of high shock such as the
unsprung parts of the truck. Strazin-gauge type transducers are more rugged
than servo-types but ére less accurate. Crystal-types can withstand very high
shock levels and can measure high fregquency oscillations but the accuracy is

relatively poor and the sensitivity drops down to zerc for very low frequen-
cies.

Force levels in truck components can be measured either by placing trans-
ducers in series with the load path or by converting the component into &
transducer. Strain gauges are generally used on truck components for stress/
strain measurement or for measuring forces applied to the component. The
component must then be calibrated in & controlled envirorment to determine the
sensitivity and any measurement errors when the component is used as a force
transducer. Truck side frames, bolsters, axles and wheels have been used for
such purposes. when load cells are placed in the load path, it is important
to insure that the addition does not change the geometric or the stiffness

characteristics of the system. Instrumented bearing adapter plates and instru-
mented thrust bearing caps are two of the examples of in-series load measure-
ment techn:ques.
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K.5.2.4 CARBDDY RESPONSES

Rigid body movement of a carbody is characterized by six degrees of free-
dom. These degrees of freedom can de defined most conveniently by the six

components of inertial acceleration. These can be measured by three linear
accelerometers and three rotational accelerometers or by three pafrs of linear

accelerometers. Linear accelerations in 2 vehicle are directly proportional
toc forces experienced by passengers or lading carried by the vehicle. It

should *» noted that inertial and gravitational accelerations are sensed
equally by most acceleration transducers. Uscillatory accelerations are

senseé by all types of accelerometers. 1f transducers used have freguency
responses down to d.c., the graviational acceleration and centrifugal accel-

eration will also be measured. Mounting and locations are important with
respect to vehicle bending modes.

Roll angle of & vehicle with respect to the gravity vector is an important
stability parameter because of the potential for rollover or wheel climb.
Direct measurement of the tilt angle (with respect to gravity) can be made

witli & pendulum or & gyro-stabilized pendulum. Rate-of-turn gyros can be used
te measure inertial angular velocities. Gyros are generally delicate

instruments and can only be used in & well isolated envircrment such as inside
& vehicle.

In testing carbody roll response, an important safety concern is the total

vertfcal unloading on one side of the vehicle which may lead to vehicle roll-
over. h useful parameter for monitoring this rollover potential iz “vector

crossing™; this is the distance from the track center line where the combined
tnertial and gravitationa!l force vector passes through the plane of the track.

The parameter will assume the value zero when the vehicle is travelling stead-
ily on level iangent track; it moves toward the low rail if the wvehicle

travels below balance speed and it moves towards the high rail if the vehicle
is travelling asbove balance speed. When the vector crossing point resaches
either the high rail or the low rail, the vehicle is on the verge of rolling
over. Continuous monitoring of vector crossing can be done if vertical force

measurements are made continuously by instrumented wheelsets or other means.
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The position of the resultent force calculated from the measured vertical

forces on all of the wheels in & vehicle is equal and opposite to the combined
tnerttal and gravitational force acting on the vehicle. It should be noted

that the potential for vehicle overturning should be based on force vectors
from both trucks and must include forces coming from every mass element in the

vehicle as well as any external force applied to the vehicle (such as lateral
wind load). While 1t is possible to calculate the vector crossing from

measured accelerations and suspension system movements, 1t will not include
the effects due to external loads.

Structural deformations in & vehicle are superimposed onto the rigid body

motfons. Accelerations at various points in a vehicle are different due to
the structural deformation. Since structural deformations are generally of
small ampiitudes, linear modal analysts techniques are applicable. In extract-
ing structural mode shapes from test data, it is customary to use muitiple
transducers placed in selected positions in a vehicle and the dynamic measure-
ments made by these transducers are processed coherently to obtain a modal
decomposition of the total vibration response. For instance, the structural
modes cf flatcers were obtained using this method Ref. [1€]. In the flatcar
test, twelve vertical accelerometers were mounted at selected positions on the
flatcar; the data from these transducers were anaiyzed to show that dynamic

vibrations in the flat car can be described adequately by the first and second
modes in bending and in torsion.

K.3.3 DESIGN CHARACTERISTICS
K.3.3.1 GEOMETRIC PARAMETERS

Dimentions, geometric configurations and clearances of 2 vehicle can be
obtained from manufacturer's drawings and verified by physical measurements.

Standard gauges are available to measure wheel properties such as tape, rim
thickness, tread profile and flange thickness. A device is aveilable to meas-

ure and record the tread profiles of both wheels on the same axle simultane-
ously for the purpose of defining true wheel/rail contact geometry Ref. [17].
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K.3.3.2 MASS AND INERTIA

Yehicle mass and inertia parameters are important in determining how a

vehicle responds to dynamic inputs. Total weight and the weight distribution
in the horizontal plane can be obtained by conventional scales used for weigh-
ing rail cars. If the vertical loading on each individual wheel is tc be
determined, conventional scales may not be adequate since they usually weigh
one axle or one truck at & time. Hydraulic jacks equipped with & loud cell or
& pressure gauge can be used to 1ift an individual wheel off the rail slightly

to determine the load carried by the wheel. Interpolation would be necessary
to convert the measured ipcad at the jacking point t- that ar the wheel-rail con-

tact point after measurements have been made on both ends of an axle. The
above procedure can be applied to both empty and loaded configurations.

weight distribution of the center of gravity ¢f an empty or & loaded vehi-

cle in the vertical direction is more difficull to determine. It is possible
to use datea provided by the manufacturer and calculations to estimate the
center-of-gravity {c.g.} height. A way to verify the result experimentally is
to measure the shift in vertical weight distribution as a vehicle is tilted on

super-eievated track. Jacking of wheels to measure wheel loads is more diffi-
cult on canted track; it would be much easier if instrumented wheels or strain-
gauged rails were available for the experiment. As most vehicle suspension
systems &llow the carbody to roll and shift laterally when parked on canted

track, the apparent shift in vertical load distribution would include the
effect due to the cant angle in the track as well as those caused by the addi-

tional roll and shift in the suspension. Measurements of the suspension sys-
tem roll and shift must be made and included in the calculation ‘n order to

isolate the effect of track cant and center of gravity {(c.g.) height. The
contributfons to total mass from the truck components and from the carbody are
mixed when weight measurements are made at the wheel-rail contact points. The
most reliable experimental method to isclate the two is to perform truck

measurements independently when the truck is separated from the car body.
Pitch and yaw inertias of truck and carbody can be estimated by mathemati-

cal calculations if the mass distributions are known accurately. Experimental
methods exist but require rather elaborate mechanical arrangements. In gen-
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eral, & simple harmonic oscillator is created using the component being meas-
ured to provide the mass inertiz and & related spring rate. This could be 2
gravitational or & spring-mass pendulum with the mass moving in the pitch
or the yaw mode. The fundamental frequency of the oscillator can be measured
which in turn can be used to calculate the rotational moment of inertia.

K.3.3.3 DEFORMABLE ELEMENTS

Spring and damper characteristics are usually available from suppliers,
however, the actual characteristics in the installed configurations have been
found to differ from manufacturer's data. Suspension elements can be tested
as individual components in laboratories. Assembled vehicles/trucks have alsc
been tested in laboratories for the purpose of defining the as-installed char-
acteristics Ref. [181.

Laboratory tests of vehicle suspension elements generally cannot achieve
the type of dynamic loads or the envircmment a2s those experienced in actual

service. It is possible to use force and deformation measurements made in the
vehicle under operating conditions tc characterize the suspension elements.

Deformations (displécement, velocity, etc.) of suspension elements are rela-
tively easy to measure; force measurements are generaily more difficult
because they have to be made in serfes with the true load path. In many
cases, the force applied to an element can be estimated from inertia and accel-

eration measurements made on the masses attached to the suspension element.
This technique has been applied successfully to characterize the dynamic prop-

erties of the secondary suspension elements in a locomotive truck Ref. [19].
In this case, response variables during tests are needed. The method fis

applicable only within the range of deformation and force available from the
test data.

Elastic properties of structure members in a vehicle can sometimes play an

important reole in vehicle response. Warp in flatcars and twist in boxcars are
sore of the exampies. Measurement of these properties involves laboratory

procedures which monitors the deformations while : controlled load is applied.
Conventional instruments are available for making these measurements; it is

*he apparatus for load application that requim s tafloring for each case.
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K.4 ONBOARD INSTRUMENTATION

K.4.1 VEHICLE-BORNE MHEEL /RAIL FORCE MEASUREMENT

The measurement of the wheel/rail force vector is vitally important to the
understanding of the interaction between a rail vehicle and the track. Addi-
tionally, knowledge of the wheel/rail forces enable the characterization of

vehicie components and inertial properties. Currently, the state-of-the-art
cffers several techniques which are capable of reasonably accurate measure-

ments of wheel/rail forces generated under field conditions.

For the determination of rail vehicle wheel forces both direct force meas-
urement and inertial force measurement techniques should be considered. Direct

force measurement {echniques include instrumented wheelsets and journal load
cells. Inertial force measurement is performed by measuring the accelerations
of the major vehicle components (f.e., wheelsets, trucks and carbody) and
muitiplying by the effective mass of each. Depending upon the goals of a
particuiar test program any of the approaches may be best applied. For exam
pie, if steady response is of interest only direct force measurement can be
app'ied. Creep force and dynamic wheel force measurements require instru-
mented wheelsets. Dynamic truck amd axle forces can be measured with instru-
mented wheelsetls or & combination of journal load cells and acceléerometers.
Table K-4.1, “Applications of Force Measurement Techniques®, summarizes the
techniques which may be applied to each measurement task. in many cases
instrumented wheelsets can be supplemented or replaced by another technigue

for 2 more thorough or cost effective measurement. This will is discused
further in Section K.4.1.3.

K.&.1.1 REQUIREMENTS FOR MHEEL /RAIL FORCE MEASUREMENT

The measurements of wheel/rail forces are primarily performed in address-

ing & stability performance issue. These may be categorized as wheel climb,
rail rolliover, gauge widening, panel shift, and rock off. Depending on which

¢f these issues is to be addressed, requirements will vary.
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For weak track, onboard measurement of g2uge to idcntify Jocations of poor
tatera! restraint should be made 1o augment ¥/R force data analysis,

The requirement for the number of instrumented wheelsets, for example, is
& direct function of stability issue. wWheel climb involves the determination
of the peak ratic of lateral Lo vertical {L/V) forces, the locetion of the
wheel rail contact point and the wheel angle of attack. Thus, & single instry-
mented wheelset would be sufficient if pleced in the worst case (maximum L/¥)
position. Rail roilover requires complete knowledge of truck LV and, there-

fore, requires a complete truck set of instrumented wheelsets, two or three
wheel sets per truck.

A complete truck set ig &150 required when investigating rock off which
necessitates the evaluation of the wheel unloading index* (wWUl).

Under some circumstances it may be desirable to measure the reaction
between an entire rail vehicle equipped with two trucks with two or more axles

each. This situstion coula arise, for example, tn determining the overturning
tendency of & car through & curve.

K-%.1.2 DESIGN SPECIFICATION FOR WHEEL /RAIL FORCE MEASUREMENT

As is the case for ény transducer, a wheel/force measurement system must
conform to certatn design parameters. Also in establishing values for these
Perameters certain compromises must be made based on the requirements. First,
thése parameters will be defined. Second, based on recent experience in use of
state-of-the-art Systems, recormendations are made on the nominal values of
each parameter.

"WUL = 1 - ¥ V3 where YL is the vertical force on the lTeast loaded wheel
and ii'H 15 the sum of the vertical forces of the remainine three wheels.
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Sensitivity

One of the first parameters to be addressed in any system is sensitivity.
ihe system output in response to an appiied load must be high enough to
provide an adequate signal to noise ratio and preferably be linear. Since
most systems being considered presently involve strain measurement in one form
or another and the strain levels are typically small {on the order of 10
ppe*j, sensitivity often assumes the role of deciding factor.

Crosstalk

Crosstalk, as used in the present context, implies arn apparent measured
force in & given direction, resulting from the application of an orthogonal
force; e.g., an apparent lateral force due to & vertical force. Although it
is obvious this fs an undesirable effect, it is not necessary to eliminate
crosstalk from the raw signals since it is relatively easy to correct 1f it is
Tinear and constant with respect to angularity. This {s discussed further in
Section K.4.1.3.4.

Load Point Sensitivity

The sensitivity of a measurement of force to its path of transmission is
referred to &s load point sensitivity. Depending on the system employed this

may be either the wheel/rail contact point or the axle/side frame contact
point. In either case it is desirable to mininize the sensitivity of the

force measured to change in load point.

Ripple

Ripple, which is associated primarfly with the instrumented wheelset, is
an apparent harmonic content in the output as the wheelset set revolves under
¢ constant load. Ripple usually comes sbout due to one of two reasons.
Strain fields as seen by & strain gauge bridge are generally modulated by the
wheel rotation resulting in & periodic output containing fundamentals as well

*part per million
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25 harponics. Processing schomes are used 1o roconstruct the messurcd force
frum the modulatec signels.  Such schumes ére cererally not able Lo remcve
10Uz ¢f the moculation, A second cause s cdue to the lock cf symmelry in the
shoelplate cr in the placument of couges. A much smore irreguler slepec ripp
would result. Ripple is eesily icentifiable since it is associated with the
wheel revelution enc cen be filterce cut for steecy state enalyses.  Higher
harmonics, cspecially those that céuse the ripple to have firreguler shapes,
canngl be cerrectee by simple filterim, or simple elcorithms. Knowing the
precise anguler position of the wheciset is usuelly necessary in order to make
those currcclioms.,

TAELE ¥-4.]1 APPLICATION OF FORCE MEASUREMERT TECHNIQUES

FORCE MEASUREMENTS

WHEEL AXLE TRUCK AXLE TRUCK
TECHRIOUE CREEP
STEADY SYATE | STEADY STATE | STEADY STATE GYNAMIC LYNAMKE
ByNAMIC
INSTRUMENTED i " " i "
WHEELSETS
JOURNAL LOAD > 2
CELLS
INERTIA 3 3
MEASUREMENT
JOURKAL tLOAD
CELLS PLUS 2 s
AXLE INERTIR

1-MOST COSTLY AND MOSY ACCURATE J-LEAST COSTLY AND LEASY ACCURATE
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Cemrifugal Effects

The inertia of the wheelset itself will induce strains under & spinning
motion which mey be output through the instrumentation as though they were
forces. Centrifugal forces are proportional to the sguere of velocity and cen
therefore become significant at the higher speeds. By the choice of strain
gauge bridge pattern, it is possibie to circumvent this effect with no loss of
sensitivity.

Therrmal £47%<Cts

wheels under rail wehicles typicelly cycle through & temperature range
often as wide a5 two hundred degrees Fahrenheit. As a result, thermal
stresses are created which are the same order of magnitude es those caused by
the forces. Thermal effects usuclly produce & radielly symmetrical strain

field similar to centrifugel effects; the some technigue can be used to eli-
sinate the effect from the output.

Basec on the foregoing ciscussion, Table K-4.2 summerizvs nominal values
for the design parameters of & wheel/rail force measurement system. Note that
each category is broken down into vertical ang lateral force measurement. The
first category, sensitivity, is based on the strain-gauged wheelplate concept
éand 1S5, therefore, not entirely representative of all the wheel/rail force

measurement techniques. [t does, however, represenl a worst case oOr lower
bounc on acceptable sensitivity anmd should be used as such.

Under the category of crosstalk are given two levels of error. As men-
tioned earlier, the actual value of the crosstalk error is not important as
fong as i1 is Tess than about 10 percent because self correcting algorithms
will reduce this error source to almost negiigidle levels.

This specification of load point sensitivity is given in percent error per
inch of load point movement on the wheel tread. This value 1s connected again
with the strain gauged wheelplate technigue and is a rather high upper bound
of acceptability. Typically, the actual lpad point sensitivity may be half
that shown in Table K-4.Z.
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TABLE K~4.2 RORMINAL DESIGN SPECIFICATION FOR WHEEL/RAIL

FORCE MEASUREMENT SYSTEM

Vertical Force

Lateral Force

Measurement Measurement
Sensitivity
Minious Suc /kip 15uc/kip
Crosstalk
Raw <10% <10%*
Corrected <1% <1%
Load Point Sensitivity 6%/ 1in, 2.5%/1n.
Ripple
Simple Load 6% 5%
Combined Load 7% 6%
Centrifugal
Raw 3-5% Negligible
Corrected Negligible Negligible
Thermal
Raw G.5%/deg. F 0.5%/deg. F
Corrected Hegligidle Negligible

e

*Percentages represent percent error of true value, e.g. 10%

implies 1000 : 100 lhf.

ut = micro-inches per inch (strain)
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Ripple comprises the largest single source of error uncorrectable by sim-
ple elyoritims in 3 wheel/force wessurement system as indfcated in Table
K=%.2. The distinction between simple and combined load ripple 1s that under
simple Toeding, force 15 applied only in the girection for wvhich the bridge in
question is designed. Combined load ripple includes the effect of harmonic dis-
tortion ceused by @ lcad normal to the desired cirection. This is similer to
crosstalk but unlike crosstalk is not correctable by ¢ simple technique.

hote that Table K-4.Z shows centrifugot effects in the vertical force meas-

urement column only. This again is » trait of the strain-gauged wheelplate
technique end is sitaply included here for completeness.

The last category of paraselers specified in Vable ¥-4.2 is thermal eff-
ects. Thermel drift, &s it is known, is the largest single contributor to
system error before corrective action. Recall that & typice! thermal cycle

for any wheel is greater than 10U cegrees. Furthermore, ambicnt temperatures
independent of 211 other factors will generally vary 20 degrecs during a test

gay. Thus thermal cffects if not corrected for will ceuse errurs between 10
énd SU percent. Fortunately both centrifigual and thermal errors are readily

atienable o stmple yel offective corrections which must be done for gachk wheel
independently.

Ke@el.d WHEEL /RAIL FURCE MEASUKEMENT SYSTEMS AND TECHRIQUES

The following discussion of vehicle-borne systems and technigues used to

measure wheel/rail forces will make use of & three part classificatiun system.
The categories to be used are {1} journal load cells, (2) inertial techniques,

end (3] instrumented vheelsets. This latter Category may be further subdi-
vided into three subdivisions: instrumented axles, instrumeated standard wheel-

pletes, and instrumented special wheelplates.
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K.4.1.3.1 JOURNAL LOAD CELL

Many retlroad trucks, especielly locomotive trucks, are designed Lo trans-
mit Tateral forces between the truck frame and the axles through thrust bear-
ings insteifed &t the ends of the axles. With this type of design, the Toad
path for a lateral force goes from a wheel flange through the axle to the
thrust bearing on Lhe opposite end of the axle and continues through the bear-
ing housing and to the truck frame. Since the thrust bearing 1s & focal point
in the lateral load path, specially designec losd cells have been used to fit
in the space nommally occupied by the thrust bearings for measuring the
laterel force transmitted through that pownt. The Electro-Motive Division of

General Moters (EMU) has used this techmigue on many types of trucks employing
nonroteling bearing enc-cefs.

Une adventage of this measuring technique 18 that the messurement s made
in the line of the load path. Secondly, 1t introduces & minimal modification
e the mechanics? cheracteristics of the truck. Furthermore, the end-cap/
thrust bearing load cell cean be pre-sssombled and instalied in eany wehicle
guickly and the outpul is & eirect continucus measurement of the lateral force
which requires no special processing.

This messurement opproach is Timitec to the type of trucks which use the
thrust bedring design or can be modified to accept such a2 bearing. Further-
mure, there are certain disadventages. Since the thrust beering and the wheel-
ratl contact points are separated by the wheel and axle set, the fnertial
forces cue to lateral movements (which arc not easily measured) of the wheel
anc axie mass, including the traction motor and gear box, in some cases, are

notl meesured by the thrust bearing lTead cell even though they contribute to
the lateral forces &t the wheel-rail contact points. Because of the built-in
freeplay belween the wheelsel and the truck frame, at most one of the two
thrust bearings will be carrying & lateral load at any time. The force, as
measured by the load cell in action, is representative of the total lateral
force applied to the axie from the truck frame and should be equal and

wpposite to the sum of the lateral forces applied through the wheel-rail
contect points on both wheels {except for the inertial forces due to lateral

accelerations of the axle mass &s discussed above). It is, therefore, nol
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possible to resolve the iateral force at eech wheel-rail centact point.  In
Figure K-4.1, the lateral forces acting on & single axie orv shown for an
instant when the axle is experiencing & lateral acceleration %. HAssuming that
the wheel axle sel and the components that are fastened to the axle are moving
together at the same acceleration, then the inertial force can be represcnted
by hit with X being the total mess in the wheel-axle assembly. The dy ewic
force equilibriue in the lateral direction implies that:

HL - FRF + FHE. + ¥I.i". 4 Mx + MgSin 8

in which !'IL is the force measured by the thrust bearing load cell on the left

end of the axle, Fge 1s the flange contact force on the right wheel, e and

ch are the crecp forces on the right and left wheel tread, MX 1s the inertial
force cdue te lateral dynamics and MgSin @ 1s the gravitalional force component
due to track crosslevel 8. It should be noted that the inertial ecceleration
X may contain & component ceused by steady-state curving and & component by
pure lateral translation. The steady-state transiational component will be

ascitiatury in nature and of & relatively high frequency.

FICURE K~4.1 DYNAMIC FORCE BALANCE ON AXLE
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The equation given cbove and Figure K-4.1 can alsc be used to illustrate
the ditference between the load cell technique and the instrumented wheel
technigues. Instrimented wheels, with the strain gauges focated in the
wheelplates or spokes, will oeasure tie forces (Fpg ¢ fﬂ} and fi_c directly.
Inhe only coertion of the force not meaSured by instrumented wheele are the
contributions Lo the inertiel forces from the mass in the wheel rims.

hedol.308 IMERTIAL MEASUREMENT TECHNIQUE

Major contributers to the laterel wheel-rail force are the d¢ynamic motions
ef o vehicle perpendicular to the direction of trével. Thesc motions groduce
forces shich ere directly relatable to the inertial properties of the vehicle
components and thelr accelerations in the lateral direction. Severa) research-
oS have installed scceleromcters on wvehicle components in an aitempl to estti-
mate the wheel-ratl forces from occeleoration measurements. These attempts
here oiten unsuccesstul due to several difficulties: the chofce of & suitable
transducer; odequale mounting to protect the transducer from the high levels
of shock ent vibretiuns in the truck; evalustion of the "effective wats™ due
Lo ihe presence of simulteneous linear and rotational sotions, ond the lack of
@ reltable indepengent turce weesuring technigue to verify the results.

In order to successfully collect the accelerstion data on eoch mass ele-
Eenl in the veliicle ang truck which contributes to lateral inertial force, an
appropiate transducer swst be used on each of the mass components to accommo-
date the ¢ifferent vibrelion envirorments anc the cifferent characteristics of
‘the acceleration signal being measured. Lrystal or strain-gauge type accele-
romelers ere sutficiently rugoed to survive the high shock levels in the truck
envirorment , unfortunately they either do not have the necessary low freguency
response or the resciution necded in the frequency renge of interest. During
the Perturbeg Track Test (PTT7) of locamotives conducted in 1978 at the Trans-
portetion Test Lenter in Pueblo, Colorede, foem isclation mounting was used to
rOUnt Capacitive accelerometers on truck components. [Dats collected by this
tectinique were surcessfully used in celculating totsl latcral truck force. The
eS.imated lotal truck forces were verified by using data from instrumented
wheel sets perfoming the measurements stmulteneously Ref. [10G].
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Advantages of this technique are that it requires no modifications to the
vehicie and truck components; the transducers are standard off-the-shelf compo-
nents and are relatively easy to install in any vehicle; and, & breskdown of
the inertial force comporents is available in the calculation process which
provides insight to the make-up of the total force and the phase relationships
among the force components. For instance, in the example presented above, the
carbody dynamics clearly 1s the dominating contributor to the high Tevels of
lateral truck forces observed.

Disadvantages of the technique are: mass and inertial properties of vehi-
cle and truck are not always wel} knowni; freeplays due to clearances in &
truck and axle assembly may not allow the characterization of the mass
movements by only & few degrees of freedom; and, some truck components may not
permit easy mounting of transducers. Im addition to these disadvantages,
there are basic limitations on usi=- this technique for estimating wheel
forces. First of all, the inertial technique can, at most, provide total axle
force measurement; it will not resolve the forces on the left and right
wheels. In 2 three axle truck, the number of variables makes it insufficient
to resolve individual axle forces. In a two axle truck, it is possible to
resclve individual forces «: each axle. However, longitudinal creep forces as
well as centerplate friction will introduce uncertainties in the final
estimates.

K.4.1.3.3. INSTRUMENTED WHEELSET TECHNIQUES

in the evaluation of rail vehicle dyramic performance the instrumented
wheelset is unsurpassed in the measurement of wheel/rail forces. The instru-
mented wheelset can provide accurate continuous measurements of lateral and
vertical wheel/rail forces.* They can measure frequencies up to 100 Hz or
more, limited only by the fundamental rescnant frequencies of the wheelset.

*Hote: When using instrumented wheelsets, the braking systems must be removed
or de-activated 10 prevent any contact or heating of the wheel which will
cause damage to the strain gauges and calibrations.
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Because the measurement is made i close proximity to the rail contact point
{i.e., the wheelpiate), the error introduced by inertial forces beyond the
measurement point is negligible.

A number of techniques have been deveioped over the past decade or more.
The more recent lechniques all provide for a continuous measurement of both
Tateral and vertical forces. These wheelsets have been made using standard
AR wheels (e.g., Federal Railroad Administration/ENSCO, Inc., Electro-Motive
Division of General Motors (EMD}), *S* shaped wheelplates (e.g. ASEA/Swedish
Stete Railway) and spoked wheels {e.g., British Rail, Japanese MNations]
Ratlways). Non-standard wheels while increasing cost can be effective in
reducing errors due to crosstalk and toad point sensitivity.

In addition to the strain geuged wheelplates there is also the strain
geuged axle or axle bending technique as it is commonly referred to. In most
commcn appliications & special narrow pedestal edaptor which serves as a Toad
ceil is used to measure the vertical loads. In conjunction with this the
bending momeat on the axle is used 10 extract laterzl forzes. Trere are three
fundamental shortcomings of this system.  First, the inertial mass of the
wheeis are neglected which contribute significantly to the wheel 'rail forces.
Second, the geometry of the narrow pedestal acaptor is extremely complex
making it 2 load cell with very poor load point sensitivity characteristics.
Finally, 2 wheel position encoder or strobe is required which adds further
complexity and hence uncertainty in the system.

For the reasons outlined above the remainder of the discussion of wheel/
force measurement will deal exclusively with the strain géuged wheelplate tech-
nique as applied to standard AAR wheelplates. Furthermore, for the purposes of

fllustration use will be made of the current FRA instrumented wheelset tech-
nigue.

Design Concepes

The characteristics of a particular instrumented wheelset are determined
by its loaded strain field and the placement of strain gauge bridges within
that field. The design of & bridge pattern for producing lateral force sig-
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nels and that for vertical force signals are distinctly different. A ver:ical
force creates a relatively local strain field within the wheelplate in an area
betlween the hub and the wheel/rail contact point. A lateral force creates a
more distributed strain field affecting 2 much larger portion of the wheel-
plate.

16 understand the mechaniss for the development of the latera]l and verti-
cal strain fields for 2 typical AAR wheel cross-section, it is best to consi-
der the reactions produced at the wheel hud rather than the rail contact point.
£ lateral load at the wheel/rail contact point produces a shear load along the
girection of the axle and & significant bending moment at the hub (See Figure
K-4.2j. A vertical load applied at the rim produces primarfly & wvertical
shear load at the hudb and & relatively small hub moment (See Figure K-4.3).
The vertical load crestes local compressive siresses in the wheelplate between
the contact point and the hub cambined with & distributed stress field due to
the smail hudb moment.

An effective vertical bridge must be sensitive to the local vertical
effects and at the same time cancel the distributed strain fields due to any
Taterally induced hub mament and axial force. Conversely, & lateral bridge
Bust sense either the axial hub force or hud moment due to lateral loads and
be insensitive to the “local™ strains due to vertical loads.

Effective lateral and vertical force measuring bridges have been applied
10 stendard wheel _rossections. This design is sensitive to the lateral hub
moment in messuring lateral force. The "special®™ wheel section and spoked
wheel technigues are generally designed tc sense the axial force due to
lateral loading., The advantage in sensing the hub moment 1e that the system
can take advantage of ti~ sinusoidal characteristic of the bridge output to
eliminate thermal and centrifugal effects (which are dc biases} by high-pass
filtering. By sensing the lateral axisl force the "special®™ wheel technigques
can minimize sensitivity to vertical crosstalk.  But because of their dc
bridge output they require centrifugal and thermal calibration to assure
elimination of these effects.
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K.4.1.3.4 CURRENT FRA INSTRUMENTED WHEELSET APPROACH

The FRA instrumented wheelsets typify many facets of the state-ofithe-art
&nd may be used to illustrate specific design considerations in using wheels
as force transducers. The basic objective of the design of force measuring
wheels is to obtain adequate primery sensitivity for high signal/noise ratio
&nd high resolution while contrelling crosstaik, load point sensitivity, rip-
Ple, and the effects of heat, centrifugal force ond longitudinel forces. The
design philosophy is to choose strain gauge bridge configurations which inher-
ently minimized as many extranecus influences as possible and whick 4re respon-
sive to the general strain patlerns expected in any rail wheel subjected to
vertical and Tateral forces. Such bridge configurations can be adapted to the
Standerd production wheels of the desired test vehicles, eliminating problems
of supply, mechanical cempatibility, and possible alterations of vehicle
behavior due to spectal wheels. The redial locations of the strain gauges are
optimized for each wheel size and shape while their angular locations are
fixed by the chosen bridge configurations. Locomotive, passengeér coach and
freight car wheels having a large veariation in tread diameter and wheelplate
shape have been instrumented successfully using the same general procedures.

The vertical force measuring bridges follow a concept used by ASEA/Swedish
Stete Railways Ref. [20]. Each bridge conststs of eight strain gauges
arranged in & Whealstone bridge having two Gauges per leg. Each leg of the
bridge has one stratn gauge on the field side and one strain gauge on the
gauge side of the wheel. The four legs are evenly spaced 9g® apart on the
wheel 2s shown in Figure K-4.4. The general strain distribution in a typical
rail wheelplate due to a purely vertical load is characterized by maximum
strains which are compressive and highly localized in the wheelpiate above the
point of rail contact. As the pair of gauges in each teg of the bridge
consecutively passes over the rail contact point, two negative and twe
rositive peak bridge outputs occur per revolution. By correctly choosing the
redial position of the gauges, the bridge output as & function of rotational
position of the wheel can be made to resemble & triangular waveform having two
cycles per revolution. The purpese of having gauges on both sides of the
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wheelplate in each leg is to cancel the effect of changes in the bending
maments in the wheelplate due to lateral force and

the change of axial
Ltread/rafl contact point.
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When two triangular waveforms, equal in amplitude and out of phase by one
fourth the wavelength, are rectified and ¢ddec, the sum is & constant equal to
the peak amplitude of the individual waveforms. In order to generate a strain
signal proportional to vertical force @nd independent of wheel rutntinna!
position, the outputs of twe identical vertical bridges out of phase by 4s5°
are rectified and summed as shown in Figure K-4.5. Since the bridge outputs
do not have the sharp peaks of true trianguiar waveforms, the sum of one
bridge peak and one bridge null is lower than that of the sum of two ideal
trianguiar waves. In order to reduce the ripple or variation in force channel
output with wheel rotation, the bridge sum is scaled down between the dips
coinciding with the rounded bridge peaks. By taking as the force channel
output the greatest of efther individual bridge output or the scaled down sum
of both bridges, the scaling down is applied selectively to the part of the
force channel output between the dips as shown in Figure ¥-4.%.

HEﬂ'-:‘.ﬁt'.%E
EHI-L'GE E

/\/\
X/ X

10 VERTICAL LOAD

S~

DRIDGE OUTPUT DUE

[al « 6]

MAXIMUM OF

11, 161 Ano k(1] + o]

o 5o a0 7or 3o
ROTATIONAL POSITION OF WHEEL

FIGURE ¥=4.5 TRIANGULAR OUTPUT AND "A + B" PROCESSING
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The general strain distribution of & typical rafl wheelplate due to a
purely lateral flange force 1is characterized by two components as shown in
Figure K-4.2. One component 1s & function of radius only because the wheel-
plate acts as & symmetric diaphram in opposing the lateral force at the axle.
The second component results from the moment &bout the hub caused by the
flange force and it tends to vary at & given radius with the cosine of the
angular distance from the wheel/rail contact point. The strain distributions
on the gauge end field sides of the wheelplate are similar in magnitude dut
opposite in sign.

Lateral force measuring bridges which follow 2 concept advanced by EMD
Ref. [B8] take advantage of the general strain distribution in a standard
wheelplate. As shown in Figure K-4.6, each bridge is composed of eight gauges
evenly spaced around the field side of the wheelplate at the same radfus. The
first four adjacent gauges are placed in legs of the bridge that cause a
positive bridge output for tensile strain and the next four gauges are placed
in legs ceusing a negative bridge output for tensile strain. The resulting
bridge cancels out the strain due to the axial load because all eight gauges
ére at the same radius with four causing negative bridge outputs. However the
bridge is sensitive to the sinusoidal strain component associated with the hub
moment due to the flenge force because the tensile strains and the compressive
strains above and below the axle are fully additive in bridge output twice
each revolution (once &s & positive peak and once as & negative peak). Radial
gauge locations may be chosen such that the bridge output varies sinusoidally
with one cycle per wheel reveolution. Two identical bridges 90° out of phase
are used to obtain a2 force channel output independent of wheel rotaticnal
position as a consequence of the trigonometric fdentity:

Vitsing)? + (Lsin[ 8+ 90°1)% = L for any 6.

However, the bridge outputs are usually not modulated by 2 pure sinuscid and
therefore the computed JL1 will contain & ripple of higher harmonics.

The first step in the production of instrumented wheels is the machining
of &1l wheels in 2 production group to an identical contour. The contour is
dictated by the AAR minimum allowable wheelplate thickness and by t* produc-
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tion variation of the available sample of wheels. The machining contour fis
usually close to the original design shape but 2t the minimum thickness. The
thinning of the wheelplate is the easiest step in maximizing sensitivity

because it does not involve compromise with tne other measurement properties
of the wheel.

\/sin? « cos® TECHNIQUE {EMD!

& TWO BRIDGES
@ SINUSOIDAL OUTPUT
& 90° OUT OF-PHASE

@ APPLIED AT SINGLE RADIUS TO
ONE SIDE OF WHEELPLATE

GAUGE
LAYOUT

BRIDGE
WIRING

FIGURE K 4.6 LATERAL FORCE MEASUREMENT BRIDGE
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In order to precisely select the radial locations of the strain gauges for the
best compromise between primary sensitivity, crosstalk, ripple, and sensi-
tivity to exiel load point variation, & detailed empirical survey of the
strains induced in the given wheelplate by the expected service loads is made.
The use of wheels machined to an identical profile makes the empirical
approach to wheelset instrumentation practical because the results of the
strain survey apply to all wheels in the group. The calibration loads and the
reference lateral position of the wheel on the rail shoulé reflect the type of
experiment in which the wheels will be used.

For example, wheels destined to measure high speed curving forces should
be loaded to ebout i-1/2 times the nominal vertical wheel load (to simulate
load transfer) with the ~ail adjacent to the flang. to determine the primary
vertical sensitivity. Primary lateral sensitivity should be determined from a
high lateral load {corresponding to expected L/¥ ratios) applied with & device
which Dears against the gauge sides of two wheels on an axle at the tread
redius and spresds. Loads applied in this monner create strains of equal
magnitude and opposite sign to those produced by the hub moment effect of &
flange load but they eliminate the extraneous effect of the vertical loa¢ hud
moment {treated as crosstalk} from the determination of primary lateral
sensitivity. A combined vertical and lateral loading at the expected service
L/V ratio level, accomplished by forcing the wheelset laterally against & rail
while maintaining & vertical load, is necessary to select strain gauge
iocations for minimal crosstalk. Vertical loadings at severa! points across
the tread should be taken to evaluate the sensitivity to axial lpad point.

The strain survey is generally conducted with strain gauges applied at
intervals of one inch or less on both field and gauges sides of the wheelplate
along two radial lines separated by 180° of wheel arc. The calibration loads
are applied every 15° of wheel revoiution until the strain along 24 equally
spaced radial lines on both gauge and field side has been mapped for each load.

Once the strain field has been completely mapped, the data s stored in
the memory of a computer. Conceptually the strain field may be thought of as
three-dimensional surface, two spatial dimensions and strain, which resembles
@ topographical map. By specifying the bridge configuration ané gauge lo-
cation on the wheelplate the computer is then used to simulate bridge outputs
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which are pseudo-processed to produce the output of one wheel revolution under
& given load condition. From this an evaluattion of the design parameters 1is
made. By varying bridge locations in 2 systematic manner & best compromise of
the destgn parameters is found. Once suitable bridge locations are identi-
fied, one of each is applied to & machined wheelplate. A calibration is
conducted and the output is then compared with the computer simulation. If
satisfactory agreement is found the remaining bridges are applied and the
wheel sets are prepared for field testing.

K.4.1.3.5 SUMMARY AND COMPARISON OF WHEEL/RAIL FORCE MEASUREMENT TECHNIQUES

The selection of & force measurement system is dependent upon the require-
ments, the schedule and the budget of a particular test program. In each of
the previous sections the capabilities and lTimitations of the individual force
measurement systems have been presented.

The instrumented wheelset provides the best availble measurement of wheeil/
rail forces. [t is the most accurate but is generally the most costly. If an
evaluation of wheel/rail wear or wheel climb phencmenz is regquired, only an
instrumented wheelset can provide the data. As pointed out earlier, only an
instrumented wheelset can measure lateral wheel force. However if track panel
shift, for example, is under investigation, only Tlateral axle force is
required. Therefore an finstrumented wheelset or journal load celis plus an
axle accelerometer can be used. The instrumented wheelset provides improved
accuracy but at a higher cost.

Similarly, if rail rollover, which is usually related to truck force, fis
of concern, then any of the available approaches can be appifed. The fnertial
technigue employing a suite of accelerometers may be the best approach for a
quick look or & preliminmary investigation. Its accuracy may be acceptable to
gain insight into & particular vehicle dynamics problem.

Table ¥-4.3, “Onboard Measurement of Wheel/Rail Loads - Comparison of
Techniques,” presents & summary of the relative accuracy, cost, lead time and
limitations of each of the techniques discussed. The researcher may choose
between accelerometers, journal load cells, standard instrumentated wheelsets
or special instrumented wheelsets to measure rail vehicle forces.

K-3%
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K.4.1.4 DATA TRANSMISSION

One of the fundcmental design problems of most wheel/rail force measure-
ment systems is the transmission of signals from a rotating frame of reference
to a stationery platform. This is further compliicated by the severe environ-
ment in which the transmission must take place. The rotating system, the
wheelset, 1is unsprung and experiences the extreme dynamic inputs from the
track with vibration levels as high as 50 $'s and shocks of the order of
several hundred g's. Furthermore, this enviromment isg contaminated with many
forms of dedbris including grease, dust, water, gravel and other objects with
refatively large kinetic energy content.

In spite of this it 1s possible to accomplish the transmiscion ustng off-
the-shelf herdware. Over the past several years of rail research different
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techniques and combinations of techniques have been used with varying degrees
of success. These include opticsl encoders, FM transmitters, and amplifica-
tion within the rotating system. To date the most effective means of trans-
mitting across the rotating interface has been accomplished through the use of
high quality slip rings.

Slip rings offer a number of advantages. They are rugged, reliable and
are capable of transmitting low level signals of the order of 10 millivolts
with & background ncise of less than 200 microvolts. This s a signal to
noise retio of 50 which is more than adequate. Slip rings are very simple
mechanical devices and require little or no maintenance or troubleshooting
once they are installed and checked out. The worst problem encountered in the
use of these devices is broken solder joints which are easily traced and
Correcied. Perhaps the greatest disadvantage of a2 slip ring is its finite
Tife. Depencing on the application a slip ring will provide excellent tran-
smission quality for 2000 miles of operation {including non-test movements )
énd usually acceptable quaiity for 5000 miles. Fortunately, they may be
easily replaced at a moderate cost (~$80C each) or refurbished for less {~$300
each) .

Base¢ on these facts, the siip ring 15 the current best cloice of transmis-
sien device for wheel/rail force measurement systems. There may, however,
arise circumstances that may dictate the use of an alternative technigue.
This must be evaluated on a case by case basis.

K.4.1.5 INSTRUMENTED WHEELSET SIGNAL PROCESSOR

As has been pointed out in previous sections, signals coming directly from
the instrumented wheelset, either wheelplate or axle, are not immediately
proportional to a wheel/rail force. It is necessary to combine in some pre-
scribed manner two of the direct or raw signals tc obtain & signal shich is
directly proportional to force.

Given teday's state-of-the-art in electronics technology, it is & straight-

forward matter to perform the wheelset signal processing in real-time; i.e.,
as the raw signals are received. in fact, current wheelset processors
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actually perform several functions including scaling ard some conditioning of
the signals. Basically *he wheelset processor provides the following features:

¢ high-pass filtering of incoming raw signals to eliminate centrifugal
and thermal effects

o scale signal

¢ perform processing algorithms including sgquaring, adding, taking square

ro?t* subtracting, and perform logical function of selecting largest
value

¢ calculate L/V for individual axles and for complete truck.

Figure K-4.7 shows the basic data flow through a wheel processor. Strain is
sensed by the Wheatstone bridges on the wheelplate (or axle) generating sig-
nals S. The S signals are transmitted through the slip ring and are first
scaled, G, and high passes fiitered. The scaled lateral signals, L, are then
squared and summed. The square root of the sum represents the réw or uncor-
rected lateral force. The scaled vertical signals are passed through & cir-
cuit yielding the corresponding absolute values which are summed and scaled to
compensate for ripple as explained in Section K.4.1.2). The maximu nf either
of the individual bridge outputs or the scaled sum is then output as the raw
or uncorrected vertical force. The raw forces are subsequently corrected for
crosstalk and output zlong with the ratioc of lateral toc vertical force, L/V.
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FICURE K-4.7 WHEELSET PROCESSOR
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The wheelset processor may be either analog or digital. Under nommal
circumstances the signal conditioning, sceling and high pass filtering is
2iways ena 0g. That part of the signal processing downstream of the wave
forms shown in Figure K-4.7, however, may be implemented using either analog
circuits or in software on & digital computer. In the latier case enti-alras
filters are required immediately following the signal conditfoning. The choice
of type cf wheelset processor will depend on & number of items such as the
number of instrumented wheelsets to be processed, the availability of & digf-
tal computer capable of meeting the real-time processing requirements, person=
nel resources and time constraints. Both methods of processing are comparable
in terms of accuracy and frequency response (2100 Hz or better). The advan-
tege of an analog processor is that it is stand alone and may become Simply &
“omponent of the instrumented wheelset. This makes the display and/or record-
ng of the wheal/rail force messurement much more flexible since the expense
of & digital computer is not necessary. A digital procesror offers the advan-
tage of handling more than one sheelset and performing other tasks, such as
statistically summarizing data in rezl-time, depending on the capacity and
speec of the computer. The digital processor also provides insurance in terms
of repeatability checks and uniformity of processing. If correction of ripple
or other sources of error in higher harmonics are needed or if non-linear
corrections are necessary, & digital processor can perform these function's
much more easily. In either case the ability to view in rval-time the wheel/
raii forces being measured is invaluable in conducting field experiments and
monitoring parameters such as L/¥ for safe operations.

K.4.2 DISPLACEMENT MEASUREMENT TECHNIQUES AND TRANSDUCERS

Understanding of re&il vehicle behavior often regquires a precise knowledge
of its kinematic behavior, in particular the relative displacements. In
generai, this may be broken down into three categories. The first is
intra-vehicular; that fs, the relative disp .acements between the discrete
camponents of & vehicle. The second 1z the aisplacement between the vehicle
and the rafl. In this case the displacements of interest are in only two of
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the three orthogonal directions. These are the vertical and lateral
directions. Longitudinal displacement or focation along the track is dealt
with in Section K.6. A third category of displacement measurements is inter-
vehicular. This includes such things as coupler angle and distance between
cars.

K8.2Z.1 DISPLACEMENT TRANSDUCER SPECIFICATION

Ezse¢ on the requirements set forth in the preceeding paragraph, Table
K.4.4 summerizes the basic parameter specification for the selection of dis-
placement transducers. HNote that such parameters as linearity and cross axis
sensitivity are not included here. Parameters such as these are more dependent
on the specific application. Those specifications given in Table K-8.4, how-
ever, ere & necessary set of conditions which must be met by a transducer to
provide a basis for one of the three types of measurement.

The first three columns of Table K-4.4 are based on measurement require-
ments. The fourth coluen specifies the vibration environment which the trans-
Gucer must be able to survive. The acceleration levels given are somewhat
conservation &nd may be mitigated by detailed knowledge of the actual environ-
mefil 10 be encountered. This is also the technique of mechanical isclation or
shock mounting which can enable a precision transducer to operate in an en-
vironment normally beyond its intended range. For example, 5 g servo-
eccelerometers have been operated for nearly one thousand miles on the narrow
pedestail adaptor of a freight truck with complete success.

Returning attention to the first three columns of Table K-4.4, it is seen
that the range and resolution requirements are not overly demanding. Typi-
cally the dynamic range (ratic of resolution to range) is 60 dB or 1%. Simi-
terly the frequency response requirements are relstively low. This s a
result of the large inertis of most rail vehicles and their components. The
relatively high specification of frequency response of intravehicular measure-
ments is relited to elastic deformations which are of limited interest. Thus,
for the majority of displacement messurement applications & frequency response
of 10 Hz {s adequate. At the other end of the spectrum slmost all rafl vehi-
clie measurement requires the abi] ity to measure static displacements.
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Fortunately, there are currently available & number of transducers which
meel the specifications. These are discussed in the next section.

TABLE K-&.4& DISPLACEMENT TRANSDUCER SPECIFICATIONS

Frequency Dynamic

Requirement Range Resolution Response Environment
€2) {DC 1o}

Intra-
Inter-
vehicular i0-30in. «1-.2% 2=-5Hz 5-10g
Yehicle
Ezil I=-2in. 0l=.1 5-10H=z 10-50g

TABLE E-4.5 A COMPARISON OF DISPLACEMENT TRANSDUCER CHARACTERISTICS

TYRAMIDOCTE
TP BANGE _ELS0LUT Ow ACCYMALY LOWNENTE

PoiFsl iomeEFic 2-20 im, .0l im. % Eany to Fiela=Deploy

Linear Variar" .

Gifdferenvial s B33-F% am. Isfimine 1t

Transforssr

Eieciromagnelic

Eady Curreat 2=5 im. E.01-0.0 im. 3-5%

Sirsin Cauge H= il ©.001-0.01 1% Conerably Smail
tued lfor Compoaest
Beliection

kicelwromstier iR Deperdeatl o8} Depradeat on Inertisl Appiicatices

Frocess ing Prosees | ng oaly

Bs Static Capavility

Cyroscope 16" 0.01" 1-3% Direct Angulsr
Hrgsuress s
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K.4.4.2 DISPLACEMENT TRANSDUCERS

The discussion of displacement transducers will be conducted on a generic
basis. Table K-4.5 summarizes the characteristics of the principal types of
dispiacement measuring devices.

K.4.2.2.1 POTENTIOMETRIC

Potentiometric displacement transducers ére & simple rugged and inexpen-
sive device and 2s & consequence are the most widely used type of displacement
transducer in rail vehicle research. The measurement component of this trans-
ducer 1s & rotary potentiometer of high iinearity and good resolution. A
drum-like pulley attached to the potentiometer shaft serves to convert the
rotary input of the potentiometer to a linear displacement.

Given a potentiometer of ten rotations full scale, the linear range
becomes ten times the circumference of the pully. Infinite resolution is pos-
sible, 0.5% linearity is comwmon and ranges from one inch to 30 inches are
readily available, with & i3 accuracy. Signal conditioning requirements are

minimal for this type of device and 2 usefyl frequency response can be
realized up to 20 Hz.

K.4.2.2.2. LINEAR VARIABLE DIFFERENTIAL TRANSFORMER

The Linear Variable Differential Transformer (LVDT} is more complicated
end more expensive than the potentiometric type of tramsducer. The LVDT,
however, is particularly well suited to the measurement of displacements of
small magnitudes (Table K-4.5). Signal conditioning requirements are more
demanding than for the potentiometric device; however, the LVDT meacures dis-

placements which are an order of magnitude smaller than the potentiometric
transducer.

Develo.ment of the LVOT has produced a veriety of desfgns that are rugged,
highly accurate, linear and compact. The principal of operation is based upon
changes of mutual inductance between a single transformer primary and two
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symetrically opposed secondaries. Changes of mutual inductance are finftiated
by the linear motfon of &n axial metal slug that penelrates the transformer
axis. Displacement of the metal slug 2long the transformer axis produces
predictable outputs for the LVOT.

Ke#.2.2.3 ELECTROMAGRETEIC/EDDY CURRENT DEVICES

Displacement between an electrically conducting surface and an eddy cur-
rent transducer miy be measured accurately. There is a strong dependency on
the target geometry however. The ideal geometry is an infinite plane target
4t no more than one sensor diameter from the measurement transducer. This
ideal situation seldom exists in the rail test environment.

There are presently availadle eddy current displacement devices that per-
form well in the single plane measurement situation. Measurements from 0.1 to
4 inches are easily made with 1% linearity. The target device may be in rota-
tional motion during measurement as the eddy current transducer 1s never in
physical contact with the target.

Many variztions of the eddy current transducer have been fabricated for
the purpose of performing rail test measurements. Linearity {s nomally a
problem that 1is contended with by assigning & polynomial description of the
transducer calibration to each individual device.

Isolation of the transducer in terms of the influence of factors that
compromise the prime measurement is & difficult probles to solve. Any metal
surface that moves in proximity to the eddy current transducer, whether this

movement represents the intended measurement or not, dees modulate the sensor
output ..

The lateral position of & rail wheel relative to the ratlhead including
flange contact and wheel angle of attack, are measured with considerable dif-
ficulty. The basis of these measurements demands the ability to measure the
magnitude of the dimensions from the gauge side of the railhead to the outside
of the wheel flange, both in front of and behind the rail wheel. Furthermore,
this measurement should be made as ciose to the wheel footprint as possible.
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Electromagnetic eddy current displacement transducers have been used suc-
cessfully as the wheel-rail lateral displacement device. Calibration of this
type of device requires meticulous attention and the description of device
Yinearity 1epresents & further degree of difficulty
during data processing.

The physical position of this type of transducer 15 necessarily & few
inches above the railhead and transducer destruction occurs frequently.

Ke#.2.2.4 STRAIK GAUGE TRANSDUCERS

Stirein gauge technology is extremely well developed and transducers based
on the technology are available for & wide variety of applications. Displace-
ment transducers using strain gauges are based on the physical deformation of
¢ surface and these measurements may represent the bending, tension or compres-
sion modes.

The smail physicel size of the strain gauge allows measurement access in
situstions that often preciude the use of cther devices. Measurements of
¢isplacement may be performed by vendor-produced components. The alternative
to this method invoives the option of custom-designed transducers using indi-

vidual strain gauges. Mere, the limitations are represented only in terms of
the designer's ingenuity.

The fregquency response of strain gauge systems extend intc the kHz regfon.
Strafn gauge sfgnals are very small, generally in the microvolt range. The
total strain gauge system performs well as a result of highly developed signal
conditioning apperatus that produces stable, moise free, high level signals
from low microstrain inputs.

K.4.2.2.5 ACCELEROMETERS FOR DISPLACMENT MEASUREMENTS

Theoretically dispiecement may be derived from measurement of acceleration
by & procedure involving a double integration. In practice, however, this is
a rather difficult task because any small error in the measured acceleration
will rapidly grow 25 an accumulated error. For example, 2ligmment deviations
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due to motion in the directfons norma} to that in which the measurement of

displacement 15 desired result in small accelerations which when integrated
introduce low frequency drift.

Special applications, however, may arise which require an absolute or
inertial reference frame and for which only the dynamic component of displace-
ment is desired. Such a situation may come about for example when investigat-
ing a performance fissue such as hunting. Generally speaking, however, the
attendant camplications of the use of accelerometers as displacement measuring

devices discourages their use when reasonable alternative methods are avail-
able,

K.4.2.2.6 GYROSCOPE

The gyroscope stands alone as the transducer for the measurement of abso-
fute angular displacement. Gyroscopes are somewhat expensive but highly
developed and readily available. Furthermore, when quantifying the carbody
roll angie of a rail vehicle during the negotiation of a rock and roll {con-
secutive iow joints on tangent track) the gyroscope 1s absolutely essential.

There are two types of gyroscopes. An absolute gyroscope s capable of
measuring angular displacement with respect to two axes up to 15° sbout each.
Kate gyroscopes may also be used: however, because this type of transducer
measures the rate of change of angular orientation, absolute angles must be
cbtained through processing. Processing of rate gyroscope output is similar
to the processing of acceleration datz for displacement in that integration is
involved. In this instance only single integration is required but the same
fundamental problem of drift over the Tong term is present.

K.4.3 ACCELEROMETERS

The primary transducer used to quantify rail vehicle dynamic behavior is
the accelerometer. Measurement of acceleration provides an accurate picture
of the dynamic response of & rail vehicle through the use of an fnertial ref-
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erence frame which for most purposes is & fixed frame of reference. Alsoc a
convenient unit of measure s available which normalizes measurements of
acceleration on the earth's surface. The unit referred to is the gravity,
dencted g, which 1s nominally 32.2 ft!secz {E-Elw’m?}- Thus, when a tateral
acceleration at & given location is said to be 0.25 g, it fs intuitive that a
lateral force equal to one fourth of & component's weight was generated.

Accelerometers are required at all mass levels of & rail vehicle from the
sprung mass, the carbody and side frames, to the unsprung mass, the wheelset
and journal bearings. Although accelerations on the sSprung mass are generally
less than those on the unsprung mass, several g's of acceleration may be
experienced on both the carbody and truck at the higher frequencies {>100 Hz).

Saturation of the asccelerometers at high freguencies can be avoided by the
use of shock mounts or mechanical isolators.

A mechanical isolator serves to pass with unity gain those inputs below
approximately 100 Wz while attenuating those above 150 Hz. Use of this arrange-
ment has shown that typically truck accelerations are less than 10 g and in
most cases 5 ¢ and carbody acceleration less than 2 g and in most cases 1 g.
An asdded advantage of such an isolator is extended 1ife of the transducer due
to & reduction in vibratory energy absorbed by the transducer 1tself.

Ked.3.1 ACCELEROMETER SPECIFICATION

The specification of an accelercmeter for use as a means of measuring the
dynamic response of & rail vehicle will depend to a rather large extent on
whether the acceleration is to be measured on & sprung (typically the carbody
and truck bolster} or an unsprung (typically the truck sideforms and wheelset)
mass. The acceleration enviromment of the carbody ts fundamentally different
from that of the truck. Carbody accelerations are generally less than 1} g and
characterized as low frequency. Truck accelerstions are considerably higher
on the order of 50 g in some instances with significant spectral content out
to 100 Hz.
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Table ¥-4.6 summarizes & set of nominal specifications for the measurement
of acceleration on both sprung and unsprung masses.

TABLE K-4.6. NOMINAL ACCELEROMETER SPECIF ICATIONS

Frequency
Mass Level Range Resclution Response Linearity
Sprung +2 49 01 - 005 g To 30 Hz ol = .53
{Carbody and
truck belster)
Unsprung +50 g .19 To 100 Hz d - 13
{Truck
sideframes and
wheelsets)

The specifications given in Table K-4.6 are somewhat conservative and
could be difficult to meet from a practical standpoint. For example, a
transducer capable of measuring 50 g with 0.1 g resciution requires a dynamic
range of 54 dB. Although such transducers exist they are not capable of
measuring very low (static) accelerations. If, however, the signal of
interest is lower than the enviromment freguency to be encountered the use of
the mechanical isolator discussed earlier may reconcile the hardware and
requirements. An example of this arises when hunting is the performance issue
under finvestigation. That is, hunting is known to be a low frequency (~3 Hz)
‘N'FEMR with associated levels of acceleration of less than 10 g. By using
the mechanical isolator with the rroper characteristics a 10 g accelerameter
may be employed with & dynamic range of 40 dB.

K.4.3.2 ACCELEROMETERS

Various types of accelercmeters are currently available on & commercial
basis. Each type of sccelerometer is based on & principle of operation which
gives the accelerometer certain characteristics. Thus, depending on the
intended application, a given generic type of accelerometer may coffer some
advantage over the other types available.
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In this section the four primary types of accelerometers which have been
found to perform acceptably in the rail environment zre discussed. Although
the 1ist of currently available accelerometers is far more extensive the
majority are special purpose, such as seismic exploration, and as such are not
suited to rail research application. Table K-4.7 provides @ brief susmary of
the characteristics of the accelerometers to be discussed. This table con-
tains ranges or typical values fo~ each type of transducer and not specific
values. Furthermore, it should be kept in mind that power supplies and signal
conditioning wiil decrease the accuracy and resclutions given.

TABLE K~4.7 A COMPARISON OF TYPICAL ACCELEROMETER CHARACTERISTICS
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K.4.3.2.1 SERVO-ACCELEROMETERS

Serve or closed-loop type accelerometers offer accuracy, stability and.
relfebility several orders of magnitude greater than open loop types. Basic-
ally, this type of accelerometer operates on a force balance principle.

Acceleration acting on a small mass or a rotor with a small eccentricity
within the accelerometer creates force and a resultant motion. The mass is

suspended in a magnetic field such that motion within the field creates an
electrical signal.

When this signal is properly amplified and supplied to a force or a torque
genera.or acting on the mass, an equilibrium §s produced which restores or
maintains the mass' position in the field. The current used teo position the
mass §s propertional to the acceleration being experierced. By permitting

this current to pass through a stable resistor, a voltage porportional to
acceleration is developed.
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The advantage of this type of accelerometer is that the two maln sources
of inaccuracy in the open-loop accelerometer, the non-lincar mechanical spring
and displacement to voltage convertor, are eliminated. The primary disadvan-
tage of this sytem is {ts relative vulnerability to impulsive shocks which
create an over-range situation that the torque generator cannot handle.

There are two types of servo-acceleromters, the pendulous with a pivot
mount and non-penduious with & flexure mount. The flexure types tend to
perform better in & shock enviromment such as the rail enviromment since the
fiexures do not degrade with only moderate over-ranging. iIn contrast the
penduious types use a pivot, generaliy a2 Jewelled pivot, which tends to
degrade with even minor over-ranging.

Other advantages of the serve accelerometer are its long term stability, a
fiigh Tevel output typically greater than 1 volt per g and its low frequency

response down to d.c. The frequency response is limited typically to 200 H:
which 13 acceptable for almost all rail research applications.

K.4.3.2.2 PIEZOELECTRIC ACCELEROMETERS

Accelerometers which make use of efther crystals or ceramic materials
which exhibit plezoelectric effects are very useful in certain aspects of ratl
research. Very simply, this type of accelercmeters uses a2 material which when
compressed generates an electric charge much like static electricity. Thus,
by placing & seismic mass over & piezoelectric crystal, an acceleration of
this mass will compress the crystal creating a charge proportional to the
acceleration. A charge amplifier then converts the charge intc an electric
signal proportional to the acceleration.

Until recently it was the conversion of the charge to the electrical
signal which was the major draw back of this type of transducer. This was
because the charge amplifier was physically remote to the crystal requiring
the charge to be transmitted over cables which have relatively iarge capaci-
tive effects due to such simple things as bending. Presently hoWever, piezo-
electric transducers employ field effect transitors {FET) located in the trans-
ducer fismediately adjacent to the crystai which converts the signal to an
electrical potential.
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The piezoelectric has two primary advantages. First it is virtually indes-
tructible. It contains no moving parts and can withstand severe over-ranging
with only minimal time for discherge of the excess charye build up. Secondly
plezoelectric accelerumeters have the highest response capability of any type
of accelerometer, in some cases as high as 100 kMz, This, however, has
limited value in rail research applications.

The plezoelectric accelerometer has two major draw backs. First, it does
not have the ability L0 measure steady state or constant acceleration. It is
by nature a.c. coupled or & high pass filter. Piezoelectrics have been devel-
oped which can measure accelerations as low as 0.1 Hz {10 second duration)
which is often sufficiently low for rail research applicatfons. Perhaps the
largest problem with the piezoelectric transducer is its transverse axis sen-
sitivity. As shown in Tabie K-4.7, piezoelectric transverse sensitivity is
two orders of magnitude above any other type of transducer. Care must be exer-
cised in the use of this type of accelerameter in enviromments where accelera-
tions in mutually orthogonal directions are of equal magnitude.

K.4.3.2.3 CAPACITIVE ACCELEROMETERS

The capacitive accelerometer offers a reasonable campromise betweer the
servo 2nd piezoeiectric accelerometer in terms of range, accuracy and rugged-
ness. The capacitive accelerometer consists of a one ptece thin stiff metal
disc and flexures assembled between two fixed insulated metal electrodes. The
disc in this type of transducer serves as the seismic mass whose motion is
proportional toc the magnitude of the acceleration vector perpendicular to the
clectrodes. Because the capacitance between the central disc and either elec-
trode is a direct function of the distance between them, an electrical signal
is produced which is proportional to acceleration.

The advantage of the capacitive accelerameter {s its improved survivabil-
ity over the servo-accelerometer type along with wider range of freugency
response. At the same time the capacitive accelerometer has the static
measurement capability that the piezoelectric accelerometers do not have and
als0 has much better transverse axis sensitivity characteristics.
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Associated with capacitive accelerometers are certain disadvantages.
First, the trensducer is placed in a circuit which must be balanced under spe-
cified conditions. Furthermore, unbalancing can lead to drift in the measured
signal as the power supply or other components of the circuit unbalance the
transducer. Second, because of its open-loop characteristics, its linearity
anc¢ hysteresis characteristics can be a liuiting factor.

K.4.3.2.4 STRAIN GAUGE ACCELERDMETERS

Another type of transducer which is both rugoed and reasonably accurate fs
the strain gauge accelerometer. The principle of operstton is similar to
other accelerometers in that a seismic mass s involved. The force or

actually deflection crested by the accelerstion vector is sensed using a
strain gauge.

Strain gauge accelerometers have the advantage of no moving parts and accu-
racy of the order of I percent. Additionally, the strain gauge accelerometer
offers near infinite resolution and excellent frequency response, both at high
frequency and down to DC.

Disadvantages with this type of accelerometer are encountered in powering
and balancing the circuit similar to the difficulties with the capacitive
accelerometers. A second difficulty lies in the relatively low level signal

generated per wunit acceleration. This puts fincreased emphasis on stable
amplifiers.

K.4.4 TRACK GEOMETRY MEASUREMENT

K.4.4.1 APPLICATION TO PERFORMANCE ISSUES

In order to properly evaluate the previously defined performance issues
Such as curving response, steady state curving, spiral negotfation and dynamic
curving, finputs from the track should be analyred. These inputs, due to
design characteristics as well as perturbations in track geometry, must be
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accurately measured. The measurement of track geometry cén be performed using
several different methods. These methods can be grouped as follows: manual
measurements including the use of land surveying techniques; automated measure-
ment using track geometry measurement vehicles; highly specialtzed equipment
such 25 the Track Geometry Device {TGSD}; and improvising by using the special
test vehicle. Eat. of these methods has certain advantages and disadvantages
which will be examined in this section.

K.8.4.2 AUTOMATED MEASUREMENT VEHICLES

Automated measurement vehicles come in & varicty of sizes and capabiifties
and provide the results rapidly when track geometry measurements are required.
ihey range vrom the hi-rail vehicles similar to that developed under TSC spon-
sorship, through the mid-sized vehicles such as the Plasser EM-B0/110 and the
Matissa 422 to the full-sized heavy vehicle Tike T1/73, T2/74, T7-6 and T-10
produced by ENSCO for the FRA and similar full-sized vehicles deveioped by
several railroads. These vehicles are similar in that each has automated
data coliection and processing capability. However, measurement capability,
speed, system configuration and reporting capability will very according to
the vehicle.

Latest design of the FRA full-sized heavy vehicles such as 1-6 and T7-10
use inertial and noncontact proximity sensors to provide fully loaded measure-
ments of gauge, crosslevel, warp, curvature, profile and aligmment of each
ratl. In addition, support signals such as speed, distance and location are
&ls0 generated.

The gauge and crosslevel signals are point measurements and can be measur-
ed down to zerc mph. The gauge syst = uses noncontact proximity sensors with
& servo feedback system, and the crosslevel system uses & Compensated Accelera-
tion System (CAS} as & measurement technique. Warp is computed from ci-3s-
level as the difference in crosslevel over some specified distance, typicaliy
31 or 62 feet and is provided down to zeio mph. Curvature is measured using
an inertial technique which gives the rate of turn per 100 feet, and can be
measured down to 3 mph. Profile on T-6 is computed using twoc methods. The
first is an inertial measurement which is used above 15 mph; the second method
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is a four point chord messurement which can be used from zerc mph up to 50
mph. Both methods display the data as the mid-chord offset {MCG) from a 62'
chord. Profile on T-1C uses only the inertial method, can operate down to &
mph, and is displayed as the MCU cf a 62 foot chord. The alignment system on
both 7-6 and T-10 uses an inertial method and is displayed &s the MCO of a 62'
chord. The low speed cutoff for aligmnment on T-6 s 25 mph, and on T-10 it is
15 wph, T-6 has & maximum operating speed of 100 mph while the maximum operat-
ing speed of T-10 is 85 mph. Both cars are limited by real-time data process-
ing speed.

ihe data cclliection and processing systems on T-& and T1-10 are centered
around high performance minicomputers in which the algorithms used to calcu-
late the track geometry parameters are implemented. The standard output from
these cars is analog strip chart recordings of all the processed track geome-
try parameters, an on-line digital exception report listing all the data excep-
tions sensor data, support signals, and location information.

The sensors are mounted in close proximity te the measurement axles which
have & loading of approximately 20 tons each. This loading ensures & track
geometry measurementl made under dynamic load.

The mid-sized measurement vehicles provide gauge, cross!-—~1, twist or
warp, profile and aligmment of each rail. Contact wheel type sensors are used
to provide gauge, profile, twist and aligmment. Crosslevel is measured using
either & gyroscopic pendulum or a compensated accelerometer system depending
on the manufacturer. Gauge and crosslevel are measured and presented as point
messurements. Profile and alignment are measured as three point chords and
presented as the MCO from & pre-selected chord. The typical measured profile
chord is 10 meters and the typicel aligmment measured chord is 8.6 or 10
meters depending on the manufacturer. The selected chords used for profile
and alignment may very, but each has the capability of calulating a2 62" chord
for processing purposes. ¥arp is generally measured at & fixed base using two
adjacent axles; however, an option is offered to compute warp at other base
lengths from the crosslevel signal. ¥Narp cén be presented as any of several
base lengths depending on the manufacturer and user selected option.
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Each of these measurement vehicles has an analyzer which is typically a
minicomputer. The signal processing is accompl ished mainly in the analog
domain but with a2 trend toward more digital capability with more recent
desicus. The typical output from these systems include a strip chart record-
ing, & digital report (their formats vary depending on the manufacturer) and a
digital data tape. Analog magnetic tape recording capabilities are generally
offered as an option. The measurement speed of these vehicles is zero to
either 60 or 80 mph, deending on the manufacturer. The three measurement
exles used for sensor locations thave different loadings. The running axles
carry a load of approximately 10 tons while the measurement axles carry loads
of ocne ton or less again, depending on the manufacturer. This variance in the
axle loading may, depending on the Lrack conditions, cause & small difference

in the computed parameter. This condition is generally acceptable but not
fdeal.

The smaller, more lightweight automated measurement cars are called
hi-rail wvehicles. These highway wvehicles are modified tc incerporate &
timited capability of operating or railroad track. These hi-ratl vehicles
cperale &t reduced speeds with the maximum being 25-30 mph and come in a vari-
ely of sizes and wefght. Some vehicles in this group are offered by Plasser
(EM-23) end Dapco (TEC-100). These hi-rail vehicles use & meclianical wheel
type contact sensor for gauge, a compensated accelercmeter system (CAS) for
crosslevel and a three point contact system (EM-25) or a four poiat contact
system (TEC-100) for profile and 2lignement. Warp is computed from crosslevel
in both systems. In additfon, the TEC-100 offers curvature which §s a para-
meter derived from alfgmment. The gauge and crossievel measurements are
presented as point measurements. The twist or warp signal is presented at a
fixed base preselected by the user. The profile and aligmment signals are
presented as the midchord off-set from one of & preselected set of chords
which inciude the b2 foot chord.

Thase systems are centered around a minicomputer which provides the data
collection and processing functions as well as the reporting function. The
typical output from these systems is a strip chart recording of all the proc-
essed data, & digital exception report and a digital tape containing the raw
sensor dats. Also included on the tape are the support signals such as speed
and distence and relevant location and identification information.
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K.4.4.3 TRACK GEOMETRY SURVEY DEVICE

The FRA Track Geometry Survey Device (TGSD) is a low speed, manually oper-
ated, very accurate device presently housed at the Transportation Test Center
(¥TC} in Pueblo, CO.

The TGSD measures gauge and crossievel directly and the {x, ¥} coordinates
of profile and aligrment. The gauge system uses mechanical contact sensors to
provide the gauge measurement. The crossievel system uses a pendulum to pro-
duce the basic crosslevel signal and s the only signal monitored during
normal operation.

The profile and alignment (%, ¥} coordinates are generated from signals
derived from 2 photo-detector which locks on to a laser beam sent from 2 sepa-
rate track unit at a distance up to 225 feet. These (x, ¥) coordinate values
are recorded along with the gauge, crossievel, and other survey information on
@ digital tape which is the only system output. There is nc on=-line proc-
essing capability with this unit. The data tape is then sent to a computer
facility for off-line processing. The computer and software system is
Currently maintained by EKSCO. The TGSD can only be operated at night and
needs and experienced crew during normal operation.

R.4.4.4 DATA ACQUISITION VEHICLE

A fourth means of obtaining track geomelry measurements is to process
selected signals by instrumentatfon on the date acquisition test vehicle.
This approch has the obvious advantage of supplying the precise track geometry
which induced the vehicle response. That is, it is well known that track
geomelry can and will change to varying extents with time and use. This
&pproach would measure track gecmetry in peraillel with the vehicle's response
circumventing this problem.

In order to measure track geometry using signals coming from the test
vehicle, 2 mid-level minicomputer system or maximum capabiiity microcomputer
is required including the software and ail alyorithms. Specia! sensors and
analog processing is also a necessity. Today's track gecmetry measurements
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are complex and require interactive correction terms in addition to 2 great
deai of special processing. For these reasons & track geometry system would
have to be in addition to the existing capability of a special test vehicle if
they were ic require special test processing and track geometry processing
simul taneously. If they could be run sequentially then the hardware/software
requirements for the track geometry computer configuration could be integrated
intc those for special tests. The addition of the sensors and analog process-

ing equipment will still be required along with the track geometry software
for the computer.

The software would have to be specislly adapted for use by the special
test sehicle. All special considerations such as power, envirommental, and
work areas must Le Given in addition to those things indigencus to a track
geometry vehicle such as cable runs, special undercar lights and special cali-
bration mountings for sensors. Once the system is installed on the special

test vehicle it must remain on that vehicle and can't be moved to another
vehicle without major changes.

K.4,4,5 MANUAL MEASUREMENTS

Manual measurements can be made with a variety of instruments. In general
there are two methods of making manual measurements. The first method is to
use standard off-the-shelf hardware. Standard off-the-shelf hardware has
several different measurement capabilities. These capabilities range from
simple measurement of gauge and crosslevel using a bar type device requiring
manual placement for each measurement reading through gauge and crosslievel
using a measurement mounted bar type device which 15 rolled down the track to
& track analyzer providing gauge, crosslevel, profile and aligmment datz. The
treck analyzer uses sectional tubes finserted end-to-end to create and extend
the measurement chord for profile and aligrment. Most of these devices use
meters, rods, or levels to indicate to the operator the value of the measure-
ment. The operator reads these values and records them in & log. Manual
chord mezsurements for profile and aligrment can be made using string and 2
distance measuring device such a3 2 ruler. This method is very time consum-

ing, heavily labor intensive, &nd 1s highly dependent on the campetency test
crew for accuracy.
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The second method for acquiring manual measurements is to use a surveying
crew and instruments (transit level, etc.). This method can provide good
accuracy at & reasonable cost but is still time consuming and will only pro-
vide unloaded track data.

in using either of the above methods it must be remembered that all data
coliection is taken in log form by the test crew. [f the data is to be auto-

mated at & later date, the data must be manually entered intc a processor or
storage device.

Ked.4.6 SUMMARY

in reviewing the track georelry measurement methods available to support a
test program one must conside the Tocation of the test track, length of the
test track, inCciuding the test zone or zones, available eguipment, available

personnel, capability of personnel, standard to which track must be measured
and time.

In general the use of full sized vehicles is preferable since they can
provide fully loaded, accurate, dynamic, repeatable dats very quickly. Tests
have been run that demonstrate the repeatability and accuracy of these cars.
Midsized test cers and hi-rail vehicles can 2lsc provide data gquickly but do

not have the capability of making & fully loaded measurement. All the above
mentioned test cars {full sized, midsized, and hi-rail} can provide the track

geomelry measurement data in real time. In addition, these cars also provide
& threshcld-level report with locations of eack perturbation for a quick check
of the test zone.

If the test zone is extremely short and the TGSD may be used. It can
provide very accurate data, but there are drawbacks to using the TGSD. [t is

difficult and time consuming to move from location to location; it requires an
experienced crew and 1t does not provide resl-time data.

Menual measurements can be used if unloaded static measurements are accept-
able, labor is available, time is plentiful and 2 low level of accuracy is

K-61



acceptable. Both time and accuracy in making manua] measurements are very
dependent on the personnel involved. As & result, the repeatability of manual
measurements 1s generally much pcorer than automated systems. If one uses one
of the more compiex devices then the repectability and accuracy improves but
is still dependent on the personnel involved.

To incorporate the capability of adding track geometry measurement capabil-
ity tc an existing test vehicle is expensive &nd, unless implemented using &
camprehensive plan, will not provide the desired capabilities or results.
Tréck geometry measurements utilize digitally implemented complex algorithms,
including interactive correction terms between parameters, and special process-
ing techniques. Sensor placement and anaiog preprocessing are aiso significant
to the dats accuracy and repeatability. As & resull, unless the test program
is of sufficient duration to justify an expenditure toc add this capability the
use of an existing automated track geometry test vehicle is a better solution.
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8.5 PERFORMANCE ISSUE ONBOARD INSTRUMENTATION SELECTION GUIDE
——t Tt e PRD ITOIRUTRRIATIUN SELELEIUN bUIUT

The following section provides complete guidelines to the selection of
instrumentation to address the major performance issues addressed by the
V/TIAT process. This information is provided in three parts. The first is an
instrumentation requirements summary; the second is an instrumentation layout ;
énd the third outlines the processing methodology. These three summary sheets
are cross referenced.

If the evaluation of specific components is desired, a2 subset of the
instrumentation defined for the related performance issues may be selected at
the discretion of the user. For exampie, if the comparison of two lateral
secondary suspension elements is desired than & measurement of element
deflection and one of lateral carbody acceleration above the truck
centerplate may be sufficient.
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TABLE K-4.B INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE - HUNTING

MINIMUM INSTRUMENTATION REQUIREMENT
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* SEE FIGURE K-4.8 AND TABLE K-4.15 FOR INSTALLATION LOCATIONS

ARD PROCESSING METHCODOLOGY
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TABLE K-4.9

MINIMUM INSTRUMENTATION REQUIREMENT

INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE -
TWIST AND ROLL
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FIGURE K-4.9 INSTRUMENTATION LAYOUT FOR TWIST AND ROLL =

# SEE TABLE K-4.9 FOR TRANSDUCER PROPERTIES
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TABLE K-4.10 INSTRUMENTATION REQUIREMENTS FOR FERFORMANCE ISSUE -
PITCH AND BOUNCE

MINIMUM INSTRUMENTATION REQUIREMENT
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* SEE FIGURE K-4,10 AND TABLE K=4.18 FOR INSTALLATION LOCATIONS ARD
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FIGURE X-4.10 INSTRUMENTATION LAYOUT FOR PLITCH AND BOUNCE «

“ SEE TABLE K-4.10 FOR TRANMSDUCER PROPERTIES
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TABLE X-4.11 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE
TAW AND SWAY

MINIMUM INSTRUMENTATION REQUIREMENT
& | TRANSDUCIN | LOCATION rosiTion BENTEION EANGL | TRED ETORS TIPL COMMERTS
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OPTIONAL INSTRUMENTATION
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* SEE FIGURE K-4.11 AND TABLE K-4.17 FOR INSTALLATION LOCATIONS AND
PROCESSING METHODOLOGY
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* SEE TABLE K-4.1] FOR TRANSDUCER PROPERTIES
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TABLE K~4.12

INSTRIMENTATION REQUIREMENTS FOR PERFORMAKRCE 1SSUE
STEADY-STATE CURVIRG

MINIMUM INSTRUMENRTATION REQUIREMENT
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SEE FIGURE K-4.12 AND TABLE E-4.1% FOR INSTRUMENTATION LOCATION
AKD PROCESSING METHODOLOCY
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¢ SEE TABLE K-4.!2 FOR TRANSDUCER PROPERTIES
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MINIMUM INSTRUMENTATION REQUIREMENT

TAILE K-4.13
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TABLE K-4. |4

INSTRUMENTATION REQUIRFMENTS FOR

DYNAMIC CURVING

MINIMUM INSTRUMENTATION REQUIREMENT

PERFORMARCE 1SSUE

SEE FIGURE K-4.14 AND TABLE K-&.21

AND PROCESSING METHODOLOGY
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TABLE B-4.15 PROCESSING METHODOLOGCY - HUKRTING

UNITS

CARBODY SWAY e f'l- - G:H:' E's
CANBODT YAW = fa, - @, (308/1) radisnsivecs
TRUCL $way - ill . lilf: E'®

TEUCKE Tam = fay - |.|11Ilrtt| ruu"r"::
TRUCK SWIVEL = 1ln'l1lrd « 106 L i degrees
Eight Side Lateral Force, F. bipy

Bight Side Verticsl Force, F‘ kipw

Eight Sade LM

Left Side Lateral Force, F. kips

Lefy Side Vertical Force, F” kips

Lafr Sade LIV

TABLE K-4.16 FROCESSING METHODOLOGY - TWIST AND ROLL

UNITS

CUMBOUY Teiss - LB, - agh = ldyy - Byel [(RLLTL Y] redlansfnec”

]
CARBODY SEAEY - H-] - .llh': &
.‘ * da
CARBOOT BOUNCE - [li = (-—-_.-— F3 '
"RBOBET MLL - t;. : Betd 38T Hdullfih’.:
la, * ».} 5
CARMEDY PITCH = iag —— L 3RE L) radisns frec”
CAERODY YN - iy I4H$II-FI.‘I ruuurn::
CAERODY TO TRUCE MOLL = 1'1‘ . 1.*”- Fad A
Right Side Leteral Farce, f” kipe
Bipght Side Vertical Ferce, #“ Eips
Right Side L7V
Lef: Side Lateral Force, r“ kipa
Lefr Side Yerticsl Force, F“ kips

Lefr Side LFY
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TABLE ¥-4.17 PROCESSINC METHODOLOGY - YAW AND SWAY

UNITS

CARBODT SwaAx - lil - t:!f: L's
CARBODY Tam - tll . l.ll}Ili¢‘1 r::;;nj!lrt:
CARBODY TO Tauch oLy « (V3 © 1) radians
o
Laterat Force Lesdimg Adsle Trsiling Trucsk kips
Highe Sude, ’5
Verticsl Farce Leading Asie Tracling Treck kips

Eight Side, V.

LY Leading Axle Treafamg Trock Right Sude

Lateral Farce Leading dazlw Trallimg Truck Ligy
Lafr Side, F.

Verticsl Force Leading Axle Tralling Truchk Lips
Left Side, F

LAV Leading Asle Traklong Truch

TABLE X-4.18 PROCESSING METHODOLOGY - PITCH AND BOUNCE

UNITS
CARBODY BOUSCE (_L.'.-f.:ﬁ s

Ay v A
CARBODY PETCX = (1_!_4({‘_‘} radians/sec’
4
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TABLE ¥-4.19 PROCESSING METHODOLOGY - STEADY-STATE CURVING

UNITS

CAIEOI Taw L SO P A
CARAain Smal - Ty * 8yl =!lirl{| radiams, veg™

%3 Ly :
CAERIDT TO TRUCE YAE = 1'_'!_ radiams/wec”

~atera. Forze Rigat Bide Lesding ixie
Traniimg Sruer, # LEE T
-

":E;??T-;::i' :;lrt Sidw Lesding s

P A et Sige urading aninm Trailing Trucx,

Latemg)

gt Tor Lef: Sude Leadimg ixle

f TTega, f‘.. Rims

BN

Vers ooy ==E:t ~#ft Sude Leadimg dnle
Trpiiomg Truca, F. s
& P-4 |

LIV et dige =EdS.0f Axow, Tracilimgp Truck

Lazera, Forze Tigat Side Trailing anle

Filang Trugh, i ign
Wers.zal Fn'r Tagns Side TraLlung ale
r‘Iln.-l’ ..-:. r-r
Ligs
U"IF L=t Sade Trarling sale Trasling Treci .
_'“,.-
taEtr1+ *t!:l =471 Lide Tracling anle
sTRLE A Truse, Iq LY -1 ]
¥erollil Tarce _efr Gige Trailing saie
Trai.ong Srega, F
] ‘ .2

/% Lef: Bige Trailing uxle Sraiding Truga

Angle of Attack (A4} = 'n = 'ﬂ radiany
£

Reproduced from
beit svailable copy. °

K=-80



TABLE K-4.20 PROCESSING METHODOLOGCY - SPIRAL NEGOTIATION

UNITS

CARBODY SWaY - (&g ° Iiﬁlfi gy

By=s * &
cansooy sounct = [agy + (a2 7 M9, ‘o
CARBODY ROLL - EIH, - il.'_ifillfi} -r‘,"“’;..,:z

CARBODY PITCH = [a;, - l#;, = a g M/I10388/E 5 radians/sec’

CARBODY TAN + g - ) (38871 ) radisns/sec”

Lateral Force Right Side Leading Axle
Traziling Truck, fl kips

Vertical Force Right Side Lesding Axle
Trailing Truck, f! Eips

LIV Right Side Leading Axle Trailing Truck, .
Lateral For_e Left Side Leading Axle

Trailing Truck, F, kips
Vertical Force Left Side Leading Axle
Trailing Truck, F‘ kips
L/¥ Lefr Side Leading Axle, Trailing Truck .
Lateral Force Right Side Trailing Axle
Trailing Truck, F, kips
Vertical Force Right Side Trailing Axle
Trailing Truck, F, kips
L/V Right Side Trailing Axle Trailing Truck =
Lateral Force Left Side Tratlismg Axle
Trailing Truck, F& Lips
Vertical Force Left Side Trailing Axils
Tratling Truck, 7, kips
LV Left Side Trailing Axle Trailimg Truck .
Foa =T
Angle of Attack (AOA} = _23 26 radians
_—T
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TABLE X-4.21 PROCESSING METHODOLOGY - DYRAMIC CURVING

UNITS

CARBODY SwWAY = '.g L -la.}f‘: E's

& - “'}
CARPODY BOUNCE = la,, » —il I8l g
CAKBODY ROLL = (ay5 - ayq) (386/%) radians/sec’

*
CARBODY PITCH = f[ay, - (a;5 * 8y4)/21(306/5 )  radisms/sec’

CARBODY YANW v (8 - :lﬂ}[!laflcl radiams/vec”

Lateral Forze Right Side leading Axle

Tratling Truck, F, Eips
-
vertical Force Right Side leading ixle
Trailing Truck, F: kips
L/ Right Side Lesding axle Trailing Truck, .

Laierel Force Left Side Lsading Axle
Tratling Truck, Fq ki

Verti<al Force Lefr Side Lesding Axie
Trailang Truck, F, kips

L/V Lefer Side Leading Axle, Trailing Truck .

Lateral Force Right Side Trailing Axle
Teatling Truck, F5 Eips

Vertical Force Right Side Tratling ixle
Trailing Truck, F. kips

L/V Right Side Trasling Axle Trailing Truck .

Laceral Force Lef: Side Trailing axle
Trailing Truek, Fn Eipy

Vertical Force Left Side Trailimg ixle
Trailing Truck, Fg kips

L/V Left Side Trailing Axle Trailing Truck
: Pou = F
Angle of Attack (ADA) = "23 26 radians
-—Tl—.

K-82



K.5.0 WAYSIDE INSTRUMENTATION

K.5.1 INTRODUCTION

Wayside measurement of dynamic loads and displacements provides & funda-
mental basis for the evaluation understanding and design of both vehicle and
track structure components and/or systems. ARlthough wheel/rafl load measure-
ment data 1s considerably more prevalent than track structure deflection data,

both are required to fully understand the campiex vehicle/track structyre
interactions which take place.

In the past, vehicle/track interaction responses have been assessed
either anaiytically or by testing on available track. Test results from
variety of different test conditions, locations, and procedures have made the
comparison of vehicle performance charscteristics extremely difficult. Fur-
thermore, meaningful evalustions have been complicated by inconsistencies in
measurement techniques and instrumentation.

It has been generally recognized Ref. (214 that future test programs would
greatly benefit from significant improvements and standardization in the
wayside instrumentation techniques used. Furthermore, it is also recognized
that field testing typically incurs targe expenditures of manpower, equi pment
and other rescurces asscciated with setting up test procedures, instrumenta-
tion, establishment of logistics, means to support date collection, searching
for & representative site, tear down, etc.

K.5.2 MEASUREMENT REQUIREMENTS

in order to establish some type of baseline for selection of instrumenta-
tion, it was necessary to define a set of desired measurement parameters and
requirements. The desired measurement pérameiers were basically derived from
& brief literature search as summarized in Table K-5.1. As intended, the
initial set of measurement requirements precipitated further "refinements”,
primarily with regard to éccuracy requirements. The parameter ranges

K-83



presented in Table K-5.2 are in some cases greater than those shown in Table
K-5.1. These differences are attributable to recent (unpublished) test data
in combination with anticipated ¥/T IAT tests and test conditions. Likewise
the accuracy requirements shown in Table K-5.2 are considered necensary to
satisfy the anaiysis requirements as presentiy defined.

TABLE ¥-5.1 LITERATURE SURVEY TO CHARACTERIZE EXPECTED RANGES
AND REQUIRED ACCURACIES FOR SPECIFIED WAYSIDE MEASUREMENTS
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TABLE K-5.2 SUMMARY OF TENTATIVE MEASUREMENT PARAMETERS AND
MEASUREMENT REQUIREMENTS
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Displacenssl (a3
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B) wertical ~G. 16 1o 0.4 VESR S1058 § yaiie o
iransjation (%) (%) Based on elastic deflection of Lrack
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K.5.3 DESCRIPTION OF WAYSIDE INSTRUMENTATION

This section provides an overview of the general {instrumentation comsmonly
used in the railroad industry to measure vehicle/track interactions at wayside
stations. Load measuring technigues using conventional load cell and strain
gauge instrumentation and discussed. Twr types of displacement sensors are

discussed: the conventional LVDT anc the eddy-current concepts.

£.5.3.1 Load Measurements

Wayside wheel/rail loads are most commonly measured either directly on the
rail using strain gauges or with the use of load-cell base plates at the

rail/tie interface. A variety of strain gauge patterns have been used with
varying degrees of success to measure both vertical and lateral loads.

K.5.3.1.1 Strain Gauge Load Measurements

Stréin gauyes ore cummonly used 1o deteruine longitudinal, lateral and
vertical loads in raiis. Strain gauges directly measure the strain induced in
the rail from <nich the load can be caiculated or determined from a calibra-
tion <urve.

K.5.3.1.1.1 Longitudinal Load Measurement

Longitudinal loads irn rails are coemonly determined by measuring the
strain in the longitudinal and transverse directior on the web of the rail.
Both two-arm and four-arm configurations are used. The four-amm configura-
tion, shown in Figure K-5.1, consists of a two-arm configuration on each side
of the web. The arrangement has the advantage over the single two-arm con-
figuration in that the circult compensates for rail bending in the horizontal
plane. In both configurations, the strain gauges are attached to the rafl at
the neutral axis which helps to compensate for bending in the vertical plane.

The strain gauge configuration and electrical arrangement shown in Figure
K-5.1 offer two useful benefits. First, the scheme compensates for effects of
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FIGURE K-5.1 WIRING FOR LONGITUDINAL LOAD FULL BRIDGE CONNECTION
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thermal expansion caused by temperature changes. [f the expansion of the
material is equal in all directions and not contrained, no force is generated
therefore no strain is registered. Secondly, the bridge and strain gauge
configuration is designed to provide 2 magnification factor of 2.6 (1.3 for
the two-arm &arréngement}. The magnification factor for the half and full
bridge weldable strain gauge circuits are determined &s follows:

1/2 bridge circuit
7
P‘——-i T P

Assume no axial strain (e} exists in the member. Thus, the element
oriented in the direction of the strain [L in the skeich above) measures the
strain {«). The elemement oriented 90° to the above element {T in the above
sketch) will measure only the strain resulting due to the Poission's effect,
or ue « Since the two elements are wired in & naiv bridge circuil, the twe
strain measurements are added. Thus the cutput of the circuit is:

/-Slﬂ:un Qouge wired in

]

t+ %t or € (I+u }

From this, it can be seen that the quantity 1+ u is the magnification
factor. For this study, the Poisson ratio was taken to be 0.3, Thus the

magnifications factor for the half bridge circuit of weldeble strain gauge was
{1+0.3) = 1.3.

For the full bridge circuit, each of the half bridge gauges has the above

magnification factor. Thus for the full bridge circuit, the magnification
factor s 2{i+m}) = 2 {140.3] = 2.6.

knowing the strain is & rail, the load (force] can be cajculated from the
following equation:
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Force = EAe

Where, E is the elastic modulus of the material, A is the cross sectional
area of the rail and « is the measured strain.

K.5.3.1.1.2 Lateral and Vertical Load Measurement

In tests where lateral and vertical loads are needed, specific strain
Gauge schemes have been developed to perform the measurement. Figure K-5.2
shows the strain gauge configuration and electrical bridge used for each of
the lateral ond vertical load measuring techniques. For the lateral load
measuring scheme, strain gauges are attached on the base of the rail at two
focations on each side of the rail and connected electiricelly to measure the
lateral bending moment of the rail, The specific details shown in Figure
K-5.2 have been developed to eliminate “cross talk™ from the vertical load
components.

The configuration for the vertical load measurement also consists of &
bending mrmer scheme where strain giuges are attached to the web of the reil
at two locations on each side. This scheme, shown in Figure X-5.2, eliminates
most of the "cross talk™ from the lateral load components.

in both the lateral and vertical load schemes, the absolute load is deter-
mined by calibrating the instrumented ratl section using a serfes of static
toads which cover the range of loads expected in the test. The calibration
procedure generates & linear plot of load verses strain.

K.5.3.1.2 Load Cell

instrumented tie plates (Figure K-5.3) and K-5.4) have also been utilized
to obtain rafl/tie loads. If properly designed, installed amd calibrated,
instrumented tie plates can accurately measure the reaction forces at the
rail/tie interface. A basic problem with instrumented tie plates §s the

potential for affecting the track structure characteristics {e.g., stiffness
and load distribution}.
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E.5.3.2 Displacement Measurements

wayside deflection measurements of the track structure have historically
been obtained in one form or another for many years. Such measurements have
been used for both rail and vehicle research and development. The utilization
of these types of measurements, however, has been quite dependent upon the
quality of measurement which could be made. For example, early messurements
performed by the Talbot Committee in 1918 Ref. [22] utilized “Level Bars®,
"Depressions Plugs" and double exposure photography to obtain both static and
quasi-static deflection measurements. The degree of accuracy which could be
cbtained with such “instrumentation® cnly allowed qualitative deflection
measurements to be made -- therefore to infer dynamic track loading from such
measurements, for example, would be nonproductive!

Currentiy linear variable differential! transformers (L¥YDT's) are most
comonly used to obtain both absolute and relative track structure measure-
ments. Typically such transducers have provided seemingly good data for the
types of test conditions te which they were subjected. The major problem with
LVDT's results from the methods used tc mount and attach these devices. The
transducers themselves usually can provide the necessary performance capabili-
ties with the possible exception of frequency response and adverse effects
associated with certain envivormental conditions. Typical LVDT {instrumenta-
tion installations are described in Sectionm K.5.3.2.1.

K.5.3.2.1 LVDT Instrusentation -- Methods for Measuring Static and Dynamic
Track Deflections

Track deflection measurements include absolute deflections of the rai}
relative to & fixed reference, and relative deflections between track Compo~-
nents. These deflections may occur in ali six degrees of motion: wertical,
lateral {transverse} and longitudinal transiation; and angular motions of ratl
ir roll (in the t-ansverse plane}, pitch {longitudinal rocking}, or yaw.
Vertical and lateral transiation and rail roll angle are of primary interest
for both static strangth ang aynamic displacement measurements. The longitu-
dinal motion known as rail Creep is of interest mainly for determining the
ability of the rafl anchor system 10 secure the rail iongitudinally. Yaw
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motions of the track are considered of 1ittle consequence except, perhaps,
under buckling conditions.

Several different absolute andfor relative measurements are needed W
fully describe the upper track structure response tc loads. The same basic
measurements apply to both static ané dynamic displacements. The requirements
for the dynamic measurements are more stringent than the static measuremerl
requirements because of the added frequency response needed and the need to
provide for the survival of the transducer in the rugged operating enviromment
of rail traffic. These displacements and their primary importance are:

{1) Rail vertical absolute displacement--used to define the track modulus
and dynamic load/deflection characteristics.

(2} Rail head/tie lateral displacement--used 10 measure rail lateral
restraint characteristics under both lateral and vertical loading.

{3} Tie/ground lateral displacement--data under traffic can document the
occurrence of lateral shift of the tie in the ballast; used to estab-
lish track lateral strength limits.

{4} Rail rotation (roll)--used to document the mode of rail deflection
and loading on tie/fastener system.

5} Rail rotation (pitch)--used to determine loading enviromment on tie/
fasiener system.

(6} Rail/tie vertical displacement--used to determine dynamic Toad/deflec-
tion charactertistics and loading enviromment on tie/fastener system.

(7} Refl longitudinal displacement--used to determine tie/fastener rail
restraint capabilities.

A major difficulty in measuring displecements is the establishment of
references from which the measurements are to be made. Estabiishing

“absolute® reference points adjacent to the track structure requires going
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deep enough, or far <nough to the side of the track, to locate ground which
does not move relative to the track. While pressures in the ballast/subgrade
drop off quickly tu samething less than 3 1b/in° (21 kPa) at a depth of 40
inches {102 cm), both track structure modeling and field experiments have
shown vertical deflections to oecrease witi 4epth more slowly. At 2 40-inch
depth, typically half the vertical deflection will still be measured.

Past experience has shown that absolute deflection measurements related to
rail joint or reil fastener performance can be referenced to "ground™ by
attaching the trensducer to a rod driven down into the subgrade. In the con-
crete tie track study Ref. [23], & l-inch diameter steel rod was driven
through a concentric hollow pipe casing through the ballast into the subgrade.
The casing was about 4-ft long to isclate the rod from ballast movements;
while the steel rod was 8 ft long and was driven into the ballast/subgrade
until only about & inches projected above the ballast surface. in other field
experiments, shorter rods have been used driven directly through ballast into
the subgrade without benefit of the cesing.  Vertical deflections using a
static calibration (viewed through an coff-track transit) showed 0.12 inch
deflection under a 30,000 1b (133 kK) point load. “Ground stakes®™ such as
these have been used quite successfully for establishing reference points for
tateral deflection measurements. When using this type of reference, the rod
must be stiff enough to minimize deflections from any loads imposed by the
measurement transducer. This is particularly important when dynamic measure
ments are being made which might excite & vibratory response in the reference
rod. For the measurement of statfc lateral displacements, several programs
have used 3-ft ground +.ds driven directly into the rail ballast. Since meas-
uremenls were to be made al & number of different sites, the shorter rod
2llowed the rods to be installed and removed in 2 minimum of time. The errors
introduced by the shorter rods were negligible since the displacements needed
for the measurement of lateral track strength are large when compared with
normal track deflections under traffic. A schematic diagrem of & setup to
measure lateral track displacements is shown in Figure K-5.5. The response of
¢ section of track to lateral load exerted on the rafl by hydraulic cylinders
is shown in Figure K-5.6.
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FICURE ¥-5.5 DISPLACEMENT FIXTURE FOR ONE RAIL {SAME FOR OPPOSITE RAIL)
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FICURE K-5.6 LATERAL LOAD VS. RAIL HEAD AND BASE DISPLACEMENTS
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Relative measurements must also be isclated from undesirable displace-
ments. For example, 1f dwnamic track gauge 15 to be measured and the tie is
use¢ as & reference for individual rail displacements, then tie bending could
readily distort the intended output. The deflection fixture developed by
Battelle for the Track Train Dynamics Program Ref. [24] is an example of a
measurement system that provides displacement measurements of the rail without
distortion from bending of & wood tie. A conceptual drawing o this fixture
ts shown in Figure K-5.7 and Figure K-5.8 shows the relative displacements
which are measured. In a&ditinﬂ. the fixture provides some degree of shock
end vibretion isclation for the transducers and signal conditioning
electronics through elastomeric grommets and 1ag screws mounting the fixture
te the tie. Acceleration levels on the tie can range typically up to 50 g
under flat wheel impact loads. Typical deflection measurements from the
fixture shown in Figure ¥-5.7 are illustrated in Figure K-5.9. Oynamic track
gauge and rail rollover {of one rail only) under severe lateral impact loads
due to empty freight car truck hunting are seen here, elong with about 1 mm of
permanent lateral shift of the tie.

in measurements on much stiffer concrete ties, a fixture which eliminates
the effects of tie bending was found unnecessary. A conceptual drawing of a
fixture used for recent measurements of concrete tie fastener/pad deflections
Ref. [25] is shown in Figure X-5.10. Here the measured rail-to-tie
agisplacements, along with fastener ciip streins, were used to define the
loading enviromment of rail fastener systems. Data were collected on both
woOd and concrete tie track segments containing & variety of fastener systems,
and the results were reproduced in the laboratory to determine the required
Tevel of loading which simulated field conditicns. The 1oad levels so defined
were then appiied in fatigue tests of the fastencr systems.

In an application of the fixture shown in Figure K-5.10, typical deflec-
tions for concrete and wood tie curved track are illustrated in Figures K-5.11
énd K-3.12.  Measurements were made with both deflection transducers and
strein-gauged fastener c¢lips. In these time histories of deflection under
Toaded FAST train cars, differences in "signature” between concrete tie track
(Figure K-5.11} and wood tie track (Figure K-5.12) can be seen. On the con-
crete tie track, & combination curve and grade, the rail rolied outward and
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FIGURE ¥X-5.7 STABLE BASE FIXTURE FOR UPPER TRACK STRUCTURE DYNAMIC
RESPONSE MEASUREMENTS UNDER WHEEL/RAIL LOAD
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FIGURE K-5.]0 FIXTURE FOR MOUNTING RAIL/TIE DISPLACEMENT TRANSDUCERS
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the gage clip received substantial uplift strain. The wood tie track was
fastenec with the same elastic clip attached to a steel tie plate. VYery
Tittle clip strain developed, but the vertical rafl/tie deflection was greater

because the tie plate experienced bending as 1t conformed to the nonuniform
surface of the wood tie.

In the fixture shown in Figure K-5.10 vertical rail deflections are
messured relative to the tie. This measurement |2 useful in fastener
evaluations, but is insufficient when trying to determine overall track
vertical deflections or when track stiffness celculations are of interest. In
order to obtain absolute vertical deflections & reference measurement point
fust be esteblished outside the load influence zone of the ballast and
sub-ballast. For normal stiffness treck this requires a deeply driven ground
ro¢ which is isclated from the ballast movement. Once an isolated reference
point is established then the methodology used for measuring the vertical
geflections is the same as that used for measuring lateral deflections. A
sketch of 2 fixture used in a recent field test is shown schematicelly in
Figure K-5.13. Although it is restricted to small motions due to errors

focurred when measuring large deflections good results were obtained from the
f!!tﬂﬂt

FIGURE ¥-5.13 VERTICAL DISPLACEMENT FIXTURE
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Ke5.3.3 DISPLACEMENT TRANSDUZERS

A veriety of displacement transducers are suitable for making track
deflection measurements. The optimus transducer type and range may vary,

depending on the specific application. Criteria that must be considered in
the choice of transducers are:

{1) Trensducer range--track structural defiections may range frem less
than 0.25 inch (6.4 sm) to greater than 1 inch, full range {vartical
defiections under load of 1-3/4 inches, &4.5 mm, have been observed
at weak rail joints}. Typical expected deflection ranges are shown
in Table K-5.3.

{2) Transducer accuracy--rescliution, Tinearity and hysteresis
commensurate with measurement goals must be achieved.

{3) Frequency response--a transducer bandwidth of 100 Hz is usually suffi-
cient for deflection measurements. Deflections decrease rapidly with
increased frequency {remember, even & 500 g oscillation when at 700
Kz is only 10 mils).

(4} Instrumentation compatidility--power requirements, output voltage
level and impedance, good signal/noise ratic, etec.

(5) Ruggedness--vibration tolerance and shock survival g levels suitable
to transducer mounting point.

{6} Electrical noise immunity--not affected by stray electrical signals
in rail due to signalling or power return.

{7} Electrical isolation from rail--cannot ground rail signals.

(8} Insensitivity to other motion degrees of freedom--primarily a
function of the transducer mounting fixture design and transducer
attachment scheme.

(9) Ease of calibration in situ--transducer must allow system end-to-end
physical calibration under field conditions.

(10)Protection from envirorment--the transducer should preferably by

hermetically sealed against mofsture, salt spray, dust, sand, etc.
{11}Transducer cost.
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TABLE K-5.3 TYPICAL EXPECTED DEFLECTION RANGES

Concrete or wood

tie track,

positive Wood tie track,

fasteners, cut spikes, Wood tie track,
good condition good conditicn poor condition

Vertical, absolute 0.25 in (6.4 mm) 0.50 in (i2.7 mm} 1.0 1n (25.4 pm)*
Vertical, rail/tie €.15 tn (3.8 o) .25 in (6.4 mm} 0.5 in (12.7 m)

Lateral, rail head 0.25 in (6.4 mm) 0.75 in {19.1 sm) 1.5 in (38.1 rm}

Lateral, rafl base 0.16 in (2.5 o} 0.40 in (10.2 me) 0.5 in (12.7 )

Longitudinal 0.10 in (2.5 om) b e

* Greater deflections at Jjoints in poor condition.
** Rafl may “run® under traffic...must be checked at site.

Although the displacement transducer in {itself does not affect the track
characteristics, it is usually difficult {as discussed in the previous sec-
tion] to establish an ideal point of reference from which the deflection meas-
urements c:n be made. Optical tracking systems have been used in the past,
without great success, to measure rail vertical absolute motions at a point

well away from the track. Ground vibrations have introduced noise intoc these
measurements, or target 1ighting has caused problems. An Austrailian firm has
recently intrnduced & 1:ser tracking system with the detecior head mounted to
the rail and a tripod-mounted low-power laser set typically 16 ft {5 m) away
from the track. A range of +10 om {0.4 inch) and & frequency response of 0 to
1 kHz is noted in the techniceal specifications. Other optical units have
dppeared on the market, but the cost and complexity of the units are consi-
dered prohibitive.

Noncontacting displacement transducers (the eddy current type) have suffi-
cient accuracy and freguency bandwidth for the majority of dynamic displace-
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ments of interest. The range of such noncontacting transducers is marginal
for some static defliection measurements, the maximum range of currently avail-
able units being 2 inches or less. The eddy current displacement units also
have the disadvantage that they must be calibrated at each installation to
correct for different targel geometry and material properties as these parame-
ters affect the transducer gein, offset, and linearity. Another disadvantage
of the eddy current transducers is that as the effective maximum range of the
transducer increases, the size of the transducer alsc increases. This may
cauvse problems with clearances and/or obtaining a target of sufficient size.

Contacting transducers utilize either direct attachment or a spring-loaded
plunger to attach to the measurement point. The two main types of contacting
transducers are potentiometers and the Linear Variable Differentfal Trans-
former (LVDT}. Both types are available with ranges and accuracies suitable
for track deflection measurements. Contamination of the sliding electrical
contact may present problems with potentiometer units. This contact is alse
subject to shock and vibration probiems in the severe enviromment presented
during dynamic measurements. Linear Potentiometer type displacement trans-
ducers are superfor to the cable actuated potentiometer transducers. Both
units should perform satisfactorily for static measurements, but when using
cable type potentiometers (“string pots™) cere must be taken to eliminate
cable vibration which would give measurement errors. (Obtatning sufficient
frequency response for dynamic measurements can present a problem for cable-
type potentiometers. It is difficult to provide sufficient spring preload and
stiffness to prevent contact separation in the frequency range of interest
without at the same time causing some flexure of the reference fixture. The
main advantage of potentiometer units is low cost.

Direct fixation of the core of differential transiommers is Tess of a
problem because their weight; and conseguentially, attachment forces are low.
In the past nommagnetic threaded “"ready rod" has been used to attach the trans-
former core to the rail components. A phenolic block cemented to the rail has
proven quite successful as a m~ans of atteching to the ratl head and/or base.
The cemented block is able to withstand the high rail acceleration levels
(shock pulses over 1000 g have been recorded under flat wheels) and provide
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electrical isolation from the rail. The rod also provides sufficfent isola-
tion from orthogonal motions of the rail, particularly the rail *running®
motion in the longitudinal direction, yet is reasonably fmmune to 1its own
transverse vibrations. This arrangement is susceptible to {ice, ballast, or
dragging equijment, and for more permanent installations & protective shroud
is recommended.

Past experience has shown that the Linear Yariable Differential Trans-
former {LVDT) offers exceilent performance characteristics for measuring
dynamic displacements. The LVDOT consists of a primary transformer winding
excited by & sinuscidal voitage of 3 to 15 volts ms amplitude, and a fre-
quency from 60 to 20,000 Hz. Two series-opposing secondary windings have
sinusoidal voltages induced in them by the primary. As the iron core of the
transducer s moved relative to the secondary windings, a larger mutual
tnductance (coupling) is induced in one relative %o the other, and & net volt-
age increase is produced from the device. The output voltage undergoes a 180
degree phase shift when going through the null {zerc) position Ref. [26]. A
fully-integrated version of the LYDT, called the DCDT, has built-in
high-frequency excitation and signal conditioning, providing the demodulated
direct-current signal at the output. This transducer provides a IC signail
directly proportiona! to the relative displacement of the core to the
transducer body. Output voltage levels range up to +20 volts full scale for
an excitation up to 30 volts OC {older models required both the plus and minus

voitage polarities). Typical DCOT specifications renge as follows shown in
Tlhte K‘E-‘u

K-106



TABLE K-5.4 TYPICAL DCDT SPECIFICATION RANGES

Freguency Response

¥orking Rance* (-3 a8} Linearity Ripple
[ 300 to 5UC Hz C.025 to 0.5%
U.10 to .25 115 to 500 kz 0.5% of to 1%
Uim to 2-“.!" Inﬂ io 11{3 H}'. THT} nf fu”
3.0 to 10" 50 to 75 Hz scale scale

*30 to 5U% overrange is typicel.

These trensducers are extremely rugged, with typical mechanical specifica-
tions allowing & wibration tolerance of 10 ¢ 8l 2 kMz, anc & survival shock
level of 25C ¢ for 11 milliseconds pulse duration. Therefore, the transducer
cen operate satisfactorily in the shock anc vibration enyiromment typical of
the reilroecd tie, but cannot be mounted directly to the rail.

Ks5.3.4 Noncontact Displacesent Senscrs

The purpose of this section is to present some preliminary design concepts
which iilustrate the overall system applicatior of noncontact displacement
sensors. It should be emphasized that the crawings presented are concept
Grawings only and should not be considered az preliminary design drawings.

K-5.3.4.1 Basic Design Constraints and Guicelines

A properly designed wayside measurement system should not interfere with
routine maintenance operations or noticeably affect track structure character-
istics. Therefore, it is necessary tc identify those constraints which would
affect the design of such a system. The primary concern is with the basic
reference platform Structure and support pedestals.
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Figure K-5.14 shows & crib ares cross-section which would dictate the max-
imum reference platform beam size for a cross-beam design configuration. Per
discussions with TSC personnel, it appears reasonable tc a;low ¥ to equal the
crib width if necessary as long as H is less than or equal to the tie height
and avoids contact with the rail under loads.

The design constraints shich would be imposed by maintenance reguirements
are somewhat dependent upon a specific design configuration for a wayside
measurement system and the maintenance policies associated with special way
side equipment. For example, if & r-oss-beam were placed bejeath the rails in
the crib area, it would cbviously need 1o be removed during automatic temping
operations. However, depending upon maintenance policies, it may be permis-
sible to manually maintain or defer maintenance on selected crib areas. If &
cantilevered instrumentation mounting beam were utilized, & relatively small
portion of the outlying crib area would need to be disturbed.

One of the primary tasks which must be addressed in the developmant of a
waysice measurement system s the optimum design and location of the reference
platform support pedestals. This task wis nol within the scope of this
discussion. However, to establish guidelines for such a task, Figure K-5.15

was prepared based upon discussions with personnel at the Transportation Test
Center (TTC) in Puebio, CO.

The last guideiine considered in regard to the instrumentation support
structure is the degree of height adjustment which miy be needed. If some
type of semi-permanent installation is contemplated, it should provide height
édjusiment capability. Per discussions with TSC personnel, 2 total hefght
adjustment of 2 inches should accommodate normal subgrade settlement.

K.5.3.4.2 Instrumentation Mount ing Beam Concepts

Selection of the best finstrumentation mounting beam configuration and

support structure is dependent upon the intended appiication as well as upon
the optimum location, etc., of the Suppert pedestais. [f portabil ity it of
prima;y concern, then a configuration which minimizes installation disturbance
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of the track structure is very important. On the other hanc if a measurement

system is being considered for a semi-permanent installaticn, then the initigl
installation requirements are not as critical.

Selection of the best instrumentation support beam configuration cannot be
mide until a detailed design and analysis study has been performed. A trade-
off study is needed which includes & vibration analysis of the various design
configurations based upon realistic vibration environments and representative
soil/ballast conditions. Two basic instrumentation mounting beam configura-
tions are discussed
below.

K.5.3.4.2.1 Singie Cross Beam Lonfiguration

This approach would utflize & cross beam bencath the rails supported by
two pedestals located in the vicinity of the ballast shoulder. If & metal
beam were used, one end of the beam wuld be restrained in &1l thres
orthogonal axes and against rotation abouc the beam longitudinal centerline.
The opposite end would be atiowed te float in the direction of the beams’
longitudinal axis to prevent excessive thermal expansion forces from being
transmitted toc the pedestal. Height adjustment of the beam could be
éccommodated by the use of shims which would be placed at the pedestal to beam
interface. Some type of trough would most likely be required to fsolate the

Cross beam, to aid instailation, and to minimize the loss of ballast support
for the adjacent ties.

If a suitably designed composite beam were utilized as depicted in Figure
K-5.16, then thermal expansion effects would be fnsfonificant such that a
“floating end” could be eliminated. As shown in Figurc K-5.16, four degree of
freedom alfgrment units (f.e., swivel mount wicth & vertical lead screw adjust-

ment) would be wtilized to facilitate set-up and adiustment of the measurement
system.
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K.5.3.4.2.2 Cantilevered Beam Configuration

A potential problem with the cross beam configuration mentioned above is
the need to remove a good portion of the ballast in the crib area and the
somewhat limited access arez which results.

A second mounting beam configuratfon is shown in Figure K-5.17. This
approach would utilize two cantilevered mounting beams on the field side of
each rail. The main advantage of this approach is the minimal disturbance of
the crib area due to installation of the mounting beams. A disadvantage would
be the added complexity and cost associated with two separate mounting beams.
In 2zddition, the calibration requirements for this configuratio. might be
somewhat more invelved. The cantilever approach could, however, lend itself
to & completel; portable system for short term, dynamic tests in that the
support pedestals could be designed to be portable (e.g., the pedestais
wuld consist of stackable “dead-weights® installed at grade with minimal site
preparation).
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K.5.3.4.2.3 Use of Composite Materials

hs shown in Table K-5.3, the accuracy requirements for the type of measure-
ment system under study are quite stringent (e.g., 5% displecement accuracy).
3uch requirements present some challenging design problems in terms of the
reference platform support structure. Uf special concern are the adverse
effects of thermal expansion and ground vibration.

A very promising design approach is to utilize a speciaily formulated com-
posite material to fabricate the instrumentation support beams. This rela-
tively new composite has 2 nesr-zero coefficient of thermal expansion and a
high modulus of elasticity. The material thus combines excepticnal dimen-

sfonal stability over a wide temperature range with unusually high st-ength
and stiffness.
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The composite consists of graphite fibers and glass fibers in a plastic
resin matrix. The graphite fibers have 2 negative coefficient of thermal
expansion, and the glass fibers and resin matrix have & positive coefficient;
that is, the graphite contracts and the glass and resin expand as the tempera-
ture increases. Wnen the materials are combined in the proper proportion,
they produce & nearly thermaliy-inert composite material. The final product
is only three-fifths as dense as aluminum, yet has an elastic modulus of 18 to
24 million psi.

Personnel experienced in composite materials and fabrication have reviewed
the application requirements associatod with & wayside measurement system and
agree this would be an excellent application for composite materials. Results
of & preliminary engineering study for a 14 ft. composite cross beam as shown
in Figure K-5.16 and an § ft. cantilever beam (Figure K-5.17) show that the
weight of the beams themselves would be approximately 35 Ibs. and 20 1bs.
respectively. Due to the high strength to weight ratio of these materials, 1t
15 estimated that the beam natuyral frequency, including sensor modules, would
be in the neighborhood of 200 Mz or better.

K.5.3.4.3 Sensor Modules

As discussed in Section €, three displacement transducers are required
(per rail) to determine rail translation and rotation 1n 2 vertical plane

perpendicular to the longitudinal rail axis, and a fourth transducer is needed
to obtain longitudinal rail deflection {per rail).

A besic requirement associated with the sensor triad used to derive rail
section vertical/lateral translation and rotation is the need to locate & pair
of sensors relative to the same target surface which is at a right anglie to a
second target surface seen by the third sensor.

To optimize noncontact sensor performance, clamp-on aluminum rail targets
would be utilized as discussed in Section K.4.4.4. Therefore, the actual
Tocation of the sensors is dependent upon the final design configuration of
both the target and the instrumentation reference platform. The overall
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objective is to design 2 singie sensor module which could house up to 4

different transducers. [f properly designed, one “standard® sensor module
could be used at any measurement focation.

Figure K-5.18 15 a concept cdrawing of a candidate sensor module. Up to &
individual eddy-current type trensducers could be mounted in the module such
thet 3 gifferent orthogonal target surfaces could be monitored. To properly
install the sensor module and al ign it with the target, six adjustment degrees
of freedom are required. These adjustments would be obtained 25 indicated in

Figure K-5.18. Certain coarse al igmment adjustments would be made during the
initial installation of the support beam.
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K.5.3.4.4 Targets

Although these sensors can certainly operate under a wide varfety of
conditions, eliminating certain adverse affects due to target varfations has
several distinct advantages. One of these is the potential elimination of
transducer calibration. If identical targets are utilized, & measurement
system {i.e., transducer, cable, and electronics) can be initially calibrated
and then successfully utilized in different test setups without recalibration
as long as the same identical system components are used. Another significant

advantage of course is the elimination of terget geametry and surface irregu-
larities.

Fortunately, a wayside measurement system lends itself quite nicely to the
use of attached targets. In the case of rail measurements, & conceptual rail
targel such as shown in Figure X-5.19 would be used. The target would be
designed to accommodate 11SRE to 140RE rai}. Such a target could be easily
attached or removed from a2 rail in several minutes. For tie measurements, a
simple 3-sided aluminum target such as shown in Figure K-5.20 would be used.
The tie target would either be attached with screws or glued in place depend-
ing upon the type of the tie being measured (i.e., wood or concrete).

K.5.3.4.5 Support Pedestals

More detailed anslysis and possibly come field testing is required to
determine the optimum placement and design of the support pedestals.
Basically two pedestal configurations can be considered, one for permanent
type installations and another for portable installaticns. In terms of a
permanent or semi-permanent installation, the following tradeoffs and design
considerations need to be made:

o Fabricate (“pour™) on site or utilize pre-cast, “drop-in-place”
pedestals

o One plece design or a tweo piece design which could be partially
removed to accommodate major track maintenance
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FIGURE K-5.19 CLAMP-ON RAIL TARGET (CONCEPT DWC)

FICURE K-5.20 TYPICAL CROSSTIE TARCET
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¢ Design techniques for vibration {sclation {e.g., Styrofoam casing,
shock mounts, etc.)

) Optioum depth and placement relative 10 the rafls

Figure X-5.21 shows 2 modular "building-block" approach which would result
in & very portable instrumentation system. Each support pedestal would be
comprised of a suitable stack of “building block™ units which would interlock
when assembled. Coarse height adjustment would be controlled by the number of
pedestal modules utilized. Fine adjustment would be accommodated in the 4-DOF
alignment unit as shown in Figures K-5.16 and K-5.17.

FIGURE ¥-5.21 PORTABLE PEDESTAL CONCEPT
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i.5.3.4.6 Discussion of Installation and Calibration Procedures
—_— T g7 ’eon and Lalibration Procedures

Detafled installation and calibration requirements are quite dependent
upon the finai design configuration utilized and the particular maintenance
procedures which would be associated with a given test site. However, some
general procedures are discussed below.

K.5.3.4.6.1 Support Beam Installation

Assume a portable instrumentaticn System as depicted in Figure K-5.21. &
general procedure for installing the support pedestals and instrumentation
mounting beam would include the following:

1. Prepare “"at-grade™ pedestal locations.

2. Build-up suitable pedestais using interlocking pedestal block modules.

3.  Place instrumentation Support beam on pedestals and adjust aligrment

units to properly position the beam. Rlign each cantilevered

mounting beam assembly with both the track and each other.

K.5.3.4.6.2 Sensor Module Installation/Calibration

Having fnstalled and adjusted the support beams, the necessary sensor
modules would be éppropriately mounted and adjusted as follows.

I.  Loosely install the sensor module/subbase units
2.  Install suitable sensor targets (f.e., rail or tie)

3. Insert an installation gauge block(s) between the noncontact displace-
ment gauge faces and the corresponding target surface.

4. Utilizing the 6-DOF ddjustment capability obtained by loosening the
sensor module mounting bracket clamping bolts, the subbase mount ing
boits, and the sensor module swivel head {see Figure k-5.18),
position the sensor module tightly against the installation gauge
biock(s) and tighten all the mounting and adjustment bolts.
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5. As discussed in Section K.5.3.4.4, calibration of the sensor modules
may not De necessary if the units have been previously calibrated
with the {dentical electronics and cables being used. If ft s
necessary or desirable to calibrate the installed sensor modules, &
complete end to end calibration can be quickly performed utilizing a
set of aluminum calibration gauge blocks.

K.5.3.4.7 Measurement Methodology

In the design of a wayside instrumentation system, it is necessary to
tonsider the measurement methodology which would be uted for both short-term
and long-term mecsureme~ts. Basically the question to be addressed concerns
the tecnods to be employed for obtaining both dynamic and static {long-term

change) measurements. A proposed method for obtaining dynamic and static
measurements follows.

K.5.3.4.7.1 Dynamic Measurements

Dynamic measurements would be made utilizing sub-arrays of noncontacting
displacement sensors. Each sensor module would be appropriately mounted to 2
reference platform or beam and aimed so that each sensor in the module would

see one of three orthogonal target surfaces such as shown in Figures K-5.19
and k-5,20.

The orthogonal plate targets would be affixed to each rail and to the ties
&8s required. Since these sensors would be used primarily for dynamic test
data, there is no need to reference the sensors to universal survey benchmarks.

£.5.3.4.7.2 Static ;Lugtfer:} Measurements

R proposed method for making long-term static measurements is to utilize a
precision dial depth gauge in conjunction with a survey-to-benchmark tech-
nique. The sensor modules could 2ither be replaced with & gauge block device
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as shown in Figure K-5.22 or they may possibly be designed to incorporate the
necessary calibration functions as part of the basic sensor module. Moles in
the gauge block would provide guides for & dia)! depth gauge. The depth gauge
would be usec to determine orthogonal distances from the target surfaces to
the gauge block reference face. The static measurement system would be de-
signed to duplicate the measurement locations used for dynamic testing. There-
fore, the same coordinste transformation or data reduction scheme developed
for dynamic measurements could be used for the static measurements.

/72— POSITION AFTER LONG-TERM
| '_H_;rﬂ'gfg SETTLEMENT (ETC)
T 7. £
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/-tmzzzzz#t::m—amcmt POSITION
TARGET
g:::::
I '
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=== I:‘“‘"‘; BEAM (REF)
0 :
BOLTON — | - = |
GAUGE BLOCK ur—l -5
{REPLACES X
SENSOR MODULE]

DIAL DEPTH GAUGE

FIGURE ¥-5.22 JONCEPT DWC OF GAUGE BLOCX CONFIGURATION FOR LONG TERM
MEASUREMERTS
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To assure that repeatable long-term measurements can be made even with the
removal and re-installiztion of the instrumentation mounting beam, suitable
survey benchmarks would be incorporated in the design of the mounting beam or
the sensor modules. 1f field benchmerks are provided, then survey-to-bench-
mark measurements can be made to provide accurate long-term measurement
capabiiity.

£.5.3.4.6 Conversion of Noncontact Sensor Outputs to Standardized Raii Measure-
ments

When utilizing noncontacting displiacement sensors, it 1is necessary to
correlate the basic platform referenced transducer outputs into standardized
rail displacement measurements. Although this conversion process may appear
complex, it can be easily implemented as part of the data processing software
and has some very distinct advantages. The measurement correlation technigue
as discussed below utilizes & sensor triad which allows the motion of any
point on the rail cross section to be derived from only 3 fixed displacement
measurements. Furthermore, this measurement scheme inherently compensates
for cosine type kinematic errors. The messurement and analysis procedures for

correlating noncontact sensor outputs to standardized rail measurements are
discussed below.

K:5.3.4.8.1 Description of the Problem

The basic problem associated with <orrelating & set of noncontacting dis-
placement transducer measurements into useful or standardized rail displace-
ments can best be described by referring to Figure K-5.23. The bold arrow
heads as shown in the figure denote the fixed noncontacting displacement
sensor locations. Since these sensors are fixed to the reference platform,
they can be assigned 2 set of "platform" coordinates as denoted by (Z, ¥} in
Figure K-5.23.
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The object or target being measured by the sensor triad shown in Figure
K-5.23 is the rail section (or affixed rail target). Since the rail section
is free to rotate and translate relative to the reference platform, it is
convenient to assign it & separate coordinate system (¥, Z) as shown.

The correlation problem can now be stated as follows:

Given & set of 3 displacement me2surements in platform coordinates [
(Pa, Pb, Pc), deteimine the platform coordinates for an arbitrary point P'
given in rail section coordinates.

A technique for monitoring any point on & rail section utilizing 3 noncon-
tacting displacement sensors ‘< presented below. A basic requirement associ-
ated with the sensor triad is that 2 of the 3 sensors be Tocated relative to a

target surface which is orthogonal to another target surface seen by the third
sensor.
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K.5.3.4.8.2 Derivation of Correlation Equations

The basic analysis steps are as follows:
Calulate Rail Rotation

®ith reference to Figure K-5.23, rail rotation can be derived as below

f= ttn'l-&ﬁg

Celculate the Perpendicular Distance Between a Vertical Target Plane and 2
Point on a Horizontal Target Surface

From the "point-slope” equation of & straight line:

z-z, = = Er-Yﬁ}

=

i

{(v.z)

{?at ID}

and the slope of the line is:

t—:n

¥,

= -

The equaticn for a straight line can alsc be sritten in
the familiar form below:

Ay * Bz + C = 0
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Hence it can be shown that the perpendic=lar distance
(d) from any given point {30. z,) to & line can be

expressed in terms of ¥o+ 2, a0d the coefficients A, B
and C as given below:

(s ]

iﬂyn + Bz, + Ci

A"+ B

Then in terms of the rafl base sensor triad, the following equations can be
written with reference to Figure K-5.23,

The siope of the target vertical surface is:

where:
Kﬁ = constant {fixed vertical reference - Sensor A)
KB = constant (fixed vertical reference - Sensor 8)
Ko = constent {fixed lateral reference - Sensor ()
A = Sensor A output
8 = Senscr B output
€ = Sensor C output

Taking {:n. 1nj 45 the current target position as seen by Sensor B and
i¥,2) as the current target positicn seen by Sensor A, the equation for 2 line
pessing between the target intersections of Sensors A and B is:
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I s NP
z - Kg A-B

ar
(Eifﬁﬁ}r + (B=-A)z + EKBJ-Ilﬂ} = 0
50
A= Kﬁ-Ka
B = B-A
C= IB;HK*B

Now substituting the following constants into the equa-
tion for d using

Yo = K¢
30 =
4 o KEiKg)Kg ¢ (B-AC + (KGA-K,B)|
J x,-k5)% + (8-0)%
or
4o XaFg = Kg¥c * BC - AC ¢ Epd - KB

z B P
q (k2-2K K _+k2) + (B2-24B+4",

letting “1 - :ﬂ“E - ‘EEC

. 2
snd K, (K3-2K,Ro9K5)

¥e obtain an expression for d in terms nf geometric
constants and gensor outputs:

K, + C(B=-A) + AK; - BK,

1

d = ——
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Calculate the Origin of the Rail Section Coordinate System

Let Pﬁ denote the origin of the rail section coordinate system as shown in
Figure k-5.23 and Fc the current target location for Sensor C.

By inspection:

Pu{?n‘zg} - PC{YC+5Y,ZC+¢Z}

where

Az
]
Pc-f'

&Y

From sbhove
{IL = fixed distance between side of

L= KL - d rail target and vertical § of rail)
then

LY = Lcos$

4Z = Lsing
S0

P, = P_(Y_, + Lcoss,Z, + Lsing)

K-126



Determine the Location of any Selected Point on the Rail Section Formation

Once the rail section coordinate system origin is known, any poini on the

rail section can be located in platform coordinates by performing & simple
rotation transformation as follows:

[ 5 B % E

¥y cos§ - si e
-

31 singé + co zy + zn

where:

P;(?l.zz} = Current postion {in platform coordi-
nates) of & predesignated point on the
rail section

P;{yl,zz} = Location of predesignated point on rail
gsection {(in rail section coordinatesj.
These would be “geometric constants”
input prior to data processing.

Pu(fn,ln} = Current location of the rail se-tion
coordinate system origin. {fn - ?c +
Leosg), (I, = Z_ + Lsind)

The above derivations result in easily impiemented egquations which will
convert the platform mounted noncontacting sensor outputs into piatform
related detlection measurements for any pre-seiected point on the rail sec-
tfon. Having obtained the platform coordinates for selected points on the
railes, standard track displiacements can be readily obtained either directiy or

by the sum and difference of appropriate measurements {e.g., dynamic gauge
widening).

This correlation process could be done either directly on-line during data
acquisition or off-line as & post-processing procedure. Figure X-5.24 shows &

K-127



USER
INPUTS

& MERS. POINT
COORDINATES

& DATA RIDUCTION
FORMATS

:

COORDINATE
?:gg?: A/D - TRANSFORMA-

S Ti08

DERIVE
PLATEORM
CODRDINKTES
FOR DESIRED
HMEAS POINTS

CORRELATE BASIC
DISPLACEMENT
MEASUREMENTS

TO STANDARD
FORMATS

VERT RAIL HD. DISP.
LAT. RAIL HD. DISPL.
LOKG. RAIL DISPL.
DYNAIC GAUGE

LAY RAIL BASE DiIsrL,
TIE mMOTiONS

TRACK mMODULUS

RAIL LOADS

l

DATA ANRLYSIS/DISPLAY

$ STATISTICAL ANALYSIS
# SPECTRUM ANALYSEIS

# FILTERINRG

& TREND REMOVAL

& ENGR UNIT COnY

€ DISPLAY PACKAGE

FIGURE ¥-5.24 TEST DATA PROCESSING & AMALYSIS

K-128



block ciagrem of a typicel data precessing procedure which would be utilized
with the mayside instrusentation concepl uncer study.

KoSalden.% Evaluation of Rail Lcacs Lsing Shear anc Displacoment Measurement
Systens

Ihe eppruach being taken to eveluate the feesibitity of obteinirg track
losss from treck cdisplacement measurements incluces a compariscn with the
conventicnal reil strein ciuge technigue.  The prebles wncer consiceration
therefere invelves the preciction of vertical end horizental rail forces using
a rail sheer strain swesurement wethod anc/or & rail displacement measuring
method. In orcer te obtéin & feeling for the significence of waricus treck
Systew verisbles upun these tw response pereseters, some initiel anzlytic
studies heve been underteken. Twe enalysis metheds have been applice: (1] the
classic beam on elastic foundaticn selutions, end (Z) & linear clastic finite
elusent mocel which incluces ciscontinuous roil support cffects.

Ke5.3.4.%.1 Tethnicel Discuscion

The two kgasurement Systems uncer consideration rely on two cistinct ratl
response perameters: (1) rafl shear strain, (2) ratl cisplacement.

In the shear strain wethoe, strain couges are placed on the rafl ot
locations where bending an¢ torsional responses are either minimus or can be
otherwise accounted for. The resultant shear stretn Feasure, v, 15 related to
the rail shear force, Q, by the fcllowing linear relaticn {essuming elastic
responsej:

C = aAGy

where a = constant associated with the rail cross=section

A = area of rail cress section
G = shear noculus of rail material.

In practice, the (,v relationship is often determined by & field calibra-
tion of the treck system subject to known shear forces.
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In the rail displacement method, 2 serfes of noncontecting dispiacement
gauges would be emplaced in suitable proximity to the rail and direct {abso-
Tute) measurement of rail deflection would be made. The relations between
raii deflection and applied loading may be predicted analytically or by field
caiibration. The accuracy of this technique is of course dependent upon the
gauge referen~e platform being representative of & ground reference. If it is
not practical to build a reference platform which could suitably {solate
ground vibrations directly, it may be possible to compensate for these vidbra-
tions analytically utilizing accelerometers.

In the following subsectfons, the sensitivities of both rail shear and
rat! displacement to variations in track parameters using both the beam on
elastic foundation solution and & finite element track model are discussed.

Ke5.3.4.9,2 Beam on £lastic Foundation

The vertical deflections and shear response of a rail foundation system

based upon the classic beam on elastic foundation formulation s presented
here for reference.

= Py e P* (cosfX + sin 8X)
T85E1
P
Q= - -% o X cosfX
where:
g= J 5
qEl

m
]

rail stiffness parsmeter (Ib-in®)

vertical deflection of rail at any point (in)
shear response of rail (lbs)

v * single wheel load on rail {ibs)

distance from load point {in)

¢ = vertical track modulus {1b/in/in}

= -
o =T
] A m " N
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Consider first the vertical deflection of & rail subject to & one-wheel
truck loading condition. Rafl deflection under the wheel as 2 function of
foundation modulus and rail stiffress is shown in Figure K-5.25. It may be
observed that deflection is strongly affected by changes in foundation modulus
but is relatively finsensitive to changes in rail stiffness. The shear
response in the rail is shown in Figure K-5.26. 1t can be seen that ratl
chear is invariant with both foundation modulus and rail stiffness.

Next consider the more reaiistic condition of 2 two-wheel truck loading.
Rail deflection and shear may be obtained by superposition of the soiutions
presented above. The conditions studied assumed & constant wheel spacing of
68 inches, and & constant rail stiffress corresponding to & 132 RE rail
(El=2.65 «x wg}, The rafl deflections and shear as & function of track
modulus are preserted in Figures K-5.27 and K-5.28 respectively. Results are
shown for two rail locations: (1) dfrectly under one wheel, and (2] halfway
between the two wheels.

Figure %-5.27 again indicates & strong sensitivity in rail deflections 1o
change in track modulus. It is 2lso noted that with vertical track modulus
values less than about 600C 1b/in/in, the maximum rail deflection occurs mid-
way between the wheels. At higher modulus values, the maximum defiection
occurs under the wheels. Figure K-5.28 shows that the maximum shear occurs
under the wheels and the shear halfway between the wheels is zero, as could be
deduced from symmetry conditions. In addition, the induced rail shear under

the wheel s nc longer invariant with track modulus but shows a siight de-
crease in shear with increase in modulus.

The conclusion obtained from the one-wheel solution which pointed out the
advantages of strain measurements versus deflection measurement should be
modified somewhat based upon the two-wheel solution. Both strain and displace-
ment measurements show sensitivity to track modulus; however, the strain
method seems to be less sensitive than the displacement system, particularly
at low track modulus values. At higher track modulus values, both methods
show decreased sensitivity to modulus variation. It can also be concluded
that rail stiffness variation has relatively little impact on induced deflec-
tion or shear.
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Somg initial studies have e¢lso been performed for lTateral rail loeading
corngitiens using the bueem on elestic founceticn solution.  The work accom-
phishes toc dati is limtted to sensitivity studies for & sinole wheel truck
toecing. The Tetered reil leecing mecel incluces en egoitional coffect
effordec by rotetionel restraints from the ratl fasteners. ¥e define the rail
Tie down rotetionet stiffness by the parcmeter &

The cisplecement solutions for latera!l loading takes the following form:

=X
- PO {asinfX + fcos
7= T v e

(@™ +g")

u K
: - i =
whers: o J iEr Y I

i I

Y = latersl rail deflection (in)}
P = lateral load {(1lbs)
X = distance from lateral load point {in)

El = lateral rail stiffness paraceter
{1b=1in")

u = lateral track modulus (1b/in/in)

Kb = rail tie down rotational stiffness
{1b/rad)

A coerresponding equation for rei! sheer may &lsc be cerived.

The syste: paramelers cre as cefined gpreviously, however it should be
remebered thet the loteral treck mdulus Y will in gereral have & tuch lover

numerical value then the wertical track modulus.  Similarly, the rail stiff-
ress 35 in the leteral direction énd incluces the sum of both rail inertias.
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Figure ¥-5.29 presents the Tateral treck deflection under the wheel for
the cohe-wheel truck Iceding aos a function of laterel track mocdulus {uL},
fastener rotationel stiffness {Eﬁ}, and two differvat rails; 132 RE enc 115
kt. U is cbserveu thet the rail ceflection egéin is strongly dependent upun
lateral treck mooulus but is only weelly dependent upon rail lateral stiff-
ress. In edoition, the reil tie dean rotetional stiffress, K, 1s elsc sen
to hieve o strong Influcence on reil deflection. Rail shear is shown in Figurc
R=5.3U. For the one-wheel truck leoding, reil sheor 1s scen 1o be invertent
with lateral track mcdulus, tie down stiffness ond rail stiffpess. From this
solution, wt Ccon Orew the same tentelive conclusion reeched everlier -- rail
shear appeears luv be & beller response porametor than rail deflecticn since it
shows  much less sensitivily to the vartous syslelm parameters.  Bowever,
further studies involving two=sheel truck loading for lateral rail responsc
ére required to clarify these resuits.
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X.6.0 DATA SYNCHRONIZATION AND RECORDING

K.6.1 Introduction

Ove _: the prime requirements for the acquisition of test data is that
sufficient informatfon is reccrded so that a1l recorded measurements can be
correlated with each other in time and in position relative to the test site.
In order te properly fulfill this requirement, special equipment and
implementation schemes must be used. The type of equipment and scheme used
for a particular test is dependent many faciors fncluding the speed of the
test vehicles and precision reguirements for the data.

The following section presents severai :ynchronization and data recording
schemes that can be used for 2 varfely of test conditions.

K.6.2 Genera] Method

The method recommended for rocording and synchronizing ali data recording
instrumentation 1is based on correlating ground posit on and time
simultanecusly with the measurement data. The basic scheme is that ground
location reference points are generated by automatic location detectors (ALD)
and time reference points are generated by time generalors. A1l data,
reference informstion and measurements, are recorded simultanecusiy in
real-time on chart paper or magnetic tape. The tape and/or chart piper speed
is run at & constant known speed. The time and position reference data is
entered on recorder channels dedicated specifically for date synchronization
purposes. Figure K-6.1 shows an example of such & recording.
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FIGURE K-6.1 TEST DATA EXAMPLE

Using the scheme described above, the following reference and
synchronization information can be derived:

1. absolute ground position

Z. relative positions of ground location and vehicle

3. distance between points within the test site

4. relative time between events

5. average speed between specified ground locations

6. average acceleration/deceleration between specified ground locations
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K.6.2.1 Ground Location

The boundaries of test zones or specific instrumentstion locations of the
test track is marked using Automatic location Detectors (ALDs). The locatieon
information generated by the ALDs is used to correlate reference position
between wayside and cnboard instrumentation. In test where only onboard data
is recorded, onboard ALD sensors (receivers} and wayside targets are used.
The passing of the vehicle {sensor) over the target attached to the track,
generates 2 reference signal shich is used to correlate date generated onboard
with the ground location. In tests where only wayside data is collected, the
targets are atteched te the vehicle and sensors are installed at the ground
location. In tests where both wayside and onboard data is recorded, a
combination sensor/target station is used. {See figure K-6.2). Each
sensor/target station contains a sensor and & target within the same unit.
When two stations pass each other, simultaneous positions reference signals
ére generated at both the onboard and wayside recording stations.

In tests whers only wheel position is required, wheel locators {counters)
can be substituted for ALDs. In these tests the wheel counters are positioned
&t the exact position of the measurement location. The arrival time of the
measurement date and the sensor position is then correlated, one to one.

K.6.2.2 Automatic Location Detection Devices

Two types of automatic Tocation detection (ALD) devices are commonly used
in vehicle/track field tests. These are, 1} electromagnetic devices and 2)
optical devices. Each has characteristic performance features that best suit
their used in specific type tests.
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FIGURE X-6.2 ALD SENSOR/TARGET STATION
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K.6.2.2.1 Electromagnetic ALD

The electramagnetic ALD is basically & metal detector. The ALD device is
made up to two basic components, 1) @& metal sensor and 2) 2 metal target.
Lonventionally, the sensor is installed on the test vehicle and the target is
attached to a track location. This arrangement it used on tests where ground
locations are recorded on onboard recording systems. In wayside tests where
position of vehicie relative to ground position the target is attached tc the
vehicle and the sensor is attached to the track.

The electromagnetic ALD can also detect certain types of track structures
such &s switches, crossing diamonds, etc. as well as metal test targeis. For
tests such &s track geomelry surveys covering long distances where track

features {structures} provide good ground location marks, the electromagnetic
ALD is commonly used.

An optical ALD device is made up of an optical transmitter/receiver unit
and a target(s) that reflects light. The transmitter and receiver are
contained in & single enclosure and occupy adjacent locations. The basic
methoé of operation for the device i that the transmitter sends out 2
continuous narrow beam of light that is reflected back to the receiver when
the 1ight beam intercepts the target.

The primary advantage of the optical ALD over the electromagnetic ALD is
the time response of the technique. Optical ALDs are reconmended for high
speed tests where high time resciution are needed. Also the aligmment of the
sensor to target requirements fs not as eritical for optical ALDs.
Electromagnetic units require that the sensor pass within 2 few inches of the
target.
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K.6.2.3 Time Reference

Three methods are recommended for generating time references for data
synchonization and/or post data amalysis. The method used is primarily
determined by time response needed. These are: 1) time code generators, 2)
time clock and, direct analysis of time markings on the recordings.

K.6.2.3.1 Time Code Generation

The use of time code generators is recommended for generating time
references when a test requires the recording data from high speed tests where
fast time response is needed. The basic function of & time code generator fis
to generate time reference signals at specified time intervals {frequencfes)
varying from functions of seconds to hours or even days. Each time signal is
coded in a way that can be identified at a 17ier date and the exact time at
which the signal was generated can be determined. Another important function
of the method is that specific time event can be found on a tape by passing
the tape through & tape reader. The tape reader automatically scans the tape
at high speeds and stops at the time position that has been entered into the
reader. This function is particularly useful for post-test analysis of tapes
that contain data from high speed test where large amounts of footage are
generated.

K.5.2.3.2 Time {locks

Time clocks are recommended to provide time reference signals for medium
to Tow speed tests (0 to 35 mph). The recorder used for tests covered in this
speed range is either magnetic tape or paper chart recorders. Time clocks
generate time marks at selected intervals (frequencies) that are recorded,
along with the in- oming measurement data, on the tape or chart paper. The
time marks are single pulses and are not dittinguishable from each other. In
post analysis of data, time/locetion points are determined by counting the

number of marks from & single reference point and multipling the number by the
time rate of the marks.
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K.6.3 Data Recorders

Two standard methods are used to record test data. These are multichannel
paper chart and magnetic tape recorders. In general, magnetic tape recorders
are used for recording data at all rates {slow and fast) where as chart
recorders are limited to recording dataz at low rates. For both methods, the
recording speed {inches/sec., mm/sec} is known and kept constant for each test
run. It is important tc calibrate the recording speed and to know it
corresponds with the time resolution needed for the test. At lTeast one channei
is reserved for recording synchonization information. This information should
include ALD marks and timing pulse which are recorded simultaneously with the
measurement data.

K.6.3.1 Magnetic Tape Recorders

Magnetic tape recorders provide the widest range of wutility of all
recoréing devices. Tape recorders are manufactured by 2 number of companies
and are available to cover & wide range of performance. In general, tape
recorders can record at a high data rate and as & result have good time
resolutfon characteristics. Recorders are available to record either amalog
or digital data. In most cases, analog datz can be recorded directly from the
sensor{s) whereas analog-to-digital converters are needed to make digital
recordings.

Une of the major disadvantages of tape recorders is that additional
equipment 1s need tc monitor test results in real-time and/or to calibrate
sensor/amplifier combinations to insure that signals are within recording
range. Chart recorders and oscilloscopes are typicaily used to monitor tape
rer rder operations.
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K.6.3.2 Chart Recorders

Chart recorders are manufactured with 2z wide range of performance
characteristic and capabilities. 1In general, chart recorcers are limited in
data rate acquisiton and overall time response and are used for medium to slow

speed tests. Chart recorders provide an good means for both real-time viewing
and post-test data analysis.

£.6.4 Instrumentation Selection Guide

The following section provides guidelines to aid in the selection of
instrumentation for the synchronization and acquisition of data generated in
field tests. Several instrumentation schemes are presented and recommended
for use with specific test scenarios. Table X-6.1 is presented for use in
selecting instruments for various types of test performed at & variety of
speeds and conditions. First the appropriate scheme {s selected depending
upon the users test requirements from the table. The user then goes toc one
of the following sections for detailed information to aid in the selection of
equipment and general application.

TABLE K-6.1 INSTRUMENTATION SELECTION GUIDE
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K.6.4.1 Scheme #1 - High Speed Wayside/Onboard

Scheme #! is & data recording and synchronization design for high speed

tests where data is generated cimultaneously at both onboard and wayside
stations.

The time resolution for this scheme is in the range of one (1)

millisecond and distance resolution of six {6) inches at 120 mph and three (3)
inches at 60 mphs.

The time resolution is limited primarily by the bandwith of the recorder
and the distance resolution is limited by the response of the ALD. The
sensors recommended for measuring dynamic parameters have an upper limit
frequency response of 100 Hz. Recorders with 2 bandwidth of 1 to 2 MHz are
adequate for recording the sensor outputs and the ALD position devices.
Recorders with wider bandwidth, are not needed.

A schematic of the instrumentation package is shown in Figure K-6.3. OUne
complete instrumentation package is needed for both the onboard and wayside
station. Only one time code reader is need for post-test analysis.

TiMr coDE MONITOR
CENERATOR POLTE- [aSCILLOSCOPE
{HARNEL AXD/OR CHARY
TAPE RECORUER)
] ROER
ALD RECORDE
QUTPUTS
SYNCHRONTZED
DATA
MEASUREMENT
DATA

FICURE K-6.3 SCHEME 1 - HIGH SPEED WAYSIDE/ONBOARD
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K.6.4.2 Scheme #2 - Medium Speed Wayside/Unboard

Scheme #2 1s designed to record and synchronize datz at medium to low

speed tests where data is generated simultaneously at both onboard and wayside
stations.

The time resoiution for this scheme is approximately ten {10}

miiliseconds and the distance resolution is approximately 2 finches using
optical ALDs at 35 mph.

A schematic of the instrumentation package is shown in Figure X-6.4 One

complete instrumentation package is needed for both the onboard and wayside
station.

TIME CLOCK

MULTE-

CHANNEL

CHART SYNCHRONIZED

DATA

] WHEEL SEXSOR

| RECORDER

MEASUREMENT
DATA

FIGURE K-6.&4 SCHEME 2 - MEDIUM SPEED WAYSITE/ONBOARD
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K.65.4.3 Scheme 3 - Low Speed Wayside/Unboard

Scheme 3 s designed to record and synchonize data generated at low
speeds. The time resolutfon 1, dependent on the response of the recorder and
the distance resolution on the chart paper Sspeed.

A schemetic of the instrumentation is shown fin Figure K-6.5.  One
complete finstrumentation each package is needed for both the onboard and
wayside stations.

ALD OUTPUT
.. MyLTI-
\ SYNCHRONIZED
CHANKEL il
MEASUREMENT CHART
DATA

RECORDER

FICURE ¥~-6.5 SCHEME 3 - LOW SPEED WAYSIDE/ORBOARD
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K.6.4.4 Scheme #4 - High Speed Wayside

Scheme #4 as shown in figure K-6.6 is the same as Scheme #] except wheel
sensors are used in place of optical ALDs.

AlDs can be used if they are more convenient, but wheel sensors are
easier to install and adjust and are less expensive. The time response and
iocation resolution are the same as those described for Scheme #1.

TIME CODE MOXITOR
GENERATOR {0SCILLOSCOPE
AND/OR CHART

- MuLTI- RECORDER)

CHANKEL

| WHEEL SENSOR -

| recoroer SYNCHRONI 26D

DATA

MEASUREMENT
DATA

FICURE K-6.6 SCHEME &4 - HIGH SPEED WAYSIDE
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K.6.4.% Scheme #5 - Medium Speed Wayside

Scheme #5 as shown in Figure K-6.7 s designed for use in tests where
dats is coliected only at wayside at medium speeds. The design is similar to
Scheme #2 except wheel sensors are recommended to replace ALDs to locate
vehicle position. ALDs c2n be used, but are more difficult to operate and are
more expensive. The time response and distance resclution is the same as that
described in Scheme #2.

r
TIME CLOCx
MULTE-
CHANNEL
| WHEEL SENSOR CHART SYNCHRONIZED
P DATA

RECORDER g

MEASUREMEINT
DATA

FICURE K-6.7 SCHEME 5 - MT™DIUM SPEED WAYSIDE
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F.5.4.6 Sechme #6 - Low Speed WNayside

Scheme & as shown in Figure K-6.8 is designed for low speed, low data
rate tests where rdata 1s recorded at 2 wayside statiorn. The time resolution

is dependent on the response ¢f the recorder and the distance resclution on
the chart paper speed.

The design is similar to Scheme #3 but wheel sensors are recommended in place
ot ALDs because they arc easier to operate and less expensive toc procure.
AlDs cen be used if it is more -onvenient.

WHEEL SENSOR —

CHANNEL

SYNCHRONI ZED
DATA

CHART
MEASUREMENT

DATA RECORDER

FIGURE ®-6.8 SCHEME ~ - LOW SPEED WAYSIDE
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K.6.8.7 Scheme #7 - Static High Data Rate Wayside

Scheme 7 as shown in in Figure K-6.9 is designed to record and
synchronize data generated by changing envirommental conditions or by applying
forces at stationary points on the track. This instrumentation package is
design to accept data at a high rate or inm special conditions where a data
recorder is used for technical convenience. In this scheme, the time
resolution of the recordings is limited by the bandwidth of the magnetic tape
recorder.

TIiME COOE

MONITOR
GEHS:nTﬂE MULTE 0SCILLOSCOPE
TIME CLOCK i AND/OR CHART
RECORDER
CHANNEL =
TAPE
MEASUREMENT RECORDER S?HE::?:IIEB
DATA

FICURE ¥-6.9 SCHEME 7 - STATIC,HIGH DATA RATE WAYSIDE
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K.6.4.8 Scheme #8 - Low Data Rate Wayside

ihe instrumentation recommerded for Scheme #8 as shown in Figure K-6.10
is the basic essential for recording &nd s:achronizing of data which is
generated 2t slow rates. A time clock can be used as & time reference but is
not necessary. Approximate time of ovents can be determined by simply
measuring the distance on the paper chart from the start of the recording to
the event and then dividing the chart paper speed irto the measured distance.

TIME CLOCK
{OPTIONAL)

MULTI-

CHANNEL SYNCHRONIZED

DATA

CHART

MEASUREMINT
DATA

1 RECORDER

FIGURE K-6.10 SCHEME & - LOW DATA RATE WAYSIDE
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¥.6.4.9 Scheme #5 - High Speed Onboard

The instrumentation recommended in Scheme #9 as shown in Figure K-6.11 is
for recording data generated by high dats rate tests and track geometry Survey
systems. For this type of data recording and synchronization, it is important
that & dats event related tc naturél track geometry or man made anomalfes can
be correlated exactly to the track location where the anomaly actually exists.
Elecromagnetic ALD sensors are commonly used to locate track features
{switches, turnouts, test targets, etc.} that are frequently used to reference
general locations on the track. Since the survey vehicles operate at speeds
up 10 B0 mph, the datz rates can be high ané the time response of the sensors
and data recorder must have & high frequency response.
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OSCILLOSCOPE
{OPTIDNAL}

MULTICHANNEL
TAPE RECORDER

T

SYNCHRONIZED
DATA

MEASUREMENT
DATA

TIME cLOCK
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DISTARCE
ROTARY ENCODER

SYNCHRONIZED

MULTICHANKEL DATA

CHART RECORDER

FIGURE K=6.11 SCHEME 9 - HIGH SPEED ONBOARD
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K.7 SPECIAL EQUIPMENT AND TECHNIQUES

This section covers special equipment and techniques not conventionally
used in the raiiroad industry due to their special application and/or recent
development and, therefore limited use. Section K.7.1. describes the design
and appiication of two portable track loading devices which are used to
measure lateral rail restraint in track. Section K.7.2 describes a unique
technique used to measure latersl truck forces indirectly by using intertial
measurements.

K.7.1 TRACK LOADING FIXTURES

Ke7.1.1 SYSTEM DESCRIPTION TRACK LOADING FIXTURE (TLF)

The Track loading fixture (TLF) is a toading device used to apply
vertical load and z lateral gauge spreading load to the rail heads of track
while measuring the resulting deflections. 1t is attached to a2 loaded hopper
car, and load deflection characteristics of the track are measured using the
hopper car tc supply the required reactive forces. It is a portable system
which can be transported by truck or air to site where tests are to be run. A
modification is available to allow lateral loading at the rail shear center.

The TLF consists of three major subsystems. These are (1) the loading
fixture, (2} the hydraulic system and {3) the electrical system. Figure K-7.1
ts a basic layout showing the Loading Fixture and Figure K-7.2 shows the
system with the modification installed.

K.7.1.1.1 LOADING FIXTURE

The load system has two 2-9/16 inch-diameter 10-1/4 inch stroke vertical
ioading cylinders which, with a 10,000 psi hydraulic system, can produce up to
51,000 1b of vertical load at each rail head. Inside of the toading fixture
is another 2-9/16 inch-diameter cylinder which will alse produce up to 51,000
it of iateral load with the 10,000 psi hydraulic system. The available
Tateral stroke is approximately 6 inches.
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TERTICAL ACTEATEN

BASIC LAYOUT OF TRACK LOADING FIXTURE

FICURE %-7.1

MODIFIED BASIC LAYOUT OF TRACK LOADING FIXTURE

FICURE K-7.2
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The clevis pins at each end of the loading fixture are strain gauge,
pin-type Joad cells which 2re used to measure both the wertical and the
lateral forces produced by the loading fixture. The orientation of these load
celis i3 such that angular misaligmment of the vertical cylinders does not
cause errors in the indication of either the vertical or the lateral loads.

K.7.1.1.2 HYDRAULIC SYSTEM

The TiF system can be set up to operste with one or two hydraulic power
supply pumps. To achieve optimum system performance, dual pump operation
should be used. In the event that one pump/engine unit should become inoper-
able, the hydraulic system can be reconfigured to operste adequately from &
singie pump with reduced performance. The pump #1 unit incorporates and auto-
mobile alternator to supply electric power for the rest of the system and 2
manual Z-way valve for flow control. The pump #2 unit has 2 reservior-moun-
ted, remote-controlled 3-way valve. If pump #2 fails, the system is cperable
using pump #1. If pump #1 fails,, pump #2 can be used, but an additional
electrical energy source will be required to keep the battery charged. This
electricity source can be & motor/generator set and battery ctharger or cable
Jumpers to an automobile charging system.

The dual pump hydraulic circuit includes the 4-way solencid valve. This
valve unloads the vertical cylinder hydraulic pump {pump #1) when no data are
being taken and provides fast advance for the vertical cyclinders. The Jway
remote controlled solenoid valve mounted on the lateral cylinder hyraulic
pump (pump #2) is used to control flow to the lateral cylinders. To control
loads, two DC motor actuated relfef valves are used. Other elements in the
hydraulic system are check valves used for safety purposes to prevent rapid
unioading in case of power faflure and needle valves used to control and
balance system flows.

Simple hose changes within the hydraulic control package allow change over
to the single pump circuit. In this mode of operation, critical needle valve
adjustments are required to balance system flows between the laters! and

vertical cylinders. Since supply flows ere reduced, the system speed per-
formance will decrease.

K-181



K.7.1.1.3 ELECTRICAL SYSTEM

The electrical system consists of transducers, signal conditfoning
circuits, control circuits, logic circuits, and power circuits. Transducers
included in the system are four strain géuge load celis to measure vertical
and lateral loads, and five cable driven potentiometers to measure rail head,
rail base, and gauge displacements. Stgnal conditioning for the strain gauge
load cells is done using commercially available instrumentation amplifiers.
Stgnal conditioning for the cable driven potentiometers {is hard wired
operational amplifier circuitry.

System loads are controlled by using the measured forces as indicated by
the strain gage load cells in a feedback control system to drive the DC motors
that actuate the relief valves in the hydraulic syt ems. Voltages are
supplied to these motors in such a wiy that the relief valves operate until
the desired load s obtained. Load Commands &re generated either manually
with 10-turn potenticmeters or automatically with integration circuits. Logic
is provided so that with either the manual or automatic control mode the
lateral command force cannot exceed the measured vertical force when in the
normal operating mode. For operating in the modified mode {where up to 10,000
Ib latersl lcads can be produced with no vertical loads) an override switch is
provided at the top of the control panel. Integrators and selector switches
ére provided to generate loads which can be increased and decreased in ramp
type manner with loading and unloading rates of approximately 500 1b/per sec.

Other features of the electrical system are over-trivel limits that stop
System loeding when rail motions exceed set Timits, battery powered operation

with recharging from the gasciine engine, and two X-Y-¥ plotters te record
forces and deflections.

The system is placed in shipping containers. To install the system the
ioading fixture is removed from its shipping container and «ttached to the
hopper car. The system should be installed with the TLF mounted toward the
end of the car with the brake rigging.
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Ke7.1.2 LIGHTREIGHT TRACK LCADIRG FIXTURE (LTLF)

KeZoleZel INTRUDUCTIUN

Reil restrainmt s & critical factor adich affects the safety or 2l
vehicles. hith inacdeguate rail restreint, whee!, rail locads cen cause rail
rollover ant sudden geuge widening which can result in train derzilment. In
orcer to ensure that the laster#i track strength is adeguate, & means for
medsuring the reil latera] rail restraint characteristics s regquired.

The feasibility of making these measurements was demonstrated by the
cevelopment and fielc tests with the Track Loading Fixture (TLF). The TLF was
& vesearch tool, and was not intended for frequert rouline use by track
inspectors. A “second generation® device was developed which was lightweight
#nd more cocnvenient to use that the TLF for routine track measurements. This
device, caliec the Lightweight Track Loading Fixture {LTLF}.

hed.l.¢.2 OERERAL DESCRIPIICH

The function of the LILF s to measure the lateral force appliec at the
ratl shezr center {i.e., center of "twist™] and the corresponding change in
track geuge. Lateral load is applied hydreclically with 2 hand pump and
cylinder combination which i3 mounted to an aluminum structure. The load up
to IU,000 prounds is applied to the rails through & pair of clevis-mounted
joacing shoes which are shapec to conform to the web ares of the rafl type
under test. The magnitude of lateral load is indicated by & pressure gauge
mounted to the pump, and calibrated to measure force. See figure K-7.3 for @
Tayout of the cevice aounted between the rails.

Gauge widening and absolute giuge are measured with & telescoping gauce
bar which is elso attached to the sluminum structure. The gauge bar s

spring-loaded so that it maintains contact with the rafl heads at the gauge
point throughtout the lasoding excerise. An electonic Qouge measurement system
i3 included in the LTLF as shown in figure K-7.4.
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The electronic gauge measurement system includes & Tinear potentiometer
mounted on the gauge bar. The potentiometer is excited by SV transistor
batteries, and its output s signal conditioned through an adjustable voltage
regulation circuit. The voltage output of the circuit is displayed on a
digital multimeter which is provided.

The system includes 2 trimpot which can be used to adjust the output
voltage to correspond to physical units {e.g. 1.75 volts = 1.75 inches). A
cenvenient physical celibration 1is provided by the gauge bar, which was
designed with & total range of 4.0 inches, and can be extended fuily when the
LTLF is not in the track by pumping the cylinder.

FIGURE K-7.3 LIGHTWEIGHT TRACK LOADINC FIXTURE

The circuitry and multimeter are mounted in small sealed case, which in
turn is mounted on the LTLF. An electrical schematic for the system is pre-
sented in Figure K-7.5.

A unique set of loading shoes is required for each rail type (shoes for
85, 100, and 132 1b RE rafl are provided with the LTLF). Single acting

ball-lock pins serve as the clevis pins for the LTLF, and provide a quick
means for interchangind the shoes.

A custom shipping case {s provided for the LTLF. This case is suitable
for safe air-freight transfer of the device.
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Safety features of the LYTLF include protective bars, which were designed
to prevent impact damage to the pressure gauge and electronics and nylon
insulators, which eleminate the possibility of electrical “shorting” of the
rail by the device.
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FIGURE K-7.4 SKETCH OF LTLF GAUGE BAR LAYOUT FOR ELECTRONIC GAUGE
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FICURE K-7.5 ELECTRICAL CIRCUITRY FOR CAUCE MEASUREMENT WITH THE LTLF

K-1€5



K.7.2 ESTIMATING LATEPAL TRUCK FORCE FROM ACCELERATIONS

K.7.2.1 DESCRIPTION OF TECHNIQUE

An &iterpative to the direct measurement of Tateral truck forces is their
estimation using the inertial measurements. Data from an array of acceler-
meters placed on the axles, trucks and carbody of a rail vehicle, can be
used, knowing the related masses and inertias, to calculate the dynamic [or
inertialj forces of each component. The algebraic sum of the lateral
component forces yields the net total truck force.

A simplified tllustration of the approach is shown in Figure K-7.6
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FIGURE E~-7.6 SCHEMATIC OF BASIC LOCOMOTIVE TRUCK FORCE MODEL
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The major advantage of this technique is of course low cost, when compared
with instrumented wheelsets and instrumented track for determining Tateral
dynamic truck forces. The technique fs alsc valuable in evaluating suspension
systems by fidentifying the contributions to lateral dynamic truck force from
the carbody, truck and axle masses.

TABLE X-7.1 SUMMARY PROCFDURE FOR LATERAL TRUCK FORCE ESTIMATION

1. Measure and record carbody lateral, carbody yaw, truck lateral and
sxle lateral accelerations (note: O-10Hz bandwidth and digital data
acquisition are recommended.} Mechanical isclators for accelero-
moter mounting are recommended.

2., FFT filter at 10Hz {or equivatlent} (pass 0-10Hz with no phase dis-
toration, at least 25 db attenuation at 10 Hz and above with no phase
distortion).

3, Calculate inertia forces from known masses and measured accelerations.

4. Sur forces to obtain net Tateral dynamic truck force.

5. Plot time histories of component inertia forces and net truck force.

6. Identify contributions to peak and RMS truck force from carbody,
truck frame and wheelsels.

K.7.2.2 SUMMARY PROCEDURES

The procedures for estimating netl lateral truck force are fairly straight
forward. {See Table X-7.1} The rigid body response modes of & typical rail
vehicle are below 10 Hz, between 13 te 5g peak yet the environment on board &
rail vehicle is filled with shock and vitration inputs of higher frequencies
{1004z and up) and higher force levels {100g and more). Only the rigid body
accelerations are of interest in estimating dynamic forces. Therefore, all
other accelerations are nofse and must be filtered out. To overcome the noise
probiem, & 50Hz mechanical filter, or isnlator mounting, is used to isolate
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the accelerometers from the major shock and vibration inputs. This reduces
the dynamic range required for the transducers however it does not eliminate
the noise. To eliminate it, the recorded cutput of the accelerometers must
also be filtered. The best choice here is an FFT filter applied at 10Mz to &
minimum of & 4 second time history. An FFT filter is applied by performing &
fast Fourier Transfer of the time series data. The real and imaginary
components are retained. The coefficients for &1l frequencies above the
gesired cutoff are set tc zero. An inverse FFT is performed using the re-
maining components. The result fs an “ideally™ filtered time series. An
inverse FFT is performed using the remaining camponents. The result is an
“ldeally” filtered time series. An FFT filter ciosely approximates an ideal
filter inh that it has no phase shift, it is flat in the pass band and Zzero
everywhere else (nearly). (Alternative fiitering should have about 25 db
attenuation above 15 Mz, and have a flat response with little or no phase
shift below 10Hz, to provide an acceptable signal to noise ratic}. The
interia forces are then calculated by multiplying the measured accelerations

of the cerbody, truck frame and axles by their respective masses and inertias
&5 shown in Equation.

Net Truck Lateral Force--Equation

n £ + 18
F = Hii !'i e cc’e chc e
where:

F, = Net Truck Lateral Force {lb)

E‘ = Mass ~f one axle ilb-lnczfin}

i.i = Axle "i* lateral ascceleration {(in’/sec?)

n = Number of axles in truck

My = Truck frame mass (lb-secZ/in)

Xs = Truck frame lateral acceleration {in/sec?)
1.. = Distance from carbody yaw center to truck center (ft)
ITC = Truck center spacing (feevr)

M. = Carbody mass tlh~:nc2;in1

iﬂ = Carbody latersl acceleration {1nf:t:1!

I. = Carbody yaw inertia {Ib—in—ttczj

B = Carbody yaw acceleration {rad/sec?)

K-168



The resultant forces are sumed to cbtain total net truck lateral force.
Plots of the time histories of the total and component forces should be
produced as an afd to analysis of the suspension system. The contributions of
axle, truck and carbody fnertia to peak truck force values can be readily
identified from the pluts. <alculations of the RMS values for each component
inertia force and the total inertia force over the entire time history are
also helpful in identifying suspension effectiveness.

K.7.2.3 LIMITATIONS AND SPECIAL REQUIREMENTS

Limitations and special requirements are summarized in Table kK-7.2. The
primary limitation of this approach is that friction forces are neglected.
Therefore, wheel and axle forces cannot be resolved. Wheel and axle forces
are significantly afiected by creep forces and center plate friction whereas
these effects are largely cancelled out when considering total truck forces.

Stgnificant attention must be given to filtering to obtain the low-level
tow-frequency rigid body acceleraticns from the relatively high level-high
frequency noise envircmment of & rail vehicie. For best results shock mounts
with & flal response 1o 50Hz are recommended for the accelerometers and 10H2
FFT filtering is recommended in processing the data. As a result of the 10 Hz
filter'ng, forces generated by wheel impact at misaligned joints are under-
estimated. However these forces are of very short duratfon and rarely con-
tribute significantly to lateral truck force to rail rollover.

TABLE K-7.2 SUMMARY OF LIMITATIONS AND REQUIREMENTS
FOR LATERAL TRUCK FORCE ESTIMATION

1. Friction/creep forces neglected.

2. Wheel and axle forces cannot be resolved.

3. Shock mounts are required for the accelerometers.

4. Digita) daté acquisitic~ and processing {s recommended.
5. FFT fiitering is recommended.

6. Impact forces are underestimated.
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Ke7.2.4 EXAMPLE

An gpplication of this technigue was performes Curing the perturbed track
teses in 1978, The prescribed suite of acceleratometers, with isclators, was
instellee on the cerbody, truck anc exles of an SCP-4CF six exle locomotive.
{Sec Figure K=7.7). The data was filtered end digitally recorded 2long with
force cote from three instrumented wheelsets in the ssme truck. [See Figure
K=7.8}. This direct measurement of net truck force enebled an evaluation of
the éccuracy of the estinmation technigque. Uverall the results shomec the
techinique to be up to SUS eccurate in estimeting filtered peak force levels.
Alsg & seionc lime historfes of the estimated totel truck force, from the
perturbec track test zones, showed ©eod agreement with those from the wheelset
peusurements.  (See Figure K-7.5) the results are shown for several cycles of
two aligrment perturbaticns, one with a T8 foot fundementel wavelength and &
suioms with & oY fout fundemintal wavelength.

Une of the test objectives was to icdentify the factors contributing to
excessive leterel truch forces which hed resulted in @ number of SOP-4CF
deratiments. Figure K-7.10 shows the relative contributicns of the carbody,
axle and truck frame inertiea forces to peak ang A™S net laterel truck force.
kithin the test section, the cerbogy inertia force (as the result of carbody
yéw activity) was founc tu significently dominate the overall response. These

results feec to further investigation of tue dynamic characteristics of the
seLonary SusSpension system.
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SECTION L
DATA MANAGEMENT

L.l INTRODUCTION

There are many different approaches to data management for
any particular combination of test requirements. This section,
however, outlines the regquirements for an overall data management
concept for Vehicle/Track Interaction Assessment Techniques
{IAT). This annotated outline will highlight the points needed
for the user so that he can fill in the details of an approach
which is optimized to the specific requirements, equipment, and
facilities available to him.

L.1.1 Data Management

The management of data in any test is a critical element of
the test. It must be taken irto account from the carliest stages
of planning and throughout the whole process of test planning,
execution, and analysis. Data management provides for possible
later use of test data in ways not considered until perhaps 1long
after the test has been completed. Good data management practice
is essential to assuring the validity and credibility of test
results. Data management, if not practiced properly, can
increase costs unnecessarily by requiring Lests to be repeated
because of lost, questionable, or unrecorded data or by requiring
more data to be acquired and processed than is necessary.

Data management requires a seemingly inordinate attention to
details but that attention will pay off by optimizing the
validity of test results and cost and time for testing. Data
management, then, is & process carried out by test engineers and
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planners and computer programmers in the planning stages of a
test and by engineers, technicians, computer operators, rachines
(i.e., computer hardware), and programs (i.e., computer software)
in the execution stages of a test. The combination of machines
and programs, a8 put to use by 2 human operator, constitute a
data management system.

L.1.2 Data Management System for IAT

A permanent or long-term facility using tests recommended by
the IAT should include a data management system carefully
designed and optimized to perform all the functions required of
it in a standardized and efficient manner. However, IAT testing
is likely to be performed often on one-time facilities by
different users who have different computer equipment and
facilities available to them. Each user must assemble & data
management system, then, from available resources, optimizing and
trading off features, performance, and cost while still providing
an acceptable system for the tests to be performed. Software
probably will be designed around “off-the-shelf"™ packages with
iittle special programming and little automatic transfer from one
step to the next in the processing. Hardware probably will
utilize equipment already owned or leased by the user for other
purposes and may include time on a machine owned by others,
perhaps a time-share vendor or service bureau.

A data management system for IAT as outlined here is made up
of the following subsystems, which may contain overlapping
components and share certain personnel, software, hardware, and
other resources.

A. Data Acquisition Subsystem.
B. Data Reduction/Analysis Subsystem.



C. Data Storage/Retrieval Subsystem.
D. Data Presentation Subsysten.

L.2 ORIECTIVES QOF & DATA MANAGEMENT SYSTEM FOR 1AI

The objectives of a data management system for TIAT mzy be
divided into three categories: user objectives, operational
objectives, and analysis objectives.

L.2.1 lser Objectives

These are key objectives important to & user of IAT. They
include speed with which test results are obtained, security of
proprietary data (if any), technical level required to interpret
results, and cost of testing.

A. Easy to Use. The data management gystem must be able to
be used by relatively inexperienced personnel without
extensive training.

B. Rapid Results. The high value of  eguipment and
personnel involved in testing, and time constraints on
their availability, often will dictate that test results
be available quickly.

1. Next Day Preliminary Results. Users of IAT should
be able to review a selected set of reduced and
processed data from individual runs in time to
evaluate and potentially alter test parameters for
the next day of testing.



2. Next Week Test Results. Equipment manufacturers and
railroads will wusually need test results promptly
if those results are to be of use.

C. Hultiple Data Access. Users should be able to withdraw
data from the data management system at any reasonable
stage in the processing.

D. Security of Proprietary Data. Users of a long-term test
facility should be able to withdraw proprietary data
from the data management system and be assured that it
is not available to any other user.

E. Multi-Level Output Detail. Qutput formats should be
provided which are convenient to users at multiple
levels of expertise.

F. User-Supplied Personnel &nd Equipment. Users of a
long-term test facility should be able to conduct tests
and process the data with their own people and computer
facilities.

G. Cost Effectiveness. The data management system chosen
should provide the most performance above the minimum
requirements for the lowest 1life-cycle cost. Maximum
use of existing and off-the-shelf hardware and software
should be used wherever practical, consistent with
minimizing costs.

L.2.2 Qperational Objectives

The cobjectives listed below are important to the safety of
tests, the security of test data, and the operational efficiency
of the IAT process.
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A.

Quick=-Look Support. The data management system must

support quick-look processing of key parameters in real
time to assure that tests are conducted safely and that
data is being properly recorded. Graphical displays and
pre-established limit alarms should be used wherever
appropriate. Related data should be available in
engineering units and in tabular form to permit rapid
manual plotting in the ({field when special conditions
warrant such additional examination.

Backup Reduction/Analysis Subsystem. Ability to perform
in-depth analysis either on-site +{or at the user's
computer system) or off-site {at another designated
site, e.g., a contractor} to allow for unavailability
due to system failure or maintenance.

Data Verification. The data management system should
monitor the wvalidity of the data {e.g., parity, range,
etc.) and record verification statistics at all steps of
data transfer.

1. Calibration Data. Calibrations applied to signals
to convert to engineering units.

2. Bookkeeping. Counts of records and accounting for
data (labeling, check sums, etc.).

3. Recording the Verification. Verification data
(e.g., number and type of possible errors found)
should be transferred and recorded with the data
itself.

Direct Data Transfer to Models. The data reduction/

analysis subsystem should be able to support optional
machine~readable output formats suitable for use as
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F.

input to relevant (computerized) analytical models.

FPlexible Graphical Output. Output graphics should
include automatically a subset of plots for each test
type or performance issue.

Remote-Site Testing. The data management system must be
capable of receiving data from IAT tests performed at a
variety of locations {e.g., revenue  track) to
accommodate the required track geometry or operating
conditions which are conveniently and/or economically
accessible at those locations.

L.2.3 Analysis Objectives

These objectives are important to assure that the analysis
of test data can be performed with correct resultcs.

A.

B.

Comparative Analyses. Test data should be maintained in
@ format which will permit various comparative analyses
of performance of two or more vehicles to bu made at any
time after testing is completed on them.

Data Integration. Onboard and wayside data should be
synchronized and combined into one data base along with
dynamic track geometry data and pre-test and post-test
track chacterization data.

Flexible Storage and Retrieval Fcrmats. The data
management  system must include the capability for
permanent storage and retrieval of data in a {orm or
forms which will allow:

L-6



1. Comparative Analysis. Comparison of results of
similar tests on different vehicles o¢ components.

2. Specialized Analyses. Analyses by a researcher
which would not normally be done as part of IAT
testing.

3. Statistical Extractse. Por administrative analyses
such as measuring IAT performance over a long term.

D. Validation of Analytical Models. Model validation capa-
bility should be provided for as an integral part of the
data management system (see IAT Section D).

E. WValidation of Original Assumptiors. Determination that
¢.iginal test assumptions, tolerances, errol analyses,
and distribution of data, etc., were reasonable and did
not affect the results significantly.

L.3 DATA MANAGEMENT HANDLING REQUIREMENTS

The sampling rate and amount of data to be handled varies by
the type of test and performance issue. This subsection
categorizes and summarizes the requirements by location (onboard
or wayside), test category, and performance issue.

L.3.1 QOnboard Dats Requirements

Onboard data handling requirements are summarized in Tables
-1, L-2, and L-3. Minimum number of chanrels, frequency range,
and sampling rate are shown for each performance issue.




t.3.1.1 Real Time Data (Ouick-Look & Safetyl - Refer to the
tables for the minimum number of channels required for each
performance issue. They include principally the channels
required to assure safe conduct of the test. See 1AT Section E
(Test Plan Summaries) for details on the safety channels. Most
real time channels are duplicated for each performance issue,
making the total real time channels for tests addressing multiple
performance issues less than the sum of those for the individual
performance issues.

L.3.1.2 Post Processing - Post processing data handliing require-
ments are summarized in the tables. The data management system
should perform the bulk of its various tasks upon the data after
completion of a run or even a day of testing. This will require
sufficient storage and retrieval systems and may mean non-prime
time processing to reduce costs and reduce processing time.

L.3.2 HNayside Data Bequirements

Wayside data handling requirements are summarized in Table
L-4. Minimum number of channels, frequency range, and sampling
rate are shown for each performance issue. Tne table is
organized as for onboard data and contains the same categories of
information for real time and post processing requirements. Many
real time channels are duplicated across performance issues as in
the onboard case, making the number of channels required less
than their sum for tests addressing multiple performance issues.



ONBOARD

DATA CHANKRELS:
Speed
ALD
Environmental
Test Data

Tctal for Data
Quick-Look

Total Channels
FREQUENCY RANGE:

Minimum (Hz}

Maximum (Hz}

Sampling Rate (Hz)

TABLE L-1

DATA HANDLING REQUIREMENTS

FOR PROOF TEST
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OU'BOARD DATA HANDLING REQUIREMENTS
FOR DIAGNOSTIC TEST

DATA CHANIELS:
Speed
ALD
Environmental
Test Data

Total for Data
Quick=Look

Total Channels
FREQUENCY RANGE:

Minimum (Hz)

Maximum (Hzl}

Sampling Rate (Hz)

* Symbols are described below

ssneeenuss PERPORMANCE ISSUES* ==mazasss
Sk DC SBD LTA

H T&R P4&B Y&S

O ——

L-9

§5C

Table L=-4, next

———

1
1
3
21

26
7

33

¢
100

200

i

1 1
1 1
3 3
17 16

- ———

22 21
8 6

——

30 27

0 O
i00 100

200 200

page.

1
1
3
17

22
6

=

28

100
200

L1

1
1

3
20

25
8

33

50
100



FOR SERVICE ENVIRONMENT TEST

DATA CHANNELS:
Speed
ALD
Environmental
Structural Data
Test Data

Total for Data
Quick-Look

Total Channels
FREQUENCY RANGE:

Minimum (Hz)

Maximua (Hz)

Sampling Rate ("Wz)

R ——————— e o T T T R R

FOR SERVICE ENVIRONMENT TEST

DATA CHANNELS:
Test Data
Quick-Look

Total Channels
FREQUENRCY RANGE:

Minimum (Hz)

Maximum (Hz)

Sampling Rate {Hz)

TABLE L-3
ONBOARD DATA HANDLING REQUIREMENTS
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WAYSIDE DATA HANDLING REQUIREMENTS
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L.4 FUNCTIONS OF A DATA MANAGEMENT SYSTEE EFOR IAT

Based upon preliminary assessment of the test requirements
for IAT, the data management system, both hardware and software,
ig described in terms of jts functional requirements in the
following subsections. A data management system which performs
these functions should meet the objectives outlined in Subsection
L.2, above. A block diagram of the system iz shown in Figure
L-1.

vL.4.1 Data Standardization

All test data should be formatted and transferred in &
standardized manner to ensure propet cataloging and repextability
of analysis. Some of the igsues to be resolved are:

A. Standard Channel Assignments (Anaioq). channel assisgn-
ments for raw analog data received from sensors should
be consistent from test to test whenever possible.
Assignments to be standardized are:

1. Unigue Logical Channei Assignment.
2. Physical Channei Assignment.

B. Standard Record Formats {Digital}. The format of data
stored on magnetic or other machine-readable media
should be carefully pianned. Format may be different
for data at various processing Stages:

1. Unprocessed Datu.
2. Processed Data.
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C. Record Types to be Standardized.

1’-

2.

Header Records. Information in text form concerning
basic test parameters {e.g., description of test,
date and time, number of channels recorded,
description and value units of each channel, sample
rate, etc.).

Calibration Records. Engineering unit conversion
factors and offsets applicable to each channel.

Data Records. Since these make up most of the data,
it is important that the format be chosen carefully
with efficiency of storage use of prime importance.
fome factors to be considered are:

a. Record Length (in Bytes or Bitsl.

b. Word Length (in Bytes or Bits}.

€. Resoluiion and Range or Values. Large range or
large values may require more than one word for
storage.

d. Sign Convention.

e. Bit Padding Convention.

f. Multiplexing Technique.

g. NKumber of Channels.

h. Sample Rate.

i. Characteristics of any Non-Standard Channels.

Trailing Records. Trailing records signal the end
of a file of data and also may contain:

a. Post-Test Calibration Data.
b. Comments. These may describe unasual events

during the test.
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L.4.2 Data Acquisition

The data acquisition function may be performed in part by a
pulse code modulation (PCM) system, probably located on-board the
test train. Other techniques may be used instead, such as the
more common frequency modulation (FM) multiplex systems. The
principal data acquisition features are:

A.

Input. Input data will be mostly in the form of analog
electrical signals sampled at some fixed rate. Each
signal will be assigned its own data channel.

Output. Output data will be in digital form and will be
written onto magnetic or other machine-readable media
for later retrieval. Data from ail channels for each
sample will be placec in a single record and placed
serially onto the medium. Some multiplexing may occur,
for efficiency of storage or speed of transfer, but
distinct channel identification must be recoverable.
Output from models may be required as well as from
actual tests.

Functions to be Supported.

1. Quick-Look. Conversion of gquick-look parameters to
engineering units will be regquired.

2. Data Conversion {optionall. If not provided here,
it will be done under reduction/analysis.

3. Time Synchronization. On-board and wayside data (if
used} must be synchronized. A single output stream
combining the two is preferred but if not practical
the time codes must be matched tc permit simplified
synchronization later.

=14



5.

Typical

are shown in Figures L-2 through
analog-based system;

pre-Test /Post-Test Acquisition. FPre-test and post-
test acauisition of track geometry data will be
necessary under some conditions.

Remote-Site Testing. The data acquisition subsystem
may be required to function at a variety of test
gites when special track geometry oOr operating
conditions are regquired.

data rate and capacity requirements are shown in
Block diagrams of typical data acquisition systems
L-4: Figure L-2 shows an

figure L-3 shows a computer-based system;

and Figure L-4 shows a PCM system.

TABLE L-5

TYPICAL DATA ACQUISITION DATA REQUIREMENRTS

SAMPLES MEGABYTES OF DATA
CHANNELS PER SEC RUN TIME RAW SIG  ENG UNRITS
Minimum 12 20 2 min. 0.6 1.2
Average 30 100 3 min. 1.1 2.2
Maximum 50 200 15 min. 20.0 40.0C
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L.4.3 Data Conversion

1f raw data are recorded on magnetic media in analog form
they must first be converted to digital form with header and
trailer information. The raw digital signal on each channel must
be converted to calibrated engineering units. Conversion may be
performed by either the data acquisition subsystem or by the data
reduction/analysis subsystem. Possible conversion types to be
considered are:

k. Digital to Analog.
B. Analog to Digital.
‘C. Raw Digital to Engineering Units.

L.4.4 Data Beduction/Analysis

A. Test Analysis. A biock diagram of the data management
system confiqured for test analysis is shown in
Figure L-5. Typical functions required are:

1. Time History and Simple Statistics.

2. Statistical Analysis.

3. Analytical Models. Extrapolation and ranging by
using previously validated models.

B. Comparative Analysis. A block diagram of the data
management system configured for comparative analysis is
shown in Figure L-6. Typical functions required are:

1. Statistical Analysis.

2. Analytical Models. Use of previously validated
models for comparison of different, but possibly
untested, conditions or use of unvalidated models a3
part of the process of validating them.
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Analysis Programs. A wide variety of analysis programs
will be necessary for IAT. Many “canned" programs >re
available to run on virtually any computer. Taey will
perform many general-purpose mathematical and
statistical procedures on data properly formatted for
them. A partial listing appears in the Bibliography of
thie Section L. However, the IAT analyses also require
some very specialized mathematical procedures for which
programs must be written. In either case, programs must
format the data to be compatible with each analysis
program. For 2 more thorough discussion of analysis
programs see IAT Section C, Literature Seatch, and IAT
Section D, Model Validation.

1. IAT-Specific. Programs written for IAT use a..
probably not usable for any other purpose.

2. Pre-Packaged Programs, Special-purpose programs and
subroutines available for lease or purchase.

3. General-Purpose Packages. Large packages {e.g..
statistical, data management, and analysis)
available for lease or purchase. One or more of
these may already reside on the user's computetr
system.

4§, Utilities. Programs likely to be already available
on the user's computer system to perform editing,
file management, etc. These are often designed for
specific models of computer system.
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L.4.5 Data Storage/Retrieval

All test data should be stored on some media as iL is
acquired so that it can be selectively retrieved later for
processing and analysis. The rate of data acquisition, form of
the data, and quantity of data to be stored will be principal
factors in determining the media to use. Magnetic tape (magtape)
has been common in the past but disk systems should be examined
as a possible alternative for speed and capacity. As technology
advances in this field, other systems may become available which
are less expensive, more compact, and less susceptible to
accidential erasure. Each user must determine which storage/
retrieval subsystem and media are appropriate for the tests to be
run. Whatever system is chosen, however, the format of the
stored data should be standardized insofar as possible to
simplify the retrieval process.

A. Unprocessed Data. Raw data must be saved at least until
it is stored in processed form and validated. This
usually means at least until a test series is complete
and the results are examined. Longer storage is
preferred in case a post-analysis or comparison with a
later test raises a question which can only be answered
by re-examining the raw data. However, raw data for
every test in a series of tests can take up many storage
units so test planners must pre-determine the trade-offs
involved and specify the storage duration requirements
for raw data. Some characteristics of unprocessed data
are:

1. Single Test Only.

2. Digitized.
3. Archived.

L=-23



4. Write Once (no updates).
5. Large Amount of Data.
6. Synchronization With Track Geometry Data.

B. Processed Data. After the unprocessed data is reduced
to processed form, it must again be stored on some media
for retrieval by analysis programs. The reduction
process will compress the data to a smaller number of
words or bytes but more storage space will be needed
because processed data from many, or all, tests in a
series will need to be accessible simultanecusly. A
data base management system (DBMS) may be required if
testing is extensive. It is suitable for large amounts
of input/output, because it contains pointers tc the
location of the data. Header information should be
included to permit complete analysis without the need to
get these data from other socurces. Some characteristics
of processed data are:

i. Include All Tests.

2. Data Base Management System Probably Required.
3. Updated Prequently.

4. Allow for Future Additions and Modifications.
5. Availability of Track Geometry Data.

6. Backup Capability.

7. Accessible to Researchers.

L.4.6 Librarian Functions
Certain kinds of fixed data will be used in many tests,

requiring them to reside in semi-permanent storage and be
tetrieved for use with various tests from time to time.

L4



Track Data Library. Track characteristics, including
geometry, modulus, and location identifiers, for all
segments of the test track should be stored and
cataloged for freguent retrieval for comparison with
pre-test and post-test calibration measurementis.

Model Library. All analytical models useful to IAT
should be cataloged for use by the test planner and
analyst. Update capabilities should be provided. Sec
IAT Section C for lisling and characteristics of
available models.

1. Existing Analytical Models. Include procedures to
acquire, add, modify, update, operate, and maintain.
Preliminary concept provides for use of models on
computer systems where they already exist. Eome
commonly used and readily available and trans-
portable models may be installed on the user's
computer but arrangements for use of the others for
IAT™ analysis 2shceuld be made with the organizations
presently maintaining custody of them. A system Lo
rransfer test data in machine-readable form for
input to the models should be designed as part of
the IAT data analysis subsystem.

2. MNew Analytical Models. Include <criteria and
procedures for development. It is expected that IAT
may be used to develop new models or identify needs
for models to be developed. The International
Government/Industry Research Program on Track Train
Dynamics (TTD! and other researchers will continue
toc be the major source of new models for use by the
railroad industry. An arrangement for exchange of
information between researchers and TTD modelinrg
personnel for IAT users will probably be requir<d.
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L.4.7 HNodel ¥Yalidation

The model validation process is fully described in IAT
Section D. The process is summarized in flow chart form in
Figure L-7. Listed below are the principal features of model
validation which affect the data management system. The model
validation process may require either model-to-model comparisons
or model -to—actual test data comparisons ot both. For the
latter, onboard and wayside data must be synchronized with each
other and with track geometry and track characteristics data.

A. Accurate and Complete Data Required.
B. Significant (and costly) Processing Required.
1. Reformatting of Data.
2. Ensuring Compatibility Among Computers.
3. Synchronizing Onboard, wWayside, and Track Data.
4. Interpolating Synchronized Data.
c. Maximum Mechanization to Avoid Duplicate Effort.

p. Cannot Be Fully Mechanized.

E. Analyst Judgement Critical Throughout.
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L.4.8 Data Verification

IAT testing will collect & large amount of data which must
be stored for later use and which will be difficult and expensive
to re-generate. For these reasons it is important that the data
be verified whenever a transfer between media and/or systems
takes place. This verification should be as automatic as
possible, wutilizing verification data built in to every file or
set of data. Some of the wverification will be partly visual
(e.g., wverifying that a tape lab~" date is the same as the date
contained in the data itself}), but most of it should be done
automatically by programs which process the data. Examples of
data verification are:

A. Automatic Label Generation. ({(e.g., visual labels for
tapes, disk packs, etc.)

B. Automatic Label Cross-Referencing. (for data stored on
more than one tape or disk, etc.)

C. Record Counts.

D. Channel Assignment Exceptions.

E. Calibration Constants.

F. Range and Limit Check.

G. Check Sums.

H. Parity Checks.

L.4.% Data Presentation

Great care should be taken to design the data presentation
subsystem as the perceived success or failure of the tests will
rest upon the manner on which the results are presented. Test
resclts should be presented at a number of levels of technical
detail and in a set of formats matched to the varicus levels of
understanding of the people to whom the results are directed.
The results should be presented in a clear, concise manner
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without being obscured by many pages of tabular data. Graphical
output is usually preferred over lengthy tables, except perhaps
by the dynamicist who may need the numbers to perform manual
calculations to verify a prediction or investigate an unpredicted
result, Where appropriate, threshold or limit values should be
plotted on the same graph as their companion test values sc that
a quick wisual interpretation may be made. Tabular data
extending beyond a single page usually should be available only
as an option for the analyst to use in special cases. Some
features of data presentation to be considered are:

A. Report Generation.

B. Concise Summary and chnciuaions'
C. Graphical Qutput.

D. Threshold Overlays.

E. Multi-Level Technical Detail.

F. Opticnal Outputs for Special Use.
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L.5 BRIBLIOGEAPHY

L.5.1 Reports Related Lo IAT

1. "Safety Assessment Facility for Equipment {SAFE) Test
and Analysis Methodology Options, Volume 1: Methodology
Development™, A.B. Boghani, P.R. Nayak, & D.W. Palmer,
Arthur D. Little, Inc., October 1979.

2. “pPerturbed Track Test Onboard Vehicle Response Data
Base: User's Manual®, D.W. Palmer, M.E. Hanson, &
1. Sheikh, Arthur D. Little, Inc., September, 1980 (ADL
82919).

3. “Facility for Accelerated Service Testing initial Data
Base Design®, Arthur D. Little, Inc., April, 1979 {ADL
§2396 & B2787).

4. “"Perturbed Track Test Program Wayside Instrumentation,
Data Acquisition, and Data Reduction®, H.D. Harrison,
J.M. Tuten, & M. Forry, Battelle Columbus Labs, undated.

5. *“Transportation Test Center PCM Implementation Plan®,
Dynalectron Corp., March 9, 1978 {TSD/IN-005-79}.

6. "Perturbed Track Test: Results of Data Analysis®,
-ﬁ-l BI BOQhﬂni; ﬁ'-“- Paimri ‘i ?I Ri Hlyaki ﬁl‘.’thu[ DI
Little, Inc., April, 1981 (ADL 85102).

7. "Final Report on FAST Wheel/Rail Loads Wayside Data
Reduction®, J.H. Tuten & H.D. Harrison, Battelle
Columbus Labs, September, 1980.

8. “Summary Report to Department of Transportation Trans-
portation Systems Center on vehicle/Track Interaction
Tests = Wayside Test Data Summary"®, D.R. Ahlbeck,
Battelle Columbus Labs, July, 19Bl.

L.5.2 Copputer Software

A small sampling of available software packages is listed
below. Not all packages will run on all computer systems. A
current catulo? ghould be consulted for an up-to-date 1list and
applicability information.

A. Catalogs and Comparisons.
1. "A Compaiative Review of Statistical Software™, 1.

Prancis (ed), The International Association for
Statistical Computing, Voorburg, Netherlands, 1377.
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2.

"Introduction to the Use of Computer Packages for
Statistical Analyses®, R.W. Moore, Prentice-Hall,
Englewood Cliffs, NJ, 1978.

“"ICP Software Directory®, International Computer
Programs, Inc., Indianapolis, IN.

Large, General-Purpose Packiages.

i.

r 29

7.
8.

1o,
11.

12.

13,

i4.

BMD "BMD Biomedical Ccaputer Programs®, University
of California Press, 1971,

BMDP-77 “"BMDP-77 Biomedical Computer Programs
P-Series®, M.B. Brown (ed), University of California
Press, Los Angeles, CA, 1977.

DATATEXT

GENSTAT

MINITAB "MINITAB Student Handbook™, T.A. Ryan, Jr.,
B.L. Joiner, & B.P. Ryan, Duxbury Press, No.
Scituate, MA, 1976.

OMNITAB 78 "OMNITAB Users Reference Manual"™,
National Bureau of Standards, US Govt. Printing
Office, 1971.

OSIRIS I1I
PSTAT

SAS 76.5 "A User's Guide to SAS 76", A.J. Barr, ot
al, SAS Institute, Inc., Raleigh, NC 1976.

5CSs

SPSS "SPSS - Statistical Package for the Social
SciﬂnCEs.r N.H. HiE, C.B. HU].lp J.G. Jenkinss K.

Steinbrenner, & D.H. Bent, McGraw Hill, New York,
NY, 2nd ed., 1975.

SSP (Scientific Subroutine Package) . Manual
available from IBM Corp.

STATPACK "STATPACK Statistical Package®, Lib. Prog.
1.1.4, R. Houchard, Western Michigan University
Computer Center, Kalamazoo, NI, 1974.

SOUPAC
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Cs

Data Management Packages.

i.

2.
3.

4.

BANE "BANK Data Management Package®, Lib. Prog.
3.9.1, R. Houchard, Western Michigan University
Computer Center, Kalamazoo, MI, 1974.

LEDA

SiR

WRAPS

subroutine Libraries for Statistics.

1.

2.

iMSL FPORTRAN Subroutines. Manual available from

International Mathematics and statistical Libraries,
Inc.

RAG

Survey Analysis Packages.

1.

RGSP

Signal Filtering and Processing Packages.

i.

programs for Digital Signal Processing”®, Digital
Signal Processing Committee, IEEE Acoustics, Speech,
and Signal Processing Society, New York, NY, 15879.

ILS (Interactive Laboratory  System). Signal
technology, Inc., Goleta, CA.
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SECTION M

FIELD TEST PLANNING

M.1 INTRODUCTION

Track testing required for investigating vehicle/track interactions may
have broad and varied objectives. Since field testing typically requires
significant expenditures of manpower, equipment and other resources, it is
especially important *that specific test obiectives be well founded. 1f an
efficient test pr.yram is to be carried outl, it is then essential that the
gefined test objectives be systematically converted into appropriate test
plans, track designs and test procedures. The primary purpose of this
section is to provide the user with a methodology for effectively relating
overall test objectives to specific field test design pirameters and test
procedures.

This section provides a detailed and systemstic plan for designing and
implementing vehicle/track interaction field test programs. The basic
approach 1s to provide the user with a progressively detailed breazkdown of
constituent subtasks or test planning activities (i.e. starting with an
overzll flow diagram, the user will be abie to quickly access the appropriate
pianning arez and planning detail necessary). Where appropriate, specific

exarples of the type of information required for each planning stage are
included.
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M.2 USE OF FIELD TESY PLANNING SECTION

This section fs 1intended toc provide the user with a systematic and
standardized approach for planning field test programs. The format is based
upon a series of planning flowcharts. These flowcharts provide the user with
a concise outiine of activities or tasks to be considered when developing test
plans and operations support for new test programs.

The primary purpose of this section is to enable a user to develop am
overail planning structure needed to fuifill a set of test objectives. It is
not proposed, however, that this document necessarily provides all the
specific detatls needed to implement each planning task. Additfonal design
detaiis are covered in part one on "Vehicle/Track Interaction Assessment
Techniques”.

Use of this section should begin with the overall planning flow diagram
as shown in Figure M-1. This flowchart {which is also provided at the end of
the report for convenience) provides an overview of all the major planning
tasks to be considered. The purpose of the overall planning diagram is to
show the primary interrelationships between basic elements or activities.
This procedure permits factoring out common elements, aids in assessing
resource requirements, allows critica! paths and decision points to be
fdentified, and also provides the structure for & management plan through
{1lumination of the major coordination requirements.

ARs part of the approach to developing a systematic plan for addressing
vehicie/track interaction field testing, each of the larger tasks or basic
blocks of the planning diagram are broken down into constituent subtasks
(activities} which are more amenzble to precise definition., Each block has
beer assigned & reference number which provides 2 mechanism for defining the
interrelationships between subtasks. The detailed subtask breakdowns are
presented in respective sections.

For each primary task, examples of the type of information to be
developed or obtained are included as “planning aids" {where appropriate}.
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Sections M.2.1 through M.2.10 of this report discuss each primary planning
activity in detail and correspond to the block number identificatfon used on
the overall planning diagram {Figure M-1). This enables the user to quickly
access a particular planning task as needed.

Sections .3 and M.4 provide recommended sign conventions and consist
configuration identification procedures to be used. It is strongly
recommended that the suggested conventions be adhered to for the purpose of

promoting a greater degree of standardization between test programs and test
results,
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M.2.1 DEFINE OYERALL TEST OBJECTIVES

The first step in planning a field test program is to cleariy identify
211 of the objectives involved. These shouid include the overail program
objectives associated with the basic engineering/research which establishes
the need for testing. Once the basic program objectives have been defined, it
is necessary to delineate the specific test objectives which are necessary to
solve the identified problem{s).

The overall process of converting test objectives into engineering based
conclusions requires an organized approach to coordinate needed analyses and
assoctated support activities into cohesive and comprehensive solutions.
Therefore it is essential that the problems or questions te be addressed, the
anticipated approach and the expected results of a proposed test program be
identified in as much detail as possible before proceeding with further test

planning activities. A flowchart outlining this task is presented in Figure
M-2.
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1.0 DEFINE OVERALL TEST ORJICTIVES

f

1.5 IDENTIFY FPROBLEM(E] 7O 3E SOLVED e.g.
& Ievestigate Vehicle Performance Characteriztics
» Evaluate New Iguipment Deslgns
» Conduct Acceptance Tests
# [Evaleates Safety Standards (Vehicle & Track)
® Evslests Vebhicle/Track Isterscilos (f.#. Assese &llowable
mavisum levels of dynamic response to sssurs wekicle
safety and micimine track detariorsticom)
# Dlagnose Enowr or Cheerved Problses
¢ FProwiii Basis for Equipsent Re-Design
e Evaluste Advanced Designe
e Vodel Validation
# Conduct Compatrative Chavscterizstlions of Vebicle
Parformance
# Predict Potestisl for Dedesivable Dynaaic Performance
iz Erveoue Service
1.3 DEFINE SPECIFIC TESY OBJECTIVES AND THE ANTICTPATED APPROACH
# Cosduct Fre-Test Analysie and Modeling
# Conduct Component Laborstsry Tests (Vehicle and Track
Structure)
» Conduct Field Tests
= Single test, single site
- maitiple tests, single mite
= Simgle test, mmliiple sites
= Maltiple tests, sultipls sites
# Combinations of Abowe
1.3 BDPECTID EESULTS
5.3, Quantitative Eesulitls
® (hserve 1f certain phenosencs occur undet & specific set
of conditions fe.g. humting, pitch, bounce, yow. sway, otc.)
& Dheserve (record) peak wehicle snd/or track responss levels
for & spacific set of conditioms
# Estabiish Treads
1.5.2 Qualitstive Resclts
® Racord comprohensive test data for detailed data processing
and anslyels
& Obtals sufficient data to sllow & statistlical desscription of

designsted response parameisrs to be made

I

1.6 REVITW PAST TIEST FROGRAME ¥ITH RECAXD TO
FLANSEDR TEST ACTIVWITY

e Have similar tests been cosducted
1* Idemtify test prograss and svallables Test re-
mlte which would be veeful for this progras

FIGURE M-2
K-&




M.2.2 PRELIMINARY TEST PLANNING

During the preliminary test plannin; activity specific test objectives
are transformed into basic test requirements. For example, given a specific
test objective (i.e. investigate the derailment tendency of a given vehicle
under specified operating conditions}, a set of performance regimes can be
defined. These performance regimes will in turn determine basic test
requirements such as excitation inputs, response and control variables, type
of track aind track perturbations needed, etc.

Preliminary test planning identifies the engineering approach to be used
in the test program. The results of this activity provide the basic framework
for the remaining test preparation and design activities. Therefore it is
essential that certain activities, procurements, safety, and critical
decisions which affect subsequent plamning activities or require long lead
times be identified at this point. The flowchart shown in Figure M-3 outlines
the preliminary planning activities which need to be addressed.

Planning Aids For Preliminary Test Planning

Table M-1 provides an example of the type of information which s to
be developed during this planning task. As shown in the table and on the flow
chart {Figure M-3}, the first requirement is to identify the performance
regime{s) to be addressed relative to the previously defined test objectives,
Once the performance regimes have been defined, it is then necessary to
identify the associated excitation inputs, response variables and control
varigbles &s shown in Table M-1. It is also necessary to develop a
preliminary estimate for the anticipated control variable ranges. This will
provide guidelines for selecting a test site or designing a section of test
track., More refined estimates for the required excitation levels, control
variables and expected response levels will be developed during the detailed
test planning and test design activities.

Performance of the Preliminary Test Safety Analysis will aid in
establishing preliminary estimates through evaluation of associated risks.
Table M-Z presents a format for the preliminary Safety Assessment information

to be developed. o7
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M.2.3 ANALYSIS, MODELING, SIMULATION

The analysis, modeling and simulation task addresses the steps necessary
to utilize mathemstical tocls for the purpose of solving problems encountered
in either the planning stages or as 2 result of data reduction and analysis.
For example, during one of the planning stages it may be necessary to quantify
the range and sensitivity of specified transducers., Assuming an absence of
prior empirical data, the analysis, modeling and simulation phase would be
used to describe the activities required to obtain transducer range and
sensitivity estimates.

As can be sceen in the overall planning flow diagram (Figure M-1)
Analysis, Modeling and Simulation should rezlly be considered as a support
aclivity for many of the pre-test preparation tasks as well as for post-test
analysis and data reduction.

The matn objective of this task is to identify the basic analysis tools
which will be required to resolve problems or provide supportive information
for tests. Having identified the needs, an assessment of available tools must
be made to determine whether suitable capabilities are available and
operationai. [If not, deficiencies need to be identified and a recommended
approach defined. Figure M-4 provides a flowchart of planning activities
which should be addressed. A partial listing of analytical tools or models
which have been developed within the railroad cosmunity are inciuded in the
planning aids.

Planning Aids For Analysis, Modeling, Simulation

Tables M-3 through M-11 present a partial compilation of "analytical
tools® or mathematical models which canm be considered when planning the
analytical support activities required for a specific test program. A more
comprehensive compendium of vehicle/track simulation models is presented in
Section C, Part Il of this document.
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3.0 ANALYSIS, MODELING, SIMULATION

f

3.1 DEFINE THE TYPE OF ANALYSIS FUNCTIONS WHICH WILL BE NEEDED

s Parameter Sensitivity Studfes

# Predictive analysis (e.g. estimate expected parameter response
levels, catastrophic disturbance ievels i.e. derailment conditions,
safety limit, etc.)

¢ Design analysis {track structure, vehicle components, vehiclie/track
fnteraction

{» Establish accuracy requirements for instrumentation and data ac-
| quisition

3.2 ESTABLISH ANALYSIS REQUIREMENTS CONSIDERED NECESSARY TO
SUPPORT DEFINED TEST CBJECTIVES

L

Simple analytical computations and quaiitative engineering
modeis

Combinations of simple analytic models

Linearized models of track structure and vehicles
Detailed nonlinear subsystem models {track and vehicle}
Complete “system™ models

l 3.3 SELECT OR DEVELOP APPROPRIATE SOFTWARE AS NEEDED

!

3.4 ASSEMBLE DATA BASE AS APPROPRIATE FOR DEFINED TEST OBJECTIVES

s Track Parameters
s Yehicle Parameters
¢ Special Site Conditions

I

3.5 PERFORM ANALYSIS UTILIZING SOFTWARE AS NEEDED FOR TEST PLANKING AND DESIGN 1

1

3.6 PROVIDE ANALYTICAL RESULTS AS NEEDED TO FORMULATE
TEST REQUIREMENTS OR RESOLVE PROBLEM AREAS

Figure M-4
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TABLE M-3

COMPILATION OF EXISTING ARALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS
{REFERENCE 1)

o.| sourte | TYPE NAME/DESCRIPTION COMMENTS
E AAR Steady | 2, 3, 4 Axie Rigid Truck | Program designed for rigid
State Curve Negotiation Modei locomotive truck analiysis.
Not suftablie for the more
flexible freight car trucks,
especially Type 11. Does
! not model wheel conicity or
i gravitational effects.
2 AAR Dynamic | Nonlinear Time Domain Modified version of Smith's
Time Curving Program I11inois Institute of Tech-
Domain nology Masters Thesis Pro-
gram,
3 jBattelle | Steady SSCURZ-2 Axle Steady Similar to Law and Cooper-
State State Curve Negotiation | rider steady state program.
Models Metroliner.
4 |Battelle | Steady SSCUR3-3 Axle Locomo-
State tive Steady State Curve
Negotiation
S | Battelle | Dynamic | Nonlinear Curve Entry Similar to & Law and Cooper-
Time for § degrees of freecom | rider program. Models
Domain | {dof)Half Car Model ! Metroliner,
€ |Battelle | Dynamic | Full Car Curving Model Same as Law and Cooperrider
Time program. Models Metroliner.
Domain
7 jlLaw/ Steady Nonlinear Steady State Suitahle for Type | freight
re State Curving of & § dof car trucks.
rider Rail Vehicle
8 |law/ Steady ¥onlinear Steady State Suitable for Type I and some
Cooper- State Curving of a 17 do¥ Type 11 freight car trucks.
rider Rail Vehicle Simiiar to the 9 dof with
the addftion of primary sus-
pension elements.
G |Law/ Dynamic | Nonlinear Curve Entry Same as 6. Models Metroliner.
Cooper- Time for 11 dof Half Car
jrider Domain | Modei

M-13




TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS

(REFERENCE 1)
0. | source | Tvee NAME /DESCRIPT 10N COMMENTS 1
10 | Law/ Dynamic | Nonlinear Curve Entry Same as 7. Presently models ]
Cooper- Time for 9 dof Full Car Metroltiner. Is being modi-
rider Domzin | Model fied at Clemson to Model
freight car.
11 jLlaw/ Oynamic | CURVELOCO - 27 dof
Cooper- Time Nonlinear 6 Axle
rider Domain Locomotive on Tangent,
Sptral, Curved Track
12 AAR Dynamic | Dynamic Curving Model
Time of & Axle Locomotive
Domain
13 jJapanese | Steady Side Thrust of Curving
Rail State kheels
14 British | Steady Steady State Curving,
Rail State Flexiblie Trucks
15 | Nichio- Steady | Steady State Curving
Japan State
N AAR-TTD | Eigen- Freight Car Hunting
valiue Model
i7 AAR-TID | Non- Lateral-Vertic2) Model Detailed modeling of truck
Linear mazses, wheel and rail pro-
Time files defined mathematically,
Domain 2 dof reserved for carbody.
18 AAR-TID | Time Konlinear Hunting Similar to lateral-vertical
Domain Model | mode]l with more complexity
Solution, and degrees of freedom in
Numerical the math model.
Integra-
tion
19 AAR-TTD | Force Quasi-Static Lateral Cannot be used to directly
Balance | Train Stability evaluate truck performance.
at { Ignores all internal forces.
Equi- i
Tibrium

M-14



TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS
{REFERENCE 1}

N0, SOURCE TYPE NAME/DESCRIPTION COMMENTS
20 Arizonai Sub- WHRAIL, 2 Wheel/Rail Utilized in HUNTCT. One of
State routine | Contact Geometric Con- the best available subrou-
to Sup- | straint Subioutine tines for calculating wheel/
port rail interaction effects.
Time
Domain
Latera]
Stability
Program
21 SPTCo. | Frequency | Graphical Output Documentation indicates some
T00P Pomzin, Oriented Computer Model unconventional trucks cannot
Phase 1 § Time Do- | (Frequency Domain Model) | be modeled. Limited to linear
main analysis with describing
Optional function technigu2s used to
handie Couiomb friction.
22 {Clemson | Time Nontinear Wheelset Dy- Good for studying the non-
u. Domatn namic Response to Ran- linear dynamics of a single
Selution, | dom Lateral Rail Irre- wheelset,
Numerical | gularities
integra-
tion
23 s Frequency ;| LATERAL Includes creep effects, but
Domain no detailed description of
wheel/rail interaction.
Designed for lateral, roll,
and yaw only, no vertical.
24 Wyle | Time HUNTCY Truck hunting program which
Domain includes detailed carbody/
| Solution lading modeling. Many non-

Tinear capabilities. Easily
adaptable to Type I! trucks,
Some validation with Phase |
dats performed by comparing
calculated and observed kine-
matic freguency.
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TABLE M-3 {Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS
{REFERENCE 1)

K. SOURCE TYPE NAME/DESCRIPTION COMMENTS

25 AAR Time Detailed Lateral Overall train models cannot be
Domain Stability Model for used directly to evaluate
Solution, | & Consist truck performance.
Numerical
Integra-
tion

26 | Law/ Eigenvalue | Linear 9 dof Freight Linear 9 dof (lzteral, yaw,
Cooper- Lar and warp of each truck; and
rider lateral, yaw, and roll of

car} spin and lateral spin

creep effects and gyroscopic

effects. Allows wheelset and
] suspension asymmetries.

g7 Law/ tE'Ig-enulut Linear 17 dof Rail Car Lateral and yaw of 2ach
Cooper- wheelset; lateral, warp, and
rider yaw of each truck, and

tatersl, vaw, and roll of
body. Provides for modeling
radial trucks. Spin creep
and gyroscopic terms in-
cluded, Allows for wheel-
set and suspension asym-
metries.

28 Law/ Eigenvalue |Linear 19 dof Rail Car | Medification of 17 dof mode!
Cooper- with two additional degrees
rider of freedom representing body

' bending and torsion.

29 Law/ Eigenvalue [Linear 23 dof Freight Modification of 19 dof model
Cooper=- Car with four additional degrees
rider of freedom representing

torsional flexibility of each
wheelsst.
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TABLE ¥-3 {Contiaued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR IRVESTIGATING

VEHICLE DYRAMICS

(REFERENCE 1)}
NO. SOURCE TYPE NAME /DESCRIPTION COMMENTS
30 Law/ | Describing| Quasi-Linear 8 dof Model of Tinear § dof freight
Cooper-| Function Freight Car car model with nonlinear
rider Analysis wheel/rafl geometry and
with : { Coulomb friction at wiar
Iterative plate, center plate, and
Search for bearing adapters,
Limit
Cycle
Conditions
3l J. H. Eigenvalue | DYNALIST I Genera)l linear systems model-
Higgins ing capability. Allows up to
50 degrees of freedom and 25
system components. Response
tc sinusoidal or stationary
Time random rajil frregularities.
Doma in Limited to linvar system
Response analysis. Readily adaptable
to to Tyoe Il trucks.
Periodic
Input
32 MELPAR | Time Dynamic Rail Car Variable dagrees of freedom,
Domain Simylation Program nonlinear analysis. High run
Numerical costs and great complexity
Integra- makes use ard validation
tion impractical.
33 541 Time Dynamics of a Freight Other models which operate
Domain flement in a Railroad with similar capability are
Solution Freight Car available. Adaptability to
incliudes to Type Il trucks 1s diffi-
Non- cult due to Lagrangian de-
Tinear rivation.
Effects
34 MITRE Time FRATE Program is based on FRATE
Domain 11 with improved input-out-
Simutation put capabilities.

Currentiy
set up for modeling the 89-
foot flat car, but can be
used for other vehicies as
well by changing input
parameters,
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TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAKICS
{REFERENCE 1)

SOURCE TYPE KAME /DESCRIPTION COMMENTS
35 (AAR-TTD | Time Flexible Body Railroad 20 dof. Kot easily modified
Domain Freight Car Model to simulate Type II trucks.
Simulation Some validation in terms of
wheel 1ift-off test data.
36 NI Combina- Response to Track Cross | Nonlinear capabilities,
tion of tevel Variations Adaptability to Type i1
Numericatl trucks unknown., Alternative
integra- models for the same purpose
tion and available,
Force
Balance at
Equiiibri-
i
37 MIT |Time General Vehicle Dynamic
1 Domain Mode!l
1 Solution
Numerical
integra-
tion
38 {Battelle ] Frequency | TRKVEM Limited to Tinear analysis.
Domatin Lateral model has only
Sclution partial representation of
wheel rail kinematics. Ne
evidence of prior valida-
tion.
39 |Battelle | Freguency | TRKYPSD Limited to 1inear analysis.
Domain Lateral model has only
Solution partial representation of

wheel/rail kinematics. No
evidence of prior validation.
Appears to differ from TRKVEH
in that output is in form of

power spectral density. 7
dof model.
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TABLE M-3 (Continued}

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

YERICLE DYNAMICS
{REFERENCE 1)

NO. SOURCE TYPE NAME/DESCRIPTION COMMENTS
a0 ¥yle Time FRATE 1 Nonlinear 11 dof. Easily
Domzin adaptable to Type 1! trucks.
Solution Evidence of prior validation
exists,

a1 ¥yle Time FRATE 17 Nonlinear 17 dof, CEasily

Domain adaptable to Type 11 trucks.
Solution Evidence of prior validation
exists,

42 |8Battelle | Efgenvalue § CARHNT Caiculates eigenvalues and
eigenvectors of the charac-
teristic equations in later-
ai stability regime.

43 (Battelle | Efgenvalue | TREHNT Similar to #6 except empha-
sizes truck as opposed to
entire vehicle,

a3 TSC Frequency | FULL Linear model for vehicle

Domain pitch and vertical
responses.

45 TsC Frequency | HALF Linear model for rock and

Domain roll responses. Includes
compliant track structure.

26 75C Frequency | FLEX Linear model for rock and

Domain roll responses. Includes
one mode for car flexi-
bility.

47 |Japanese | Unknown Vehicle on a Bridge 3

Railways
48 jBritish | Numerical |Wheel-Rail Force Investigates interaction
Rail Integra- betweer wheel and rail in
tion ] vertical plane in detail.

a9 Japanese | Unknown | variation of Wheel Load | Investigates wheel/rail
forces at rail disconti-

| Ra)

nuities.
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TABLE M-3 (Continued}

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS
(REFERENCE 1)

NO. SOURCE TYPE NAME/DESCRIPTION COMMERTS
5¢ | British | Unknowa Dynamic Loading of Rail | Investigates rail forces
Rail Joints at rail discontinuities.

51 |Battelle | Solves Rail on Elastic Founda- | Investigates rail founda-
Beam tion tion (bailast) forces.
Equation

52 i RAR/TTD ([Eigenvalue [Locomotive Hunting Model | Generates critical speeds
of Tocomotives.

53 i Chang. Time 6 Axle Locomotive Written specifically for

Carg Domain Response 6-axie locomotive,

54 {AAR-TTD (Numerical [Detailed Vertical Train |Emphasis on car inter-
Integra- Stability Model actions, does not separate
tion truck modeling.

Time
Domain

55 TRu Frequency |Rail Vehicle Roadbed Developed for high speed,

Domain Study mass transit application.
Apparently has not been
used for some time,

56 |MITRE  |Eigenvalue |MITRE Random Process perimant®! calls progrem
"unsuitable for dynamic
stability analysis®,
Primary applications else-

J where.,
1

57 |[Battelle |Time Konlinear Freight Car Emphasis on rail founda-
Domain Model tion stresses, rail dis-
Numerical continuities, wheel/rail
integra- forces.
tion
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TABLE -3 {Continued)
COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING
VEHICLE DYNAMICS

{REFERENCE 1)

50, SOURCE TYPE NAME /DESCRIPTION COMMENTS
58 | Unfted |Critical UAC-4 Written specifically for
Afrcraft |Speed the single turbotrain
appiication.
59 | Unfted iCritical UAC-6 Perinanr4} notes “"not docu-
Afrcraft jSpeed mented in any detail™.
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TABLE M-4
GEXERAL TYPE OF ANALYTICAL MODELS AVAILABLE FOR

INVESTIGATING TRACK STRUCTURE
{Reference 2)

Vertical Track Models
® Beam on Elastic Foundation
' Finite Element Model

Lateral Track Models
® Beam on Elastic Foundation

[} Finite Element Model

Tie Mudels
L Classical Simple Beam
% Finite Element Model

Rail-Fastener Model

Ballast-Subgrade Models

Talbot's Egquation
Pyramid of Stress
Boussinesq's Equations
Westergaard's Equations
Cerruti's tEquations

Burmister's Multi-Layer Elastic
System

Three-Dimensional Track Models

] finite Element Model With Prismatic
flements

s Finite Element Model With Member
Representation
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TARLE M-5
APPLICATION OF TRACK MODELS FOR

IKVESTIGATING YERTICAL TRACK SETTLEMENT
{Reference 2)

Intended Use
- Iy
Modei [ U
Mode] T l=] Sig
Type a (T l2 1w
=] T oW -4
= = -~ =
3 p= o Lt -
CEN S vl B
s 15|38 5
3 3
Beam on Elastic
Yertical Track Foundation Model ¥ x
Models Finite Element Mode! X X x
Ciassical Simple x * X
Beam Model
Tie Models
Finite Element Model X x x
Talbot's Equation x % X
Pyramid of Stress Model X X X
Ballast-Subgrade
Boussinesq's Equations X X %
Models
Westergaard's Equations % x |
Burmister's Multi-layer X X X
Elastic System
Finite Element Model
Three-Dimensional With Prismatic Elements x
Track Models
Finite Element Model
with
Member Representation x

¥ indicates intended use
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TABLE M-6
COMPARISON OF VERTICAL

TRACK MODEL CAPABILITIES
{Reference 2)

[ capmsivivies MODELS
| feam on Elastic Finite
Foundation Model fiement Model
Multiple Wheel Loads x X
Rail Bending and i
| Shear Stresses X x 1
Rail Deflections x X
Rail-Tie Reactions X X
Joint Incorporation X x
Missing Tties
and Fasteners X
Non-Linear Foundation x
x indicates capabilily

TABLE M-7
COMPARISON OF LATERAL
TRACK MODEL CAPABILITIES
{Reference 2)

CAPABILITIES MODELS
Beam on Elastic Finite
Foundation Model Element Model
Multipie Wheel Loads x x
Ra1l Bending and
Shear Stresses x X
Rail Deflections % x
Rail-Tie Reactions X %
Joint Incorporation X X
Missing Ties
and Fasteners x
Non-Linear Foundation %

X indicates capability
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TABLE M-8
COMPARISON OF TIE MODEL CAPABILITIES

{Reference 2)
CAPABILITIES MODELS
Classical Simple Finite
Beam Mode!l Element Model
7ie Bending Stresses _ x ; x
Tie Deflections x
Tie-Ballast
fleactions 3 x
Off-Loading :1
Kon-Linear
Ballast-Subgrade X
x indicates capabiiity
1 indicated rail-tie loads to be obtained
from three-dimensional track models
TABLE M-S
COMPARISON OF RAIL
FASTENER MODEL CAPABILITIES
(Reference 2)
CAPABILITIES RAIL FASTENER
MODEL
Fastener Loads x
Fastener Deflections x
Joint Incorporation x
Missing Ties and
Fasteners A
Gff-Loading 'l
Staggered Joints X
Multiple Wheel Loads x

1 Kon=Linear Fastener
and Foundation x

x indicates capability
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TABLE M-10
COMPARISON OF BALLAST AND
SUBGRADE MODEL CAPABILITIES
(Reference 2)

MODELS
h--_ --'-“I -“ [ Lg
CAPABILITIES i ov | g2 TE - IS5
2 | =) 22| 32| 32| =20
2% el 52| BE | BE | 238
=E Le | 33| S& s5 | EX%
ad a =1 "] o el [ b - BN ]
by = e o X -
= ("]
Stresses £ x x %
Defliections %
Off-Loading X X
Multi-Layers x
yYertical Load x X X X
tateral Load

x indicates capability
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TABLE M-11
COMPARISON OF THREE-DIMENSIONAL TRACK MODEL CAPABILITIES

(Reference 2}

MODELS

CAPABILITIES

Member

| Representacion

Prismatic
Eiements

Vertical Load

3

X

taterz]l Load

-

Loading

Multiple
wheel Loads

| Off-Loading

“Bending and
Shear Stresses

fail

Detlections

Rail-Tie
Reactions

Joint
incorporation

- Staggered
Joints

Missing
fasteners

Bending Stresses

“Teflections

Tie-paiilast

j Reactions

H#HEHHHHHHM!HH#HHEHH

Hissing Ties

e tﬂtAdWﬂFmﬁdPﬂF#FﬂHﬂ

Stresses

i Muiti-Layers

L

R

-

o
{= &] Materiai Non-
1= =

jeo W

Linearity

x indicates capability

¥ indicates vertical direction
L indicates lateral direction
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H.2.4 DETAILED TEST PLAKNING

The primary purpose of this planning task is to convert the previously
fdentified test objectives into detailed test requirements. Therefore both
planning tasks 1 and 2 {DEFINE OVERALL TEST OBJECTIVES, PRELIMINARY TEST
PLANNING) should be essentially complete before initizting the detailed test
planning activity as outlined here.

The level of detail to be developed during this task should be sufficient
to aliow the test design task to proceed. For example before suitable wayside
or onboard instrumentation can be selected or developed, test parameter ranges
mist be known., In the absence of suitable empirical date, it will be
necessary to provide estimates of expected test parameter ranges and critical
Timits of risk. The degree of confidence associated with varfous parameter
response levels will be somewhat dependent upon the level of analytical
support expended,

As shown on the flow chart in Figure M-5, it is anticipated that some

level of analytical support activity will typically be necessary to complete
task 4.0.

Planning Aids For Detailed Test Planning

Several planning aids are presented as an example of the type of
information toc be developed for test operations. Figure M-6 shows a2 typical
test organization chart. Depending upon the size and complexity of the
specific test program being addressed, it may be desirable to expand or
condense such an organization chart., However it should be sufficiently
detailed to enable 2!l participants involved to clearly identify their
respective areas of responsibility and authority.

Table M-12 provides an example of the type of detail to be considered
when addressing contingency plans.
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TABLE M-i2

EXAMPLE CONTINGENCY PLAN

# Find Alternate Site

{Reference 3}
EVENT POSSIBLE ACTION ] REMARKS
PRE-TEST PHASE
Track Access Delayed # Delay Test Dependent on expected

delay.

| Onboard Instrumentation
1 not Available

# Delay Test

& Continue Test with
Track Instruments
Only

¢ Substitute Instruments

# Reduce Scope of Test

Dependent on expected
delay.
1f schedule is crucial.

If substitutes are
availabie.

1 Track Fixture Not
Available

» Delay Test
s Use Substitute Cali-
: bration

s Calibrate Post-Test

11f schedule is crucial.

Track Geometry Measure-
ment Car not Available

s Delay Test

# Stringline Survey

# Continue Tests with
Track Instruments
Only

s Substitute instruments

s Reduce Scope of Test

Originally Designated
Cars for Consist Make-
up not Available

o Delay Test

# Use Alternate Cars and
Revise Test to Fit
Avatlable Cars

Onboard Instrumentatfon
not Ready on Schedule

# Delay Test

# Complete Partial
instrumentation and
Proceed with Test

Site Reconstruction is
Delayed

# Delay Test
# Conduct Abridged Test on
Availabie Track

1Site Reconstruction
T Track Characteristics

@ Run Traffic to Settle
Track

# Rebuild Track

& Proceed with the Altersd
Track

M-3}



TABLE M-12 {Continued)
EXAMPLE CONTINGENCY PLAN

(Reference 3}

EVENT POSSIBLE ACTION REMARKS
g Track Instruments not ¢ Delay Test
Avaiiable ¢ Conduct Test using On-
{or Partially Avail- board Instrumentation
able) Only
¢ Reduce Test Scope to
Available Instrument
10 Survey Consist not ¢ Delay Test

Available

¢ Survey After Test
& Survey Manually

Some information iz
Tost.
Track not loaded.

TEST PHASE

¢ Do Without the Missing
Data

in Track Instrument Fails ® Delay Testing Depends on the extent
¢ Do without the Failed of the delay and the
Instruments importance of the
& Provide Redundancies failed instrument,
12 | Onboard Instrument Fails] # Delay Testing Depends on the extent
] ¢ Do Without the Failed of the delay and the
Instrumerts impartance of the
# Provide Redundancies failed instrument,
13 Track Panel Shifts # Rework Track Depends on safety
# Do not Rework Track assessment.
14 Yehicle Component Fails | & Delay Testing
# Test Alternate Yehicle
15 Severe Weather Inter- # Delay Testing
feres # Compensate for Change
in Track Character-
istics
| 16 | Track Seems Unsafe & Repair Track
i 17 Safety Criteria Close s Do not Test at Faster Depends on the speed
: to Being Exceeded Speed and the test section
® Make Perturbations Less | at which this happens.
Severe
iB Total Data Loss & Repeat Tests
18 Partial Data Loss ¢ Repeat Tests
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M.2.5 SPECIAL STUDIES

"Special Studies” are not necessarily & planning item to be considered
for all test programs. However due to the diversity of test objectives which
typically are encountered in field testing, there will be test programs that
have unique problem areas which require special attention. The primary
purpose for considering & "Special Studies" phase during test planning is to
provide & systematic approach for handling special problem areas. If done in
& timely menner, the results of such "Special Studies” can be integrated into
the test planning design phase {task 6.0}. Such an approach would minimize
potential problems during actual testing and provide good assurance that the
final test results will fulfill the original test objectives.

As implied above, & "Special Studies™ task should be considered on a "as
needed” basis depending upon the particular test program being addressed. The
flowchart shown on Figure M-7 provides an exampie of the type of planning
activity which should be considered when & special study task is necessary.
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5.0 SPECIAL STUDIES

#

5.1 [IDENTIFY SPECIAL PROBLEM AREAS

Identify special problem areas and special
studies required to meet the test program
objectives as defined in Task 1.

# Evaluate the affects of track modulus
variations upon expected test results.

# Evaluate the affects of fastener types
and condition upon test results

® Determine the required frequency of track
geometry measurements with regard to
specific test programs,

'

5.2 IDENTIFY AN APPROACH FOR RESOLVING THE
IDENTIFIED PROBLEM AREAS

¢ Define important parameters
® ldentify analysis/simulation requirements
s [dentify test requirements

® Develop correlation techniques between special
study results and expected experimental test

data ‘

5.3 DEYELOP A STUDY PLAN

'

5.4 CONDUCT STUDY

1

5.5 REVIEW STUDY RESULTS AND PREPARE "TEST
DESIGN RECOMMENDATIONS™ {WITH REGARD TO
THE SPECIAL PROBLEM AREAS!

FIGURE M-7

M-3%



H.2.5 TEST DESIGH

Test design considers all those activities or functiont which are
required to convert detailed planning requirements into actual specifications
or procedures needed to implement a productive, safe and efficient test. For
exampie,during the test planning phase, certain track perturbations needed to
fulfill identified test objectives would be defined. Construction techniques
and specifications for implementing these perturbations would then be defined
and developed during the TEST DESIGN activity.

As can be seen from the overall planning diagram, the TEST DESIGN task is
really a focal point for *re entire test planning activity. Because of the
importance of this task, it has been broken down into seven different
subtask:. The completion of this task will typically require interaction and
feedback from several other tasks as shown. Flow charts and planning aids for
the TEST DESIGN subtasks follow on Figures M-8, M-9, M-14, M-18, M-22, M-23,
and M-25,

Included with most of the subtasks are some planning aids which serve to
exemplify the type of information to be developed.

Mianning Aids For Track Structure Design

Table M-13 presents a list of track structure parameters which may need
ty be identified and/or measured prior to testing,

Planning Aids For Wayside Instrumentation

Table M-14 provides « planning worksheet to be used when designing the
wayside instrumentation system. Figures M-10 through M-13 provide an example

of the type of identification diagrams which should be developed for wayside
instrumenta® fon.
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6" 8.75"

19.5"

ssox[ ]

MEASUREMENT

:
g

W/R LOADS

TIE BENDING STRAINS
FASTENER STRAINS
PRESSURES

SOIL STRAINS
EXTENSOMETER (STRAIN)
SOIL SAMPLES

FROOD O X

TYPICAL INSTRUMENTATION IDENTIFICATION (PLAN VIEW)
FIGURE M-10
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I 12 BALLAST
6" SUB-BALLAST

B
e

-
o 3

RECOMPACTED

>

!
l SUBGRADE 1
1

.
P

UNDISTURBED
SUBGRADE

MEASUREMENT SYMBOL

W/R/ LOADS

TiE BENDING STRAINS
FASTENER STRAINS
PRESSURES

SOIL STRAINS
EXTENSOMETER {STRAIN]
SOIL SAMPLES

rBROODOX

TYPICAL INSTRUMENTATION IDENTIFICATION (SIDE VIEW)

FIGURE M-11
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BALLAST © | i
SUB-BALLAST _ = .o 8in

RECOMPACTED

o]
(o]

SUBGRADE

UNDISTURBED
SUBGRADE

MEASUREMENT SYMBOL

W/R LOADS

TIE BENDING STRAINS
FASTENER STRAINS
PRESSURES

SOIL STRAINS
EXTENSOMETER (STRAIN)
SOIL SAMPLES

PR S®OD O x

TYPICAL INSTRUMENTATION IDENTIFICATION (END VIEW)

FIGURE M-12
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VESTICAL GauGES
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Wilw k=8

TYPICAL IDENTIFICATION OF SPECIA'. INSTRUMENTATION
{L/¥v WHEEL-RAIL LOAD STRAIN GAUGE LOCATIONS AND
CIRCUIT CONNECTIONS)

FIGURE M-13
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8.5.7 TREFARE ON-BOARD WEASTRENTNT WATEIL, FIRALICE
FARAMETEE RANCES AND WEASTRENIYT AOCTRACIES

Hesssrenent Description
Magwufwmea ] Barge

Faaruremeal Afcurecy
Basruivmant location

Dats Tosge hnslvale Degulivments

!

4.0.1 DPEFINE IRSTREMENTATION LOCATION DETAILS
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= Linsarity

= Epsteresis

= Eipple (For Vusalosis)
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= Tempetaturs Confficliemt ol Cals
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f
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Grl-i'lul'lilllll.“ Baguirenerin
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FIGURE M-14
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Planning Afds For On-Board Instrumentation

Table M-15 provides a planning worksheet to be used when designing the
on-board instrumentation system. Figures M-i5 through M-17 represent examples
of on-board instrumentation identification diagrams which should be developed.

Planning Aids For Data Acquisition and Management

A block diagram of the defined data acquisition system{s} should be
developed as the reguirements are finalized. Figures M-19 through M-71 are
typical of the type of diagrams which should be developed.

Planning Aids For Vehicle Preparation

Table M-16 provides a “shopping 1ist* of vehicle parameters which may
need to be identified or measured for a specific test program.

Planning Aids To Support Test Series Development

Figure M-24 represents a diagram of the type of information which should
be identified for each selected test zone.

Test Design Hazard Matrix

Table M-17 presents a format for evaluating the test design for safety
hazards,
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BAGGAGE CAR

48-51 WHEEL FORCES, INSTRUMENTED WHEELSET
§2-83 CARBODY ACCELERATIONS, LATERAL
S50-8t CARBODY ACCELERATIONS, VERTICAL

58 COUPLER ANGLE, LATERAL

57 COUPLER ANGLE, VERTICAL

% LEFT SIDE

9]

RIGHT SIDE

ZHE)

TYPICAL CAR BODY INSTRUMENTATION IDENTIFICATION

FIGURE M-15

M-17
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CHANNIL

MEAS,
e

ki

D2

b3

D3

Spring
Croup Vert.
Disp. Kear

Spring
Croup VeTt.
Diap. Tromt

Truck Bolster
te Sidefrans
Lat. Dimp.
Belrom

Truck Bolster
o Sidelrams
fac. Disp.
Eeav

Truck Bolater
te Sideframe
Lat. Disp.

SIDE FRAME

TYPICAL IDENTIFICATION OF SPECIAL INSTRUMENTATION

{SPECIAL BOLSTER INSTRUMENTATION)

FIGURE M-16
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CHARNEL | MEAS. | cwaxuer | owWEAS.

=0, TYFL B0, TYPE
Al Truck AT Fore Axle
Bolster Brg. Fockel
vert. Accei. Lat. kecul.
Al Truck Bolster AL Resr Axle
tat. kecel. Erg. Tocksl

Yert. Accel.

&3 Truck Bolster
Long. Accel.
Ab Truck Bointer A% fiear Axle
Vurt. Accel. Bri. Pocket
iat. Acecel.
S =ruck Boleter AlD Fore Axle
Long. Accel. Brg. Pocket
Yert. Accel.
Ak Fore Axle &l Eear Aals
Brf. Pochet Brg. Pocket
Yeres. Accel. Yert. Accel.

TYPICAL TRUCK INSTRUMENTATION IDENTIFICATION
FIGURE M-17
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6.4 DATA ACQUISTION & MANAGEMENT

{

6.8.7 DEFINE BASIC DATA ACQUISITION
SYSTEM {DAS) REQUIREMENTS
Inputs (Number & Type of Data Channels)
Data Bandwidth
Jata Storage Required
Type of Transducers (i.e. strain gage,

accelerometer, LVDT, ete.)
{See Tahle M-14 and M-15}

4

6.4.2 CONFIGURE DAS TO MEET DEFINED REQUIREMENTS

| ® Select Signal Conditioni {Remote or Data ?an?

# Select Data Recording Technique and Equipment {F.M,
Tape, Digital Magnetic Tape, Hard Disk)
Select A/D Converters and/or Multiplex-De-Multiplex
Equipment .

¢ Time Reference, Wayside/On-Board Data Correlation

¢ Quick Look Analysis

® Rea’ Time Display

# Select Peripherals (Hard Copy, Graphics Display
Terminal, Line Printer, etc.{

# Telemetry Data Link(s)

¢ Field Communication System

% Prepare DAS Block Diagram (see Figure M-z0 and M-21)

¢ Develop & Data Synchronization System

| ® Establish Critical "Alam" Values Associated With Key
Safety lssues,
6.4.3 DEVELOP DATA MANAGEMENT DETAILS

e Establish Data Input Rate

¢ Define Data Management/Manipulation Requirements

8 Define Data Formats (Header Information Data File
Erganizatiun. Calibration Files, Channel Description

ile}

¢ Define Sensor Identification § stem

¢ Define Channel Identification §ystem

¢ Develop Data Base Storage Algorithms

¢ Define Processing Methodology Required to Properiy

Format Data 25 Needed to Investigate Performance
Regimes

FIGURE M-18
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mavsor | _ TELEMETRY LINK

B ALTERMATE
DATA SOURCES
TRACK PROCESSING M.,,',?“E
GEOMETRY — DATA 3 ‘SPRIVIOUS TEST
— ACOUNSITION i § DATA BASE & REDUCTION
DATA ] SYSTEM MANAGEMENT EYETEM -::33:515
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DATA A
CUICK <L 00K ORHCK-LOOK
- { DESFLAY } DISPLAY HIPLAY.
REMOTE -
TEST SiTE
i OuUCE-LDON OLCE.LDOE PRINTOUT
T PRINTOUT PRINTOUT

TYPICAL OVERALL FLOW CHART FOR THE DATA MANAGEMENT SYSTIM

FIGURE M-19
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FIGURE M-20
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BLOCK DIAGRAM FOR THE DATA ACQUISITION SYSTEM
(EXAMPLE OF A TYPICAL ANALOG BASED SYSTEM)
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FM T/PE
(BACK UP}

MODEM

IOR DATA
TRANSMISSION
LiNK}

PRINTER/
PLOTTER

INSTRUMENTATION .
SIGNAL
STRAIN GAUGES, LOAD CELLS, ;
DISPLACEMENT TRANSDUCERS, |t CONDITIONING
THERMISTORS, i & FILTERING
ACCELEROMETERS, ETC.
AT
CONVERTER
DIGITAL
MAGNETIC TAPE —m—i
DATALONTROL
RECORDER PROCESSOR
HARD DISK _— o)
SYSTEM
INTERACTIVE
GRAPHICS
TERMINAL
HARD COPY
umIT

P OCK DIAGRAM FOR THE DATA ACQUISITION SYSTEM
(EXAMPLE OF A TYPICAL COMPUTER BASED SYSTEM)

FIGURE M-21%
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6.5 VEMICLE CONFIGURATION

6.5.1 IDENTIFY YEHICLE PARAMETER CHARACTERISTICS

¥eights

Dimensions

Inertias
Stiffnesses

Damping Coefficients
Kheel Profiles

See Table M-16

.‘-.-I-

6.5.2 IDENTIFY VEHICLE CONTROL VARIASLES AND

TECHNIQUES OR REQUIREMENTS FOR CONTROLLING
SELECTED VARIABLES

6.5.3 IDENTIFY VEHICLE MAINTENANCE,
MOOIFICATION, OR RECONFIGURATION
REQUIREMENTS

FIGURE M-22
M-54
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e ———

I

.6 DEFINE IEQUILED TIST SERIES AND |
DEVELOY TEST FIOCEDURES

%.6.] DEFINE OVERALL TEST FROCKAR EEQUILED TO
WIET TDENTIFIED TEST OBJICTIVES

‘s Ldentily & test series vegquired 1o weel The de-
finad tact oblectives

Develop & Test sequendce {o.§. test nomes, speed
prefiles, ladiog conditions, wheel prefiles,
Trats Direction, Conaist maki-up, #2c.)

§.6.7 DEYILOF DEFTAILES TEST PROCEDUNES

Frepate o dxiailed, step-by-sley, test procedutes
docusent which will bs weed to sctimally cosduwit
sach isdivideal tesi seguence.

» Tdempify individual respoasibilitbes for each
test

# Tdentily isdividusl sctions te be Tadken durTing
each siep

# FPrevide & wegueniisl “chechllst™ format for the
teat procederes

& ldentify gesersl test reles

$.8.) DIVELOF FEOCEDUNIS TO& WiSCTLLANEOUS ACTIVITIES

L]

Piald lsapesction of Test Site

= Tie susi#Ting sysios

- Tdeniify trschk wuper strectute and ive condiilon

- Bsllast Dwslgn & Conditios (vype, depth, proflle,
fouling or degradation, dralnagel

- Tie lnstallation (Re-work, Spot Isstallaties, stc.}

- Condit lons

Pevelop test proceduteds sé aeeded (o conform to rallroad

aadior laborstery ssfety standards

$oll fample Acguisitlion

Boil Sample Testing

Monitering of Envirosmentsi Condifloss

= Bubautisce molsture, lespavalule

- Weather inforsstion ssd Bistory

Trach Coometry Messsrement

Trach Strecture Locatios fasrwey te benchmari)

Pats Asguisitiom Frecsdurs

Periorm Test Dwelgs Bagard Aaslyeis

Dpreers

inputs or outputs

from the other
msjor tasks.

§.6.4 FEITARE CALIBRATION FROCIDURES

Whewt/Maili Latersl, Vertlcal sad Loagl-
todinal Losd Clrewits

Blepiacem.nt MessurenenlE

Tis Bending Stveine

Fast mar instrusesistion

Vehicle Weight

Vehilele Fropariies

mEwa

FIGURE K-23
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TEST ZONE 1 {CURVE DATA)

In
CIRVE DECKEE CURVE LERCTE SUPEE STARY SToP EQUILIBRIUM
BG. OF CUEY. DIRECTION (fe.} ELEVATION MP g SPEED
{in}
1 I.® Right hand 7% §.07 321.1 310.8 &7.3
3 6.2 Eight hand 108D 5.1% 319.7 319.5 14,7
I 3 6.1 Left hand 1386 480 319.4 18,1 33,7
& 5.3 Right hand 113 5 10 318.7 IR 5 .1
b b2 Left hand %34 1.&2 318.0 317.8 4.3
& 3.2 Left hand i 3..3 31r.1 it % i7.%
H .1 Right hand il 3.04 316.5 516.3 7.8
L] 3.0 Left hand o710 4.53 ¥16.2 3158 3.2
L] 3.7 Kight hand 4%l ¥. 12 515.8 35,7 38,1
1C b3 Left hand iy & .50 3k5.7 315.5 33.5
11 6.1 Eight hand 1420 4,51 3180 &% J&.l

TYPICAL TEST SITE DESCRIPTION

FIGURE K-24
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6.7 ERROR ANALYSIS

-7.1 IDENTIFY & TABULATE ERROR SOURCES

& ® & & & & @

Wayside [nstrumentation

On-Board Instrumentation

Instrumentation Installation/Calibration
iolerances on Vehicle Components
Tolerances on Contral Variables
Perturbation Accuracy & Maintatnability
Environmental Effects

Track Measurements

f

6.7.2 CONDUCT AN ERROR ANALYSIS TO DETERMINE

OVERALL MEASUREMENT ERRORS AND AFFECTS
UPON TEST PROGRAM

6.7.3

MODIFY TEST DESIGN IF NECESSARY TO ACHIEVE
DESIRED MEASUREMENT ACCURACIES (e.g. RELAX |
OR TIGHTEX TOLERANCES ON INSTRUMENTATION,
PERTURBATION ACCURACY, ETL.)

FIGURE M-25
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K.2.7 SPECIAL DEVELOPMENT TASKS

Special deveiopment tasks, while not an integral part of the mainstream
test planning methodology, are tasks which are considered either necessary or
very desirable for the conduct of a specific test program. These development
tasks should be performed in parallel with the overall test planning activi-

ties as requirements evolve. A planning flow diagram is presented in Figure
M-26.



7.0 SPECIAL DEVELOPMENT TASKS

7.1 IDENTIFY DEVELOPMENT TASKS NEEDED TO PERFORM
TEST PROGRAM e.q.

¢ Devclop special calibration technigues and/or
equipment

# Develop special measurement techniques
Develop instrumentation

Develop testing techniques which will minimize
labor costs and installation time

1| ® Develop technigques to minimize recurring instru-
mentation costs

et ]

PREPARE A DEVELOPMENT PLAN FOR THE IDENTIFIED TASKS(S)

7.3 IMPLEMENT DEVELOPMENT PLAN

FIGURE M-26
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M.2.8 TEST "REPARATION

The “TEST PREPARATION" planning task should identify a1l of the
procedures and activities whiuh are necessary to prepare the test site, test
consist and the .ssociated test equipment pricr to testing {see Figure M-27}.
Any changes or revisions to the previously identified test schedule and the
associated logistics involved should be made at this time. Procedures and
schedules for fabricating and/or procuring special equipment {e.g. test
fixtures) or suppliies should be defined.

Planning Aids For Test Preparation

A checkliist for vehicle preparation {Table M-18) is included as an aid
for documenting wvehicle condition and identifying required mzintenance or
modification. As noted in the table, it wil! most likely be necessary to
measure and record certain previously identified vehicle parameters prior to
testing. TYable M-1% provides a brief checklist of design considerations which
may be useful when developing test fixtures. Table M-20 presents & “shopping
1ist" of test equipment which may be required for a specific test. As part of
this planning task & specific 1ist of required equipment should be made.

Table M-21 presents some general considerations for personnel health and
safety. A table of "miscellaneous site preparation activities™ is presented
in Table M-22. Such preparation can be easily overlooked but can be
potentially very critical to a successful test program.

Table K-23 presents a format for the Test Operations Safety Analysis

Matrix which will provide assurance that previous hazard analysis are met and
safety requirements satisfied.
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TABLE M-18

VEHICLE PREPARATION CHECKLISTS

1.0 Vehicle Checkout and Documentation of Vehicle Condition

{Body)

o O B B W O B B

Check for bent or twisted center sill {does car sit level?)
Rust thru, cracked or broken body welds

Cracked corner castino. on box car doors

Operational hand brake and slack adjuster

Safety appliances (ladders, stirrups, hand rails, etc.)
Worn, dragging, cracked orake hoses

Check for broken center platc wear ring

Perform air test

Check for existence of retainer line if required

{Wheels)

" & @ » - & 8 8 »

Excessive tread or flange wear
Cracked wheel

Spallied tread

Wheel flats

Over ?eated (thermal or herrirg bone cracks, color or rust on wheel
plate

Loose whee!l
Leaky wheel bearing seals
All wheels of same diameter

ﬂacnugnt and record flats, spalls (size, dimensions, location,
depth

Check for roller bearing frame keys

Check for wheelset separation {flange back-to-back dimensions)
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2.0

TABLE M-18 {Continued)

YEHICLE PREPARATION CHECKLISTS

(Trucks)

¥orn brake shoes

Improper shoes (cast vs. composition)
Burned in beams

Broken, misaligned springs

¥orn friction blocks

Bolster gib wear (inner and outer)
Number of buttons on opposite sideframes
Side frame integrity

® W O# O m B B & 8

(Draft Gear)

® Proper couplers {type E, F, shelf, interlocking} if reguired for
test

Cracked pocket or coupler shank
s  Note special draft gear {Freightmaster, Hydracushion, etc.)

{Check for Evidence of Derailment}

Dirt and gravel in spring group

Sling marks on carbody

New air reservoir and brake cylinder
Blue gouges on field side of wheel tread
Flange marks on underside of car

Missing side bearings

Damaged bearing cap

&, @ W & & & »

Measure and record physical vehicle parameters as fdentified under
planning task {see Figure M-22}.
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Typically

TABLE M-18 (Continued)

VEMICLE PREPARATION CHECKLISTS

it will be necessary to obtain or measure certain vehicle

parameters which will be required for a specified test program. These
parameters may include those presented in Table M-16.

3.0 ¥ehicle Mudification As Required For Test

Attach transducer fixtures, J-boxes, conduits and cable hangers,
etc.

Load vehicle, locate c.q.

Modify jack pads

Change couplers

Change center plate

Check shocks or change as necessary

Check side bearings

Change brake forces [levers, clevices, rod lengths)
Disconnect brakes, block cylinder
Retrofit w/retainer line

Tap train line air supply

Hire down cut levers to prevent uncoupling
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TABLE M-19

TEST FIXTURE DESIGN/FABRICATION CONSIDERATIONS

Convenience and ease of use

Accuracy and repeatability

Ruggedness

Method of attachment {bolted, welded, clamped)
Adjustment capability

¥ill not cause interference problems or affect vehicle performance
or safety

Susceptibility to contamination and weather
Ease and cost of fabrication

Coordinate actual fabrication w/machine shop
Arrange for transportation to test site

Provide time in schedule for field installation and possible
modification or re-work

Electro Magnetic Intarference (EM1) considerations as appropriate
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TABLE M-20

EQUIPMENT CHECKLIST

NO ITEM {1.0. JQUANTITY |CHECKOFF
GEXERAL PURPQSE
HAKD TOOLS
1 Flat Head Screw Drivers
2 Phiilips Head Screw Drivers
3 Offset Screw Driver (Phillips
i Flat)
& Sat of Jeweler's Screw Drivers
5 Hammers (Machinist, Claw,
Sledge )
6 Adjustable Wrenches
7 Vise Grips
8 Punch Set {Center, Drift)
9 Chisel Set
10 Pliers
S$1ip Joint

1
12
13

14

Needle Nose {Midget and Std)
Adjustable {Pump)
Diagonal Cutters {Midget & Std)}
Snap Ring
Tin Snips
Hydraulic Jack and Jack Stands
Sharp and Dull Knives
Ory Bars and “Cheater" Pipe

Lights

Flash Light and Batteries
Trouble Light {Ext. Cord)}
Flood Lights {Ext. Cord)




TABLE M-20 {Continued}

EQUIPMENT CHECKLIST

NG ITEM 1.0. | QUARTITY | CHECKOFF
GENERAL PURPQSE
HAND TOOLS

15 C-Clamps

16 Spring Clamps

17 Screen Door Springs

18 String

16 Rope

20 Chain w/Hooks

21 Saws
Hack Saw and Blades
Carpenter's Saw
Keyhole Saw

22 Hydraulic Jacks w/Handles
2 Ton
5 Ton

23 ¥Wire Brush

24 Fox Tatl Brush

25 Scissors

26 Putty Knife

27 Allen ¥rench Set

28 Complete Socket Sets

Ratchet Handle
Extensions
U-Joint
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TABLE M-20 {Continued)

EQUIPMENT CHECKLIST

1TEM

QUANTITY

CHECKOFF

GENERAL PURPOSE

HAND TOOLS
Deep Well Sockets
Regular Sockets
Metric Sockets
2% Drill Bit Index Set
30 Open Encd Wrench Set
31 Box End Krench Set
32 Torque ¥renches
33 Shovel
34 Pick
35 Posthole Digger
36 Complete Tap and Die Set
w/Wrenches
37 Spare Taps
38 Cutting Qi
39 Bench Yise
40 Files
- Flat {Fine and Coarse)
- Half-Round {Fine and Coarse)}
- Rat Tail {Fine and Coarse)}
- Trianqular (Fine)
- Sguare {Fine)
41 Fite Card
42 Handles
43 Swics Needle File Set
44 | Pop-Riverter and Pop Rivets

| Rerailing Blocks/Wedge
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TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

ITEM

1.0,

QUANTITY

CHECKOFF

ELECTRICAL
SUPPLIES

I L B e

Hook Up ¥ire (assorted sizes}

Spade Lugs and Connectors

Solder and Flux

Jumper Wires

Electrical Technician's

tool kit

Assortment of Electrical

Components

- resistors

- capacitors

- diodes

- integrated circuits and
ampiifiers

Heat Shrink Tubing

Soldering Irom or Torch

MEASURING
TOOLS

e Gad P s

Machinist Rule 12*
Carpenter's Level 3 Ft.
Square
Tapes

25’

100"
Micrometer Set 0-6"
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TABLE M-20 {Continued}

EQUIPMENT CHECKLIST

NO ITEM 1.D. JQUANTITY |[Cn.lKOFF
MEASURING
TOOLS
6 Caliper 0-6*
7 Piumb Bob
8 Chalk Line
g Transit
10 | Ultra-Sonic Unit and Coupling
Fluid
1§ Depth Gage
POLER TOOLS
& EQUIPMENT
i Variabie Speed Reversible
{ Electric Drill {3/8") i
Z 1/2 Inch Heavy Duty Electric
prill i
3 Disc Grinder and Assorted
Discs H
4 Die Grinder and Assorted
Discs and Bits i
5 Saber Saw
& Heat Gun




TABLE M-20 {Continued)

EQUIPMENT CHECKLISY

ITEM

1.0,

QUANTITY

CHECKOFF

ELECTRICAL
EQUIPMENT

N P G B e

Digital Yolt/Ohm Meter
Freguency Counter
Function Generator
Portable Oscilloscope
Regulated Power Supply

CONSUMABLES

= i U B L PO

Tape
<CoOLLh
Duct
rilament
Electrician's
Masking
Solvent
Grease
Rags
Sand Paper
Emory Cloth
Glue:
Paper
¥ood
Metal
Plastic
Hubber
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TABLE ¥-70 {Continued)

EQUIPMENT CHECKLIST

]

NO ITEM 1.0. | QuanTITY |CHECKOFF
CONSUMABLES

8 Temperature Sticks

{100°F - 200°F range}

g Spray Paint
STATIONERY
SUPPLIES

i Pencils

. Pencil Sharpener

3 Pens

4 Paper {(Lined and Graph)

5 Clip Board

& Chalk

7 Paint Stick

8 Magic Marker

3 Sticky Labels

10 Loose Lea® Binders
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TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

NO 1TEM I.D. |QUANTITY ] CHECKOFF
PHOTOGRAPHIC
EQUIPHENT
1 Camera
2 Light Meter
3 Film
4 Tripod
5 Batteries 1
6 Lenses
MISC. 1TEMS
1 Gloves
2 First Aid Kit
3 Snake Bite Kit ]
L Insect Repellant !
5 Calculator
6 Fire Extinguisher
7 ¥eys (for equipment and j
lockers, etc)
g ¥ire
g Dust Masks
10 Safety Glasses
3] Stool
i2 Small Table
i3 Canvas Tarp, Drop Cloths
14 Broom
15 grush
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TABLE M-20 (Continued}

EQUIPMENT CHECKLIST

aQﬂiH?IT?

NG 1TEM I.D. CHECKOFF
MiSC. ITEMS

i6 Coveralls

17 Rain Gear

18 Complete Supply of assorted
nuts, bolts, screws, washers,
etc.

ig Raw Materials
- sheet metal
- sheet plastic
- gasket material
= card bnaavg

20 Tie ¥raps

Z21 Hose Clamps

22 Cotter Keys

23 Turn Buckles

24 Wire Cable

25 Mater Container

26 Hard Hats




# & B B 8 8 & @

Note:

TABLE M-2i

TYPICAL PERSONNEL HEALTH AND SAFETY CONSIDERATIONS

Fire protection on equipment, buiidings, and storage areas.

Evacuation procedures, emergency service routes, and posting of emergency
plans, radio calls and phone numbers.

Alerting and communications systems.

Protective devices, barricades, warning signs, ropes, railways, railroad
equipment safety appliances.

Trained and instructed personnel as required by regulations.

Personal protective devices and protective clothing, personnel
restraints, cushions, padding.

On-site medical supplies, first aid, evacuation litters.

Safe drinking water supply and sanftary facilities.

Coptes of Book of Rules, appliceble safety manuals.

Gang watchmen, flagmen, crossing protection, public protection.
Accident/injury reporting system.

Poisonous plants, vermin, insects, caustic protection.

Crane, high 11ft and fire apparatus inspection forms and schedules.
Procedures and equipment for work on or near electrified track or signal
systems.

Equipment, procedures, and instructed personnel for work on hazardous or
safe-critical operations.

Housekeeping and waste/disposal equipment.

Health and safety planning should span the interface between

railroad, -onstruction, industrial, and laboratery rules, practices,
and regulations which pertain to test operations.

s



TABLE M-22

MISCELLANEQUS SITE PREPARATION ACTIVITIES

Identify the closest source for both routine and emergency medical
services (e.g. hospitals, clinics, paramedics, drugstores, fire
department). Develop & Vist of phone numbers.

Identify Tlocal sources for typical personnel services {e.g. motels,
restaurants, grocery stores, etc.).

Identify local sources for test equipment and their business hours (e.q.
nardware stores, electrical supplies, tool rentals, fue! supplies, car
rental, etc.).
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M.2.9 TEST EXECUTION

The planning task for "TEST EXECUTION" should identify all of the
activities and procedures which are necessary to actually implement & test.
The flowchart shown in Figure M-28 summarizes the type of activities which
should be addressed during this test planning task.

R review of the test procedures, results, and deficiencies should be made
to verify dats retrieved and permit future test efficiency including a review
of test safety procedures effectiveness. Table M-24 shows & format for review
of test safety procedures. Table M-25 summarizes some of the pre-test
coordination activities or topics which should be dealt with prior to actual
test execution,
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i
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TABLE M-25

PRE-TEST COORDINATION TOPICS

Review of security procedures

Establish a hierarchy of authorities in case of an emergency
Announce the location of emergency fire and safety personnel
Review the test schedule for the day emphasizing any special
conditions such as sanding or vehicle maintenance.

Note operational requirements such as u‘e of brakes, speed
tolerances, etc.

Coordinate the days visual track inspection requirements
Announce the radio channels to be used

Identify the groups to be in the test area.

Identify group leaders and all expected communications.
Announce the run numbering sequence to be used by all groups.

[dentify threshelds requiring a report from wayside and onboard

instrumentation and from track inspection.
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M.2.10 DATA REDUCTION AKD ANALYSIS

Data reduction and analysis includes the process of identifying the
format of the rew data; converting it to a form easily accessed by 2 data
analysis software package and presenting the »r_ults of the analysis in an
attractive and readily useable manner.

M.2.10.17 Basic Reduction

For purposes of this discussion, it has been assumed that the <.w tost
data has teen previnusly assembled on a machine readable storage medium. Some
of the more cosmon storage mediums used are digital magnetic tapes, anziog
magnetic tapes and disc files. The data may be the result of & test or it can
be the output of an anaiytic modei. The first phase of data reduction
involves identifying the type of data storage medium to be used.

M.2.10.1.1 Digital Magnetic Tape

The format of data stored on digital tape must be identified, either by
having previous knowledge of how it was recorded or by deciphering the tape
once it has been. received. A typical format for digital test tapes would
include the following records:

1} Header Record

Header records contain information in text form (7 or 8 bit ASCII, BCD RADIX
50 or EBCDIC) concerning basic test parameters such as a description of the
test, the number of channels being recorded, 2 description of each channel,
the sample rate, engineering units and so forth,

Z) Calibration Records
Calisration records are recorded just pricr %o the start of a test for the

purpose of obtaining the engineering unit conversion factors applicable to the
forthcoming test.
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3) Data Records

Data records comprise the majority of the tape. The formats of the recorded

data vary widely from test to test. Some of the factors which must be
considered are:

a} Record length in Bytes;

b} Word length in bits {12 or 16), rescliution,
sign convention, bit padding;

c}] How the dats ie mu'tiplexec, number of
channels, number of sample: per record, any
odd word length channels or irreqgularfties in
the multiplexing scheme.

4) Trailing Records

Trailing records may contain post-test calibration and >ore comments
describing any anomalies which were cbserved during the test.

M.2.10.1.2 Analog Magnetic Tape

Test data may be recorded on analog tape. If this is the case, the
information must be digitized prior to data rediction and analysis. Header
information may have to be added to the digita: copy of the test data.

Test data gathered onto a disc file may or may not require demultiplexing
since random access write is available.

M.2.10.2 Build Data Base

h data base is required for data reduction ‘o minimize access time for
the reduction of software which, by the nature of the task, involves large
amounts of Input/Output {1/0). This is accomplished by a combination of

pointers to disc sectors and by placing the inforwation on & wisc in su.h a
way that the sector number of 2 desired piece of information is a function of
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the channel number and the time into the test. Besides containing the test
date, the datz base should contain all the other information necessary to
perform analysis and generate the output. Examples of this information
include channel descriptions, engineering unit conversion factors and maximum
or minimum values.

Building & data base is accomplished by copying and manipulating the raw
information while re-ordering it to a random access device., ODepending on the
type of peripherals, the input of data to be reduced, and memory limitations,
the process of buiiding a data base may involve several different algorithms.
The foimat of the data base will also depend heavily on these limitations. 1t
may also te appropriate at this stage of data reduction and amalysis to
include necessary pointers and perform range checks on the data.

M.2.10.3 Basic Analysis and Data Presentation

The software actually responsible for accessing the data base and
performing the analysis should provide a high degree of flexibility as well as
being very efficient and easy to use. The software should be written in such
& manner as to facilitate future additions and modifications so as to readily
accommodate future changes or demands. A flow chart showing the basic datas
recaction and analysis functions is presented on Figure M-29,
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K.3 STANDARD SIGN CORVENTIONS

When pianning a field test program, standard sign conventions should be
used whenever possible. This will promote continuity of the test results from
test to test as well as between different test programs. [If standard sign
conventions can not be used, it is imperative that the convention be clearly
identified and flagged on the test datz involved.

Standard sign conventions are presented below for wayside instrumentation
and vehicle borne instrumentation.

M.3.1 WAYSIDE SIGN CONVENTIONS

Wayside sign conventions apply to 2ll of the instrumentation associated
with the track structure. Typical measurements include displacements, forces
and accelerations. In addition, conventions are helpful for fdentifying
direction of travel relative to the track structure 2s well as the "right” and
"left”™ rails. The suggested sign conventions are presented in Figure M-30,

M.3.2  VYEHICLE BORNE SIGN CONVENTIONS

Sign conventions for vehicle borne measurements are presented in Figure
M-31,

M.3.3 CONSIST CONFIGURATION IDENTIFICATION

A consist configuration should be clearly and uniquely identified such
that both vehicle and component loceticns and grientations can always be
traced from test toc test. Proper identification should include a2 side view
schematic of each configuration showing vehicle 1.0. numbers, wvehicle
orientation, axle numbers, and direction of travel,

The Tfollowing guidelines are suggested to standardize consist
configuration identification:
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STANDARD COORDINATE SYSTEM

.
it
OQUTWARD FORCES AND

OUTWARD DISPLACEMENTS
ARE POSITIVE

RAIL FORCES AND DISPLACEMENT

heg
E‘“‘%

LiE Fr & Al :
Nu‘“&f RS

RIGHT AND LEFT RAIL

WAYSIDE SIGN CONYENTIONS
FIGURE M-30

M-90

OBSERVER
LOOKING
TOWARD
INCREASING
MILEPOSTS



GENERAL MEASUREMENT CONVENTIONS

ACCELERATIONS, DISPLACEMENTS, FORCES

§ + UPWARD — + FORWARD
e + FORWARD >
+ CLOCKWISE
« RIGHT
WHEEL FORCES

DUTWARD FORCE ON
WHEEL IS POSITIVE

b ——
UPWARD FORCE
1 ON WHEEL IS
POSITIVE
L] *
COUPLER FORCES
VERTICAL COUPLER ANGLE LATERAL COUPLER ANGLE
P
e
SARGhaE LOCOMOTIVE BAGGAGE l:’g t 31"" LOCOMOTIVE
——wl . 75 Lr_— >
DOWNWARD MOTIONS COUNTERCLOCKWISE
ARE POSITIVE ROTATIONS ARE POSITIVE

MISCELLANEOUS

® BUFF FORCE 15 POSITIVE
#& SPRING EXTENSION 1S POSITIVE

YEHICLE BORNE SIGN CONVENTIONS
FIGURE M-I
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For each test run, axle count will be seguential starting from the
head-end of the consist with respect to the direction of travel for the
respective test run,

Axles/wheelsets will be uniquely identified based upon their initial
location in the consist. Car axles/wheelsets will be identified inm
accordance with the AAR designation specified by AAR finterchange rule
number 83 (Field Manual of the AAR Interchange Rules). The following
excerpt defines this ruie:

RULE 83 {excerpt)

15. For designation of locations on car at which damage occurred or
repairs made, the following will govern:

a. Cars equipped with four wheel trucks.

{1} The end of car upon which the brake shaft is iocated
shall be known as B end and the opposite end shall be
known a5 A end. 1f the car has two brake shafts, the
owner shall have the respective ends, A and B,
stenciled on car, on both sides, near each end.

(2} Facing the 8 end of car in their order on the right
side, wheels, journal boxes, brake beams and other
truck parts shall be known as Rl, #2, R3 and R4. The
main structure of car is divided into four sections
known as BR, BL, AR and AL. See Figure M-32.

b. Cars equipped with six or eight wheel trucks.

(1) The same principle applies as given above for four
wheel trucks.
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s

1 Ig::j; 3} §
&
8 END

FIGURE M-32. CAR WHEELSET IDENTIFICATION

Using the above AAR designation, wheels will be uniquely defined using an
fdentifier word of up to 5 characters as follows:
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X - S
X T Letter suffix to denote & “"replacement axle"”
Axie [.D. number uniquely assigned at time of {nitia}
installation in a vehicle
|

fetter IL or R) to denote initial whee! or wheelset
installation orientation

Vehicle [.D. -wumber (up to 2 digits) uniquely assigned at
time of initial installation in consist

As an example, consider an initial consist configuration of a test series
as shown below:

8 B B b F
1615 1413 1211 e B87 65 43 21
T P—

The axie identification associated with axle count number 7 would be 2-2
(f.e. vehicie 2, axle number 2). The wheel identification associated with the
above side view wouid be 2R2 (i.e. the right side of vehicle #2, axle #2})., If
the same car happened to be number 15 in the consist, the equivalent car whee}
identification would be 15R2. Now assume that the number 2 wheelset for car 2
is replaced during the next test run. The corresponding wheel identification
associated with axle count #7 for test 2 would be denoted by the following
identifier ZR2A (i.e. the suffix A denotes a replacement wheelset).



If & wheelset from one vehicle is changed out and swapped with another
vehicle, each wheelset will retain its original identification as established
by its initial {installation orientation and location in the test consist,
Using the above figure as an example, assume that wheelset number 3 of vehicle
3 {axle count #11) and wheelset number 1 of vehicle 4 {axle count #16) are
swapped. Furthermore, assume that the wneelset from vehicle 3 is directly
transposed to vehicle 4 but that the wheelset from vehicle & is rotated 180°
before installation in vehicle 3. The whee! identifications for the next test

(per the above figure) would then be &L1 for axle count 11 and 3L3 for axle
count 16,

Axles/wheelsets for locomotives will be identified using 2 nomenclature
similar to that used for cars. In the case of Tocomotives, the “B* end will
tquate 1o the long enc of the cab or the back of the locomolive as speciified
by manufacturer in conformance with FRA regulations. The opposite end or
short cab end will be designated the "F* end. Similar to freight cars with
iwo brake shafis, Tocomotives with cabs on both ends or in the middle shall be
éppropriately marked F or B by the ower. The right and left sides will be
established facing the “B* end of the locomotive. However it should be noted
that axles will be numbered in reverse order from the "B® end {or conversely

in sequential order from the "F" end}. This identification scheme is
fllustrated in Figure M-33.

The foilowing sample test log sheets illustrate the suggested consist
configuration identification scheme. As noted on the log sheet, there i§ a
column labeled “VEHICLE 1.D.". This column relates axle count to & current
vehicle number and orientation i.e.

— Head-end of vehicle per direction of travel (e.g. &)

e

Vehicle fdentification number (up to 2 digits,



FEND
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“B" END

FIGURE M-33. LOCOMOTIVE WMEELSEY IDENTIFICATION
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M.& TEST HAZARD ANALYSIS DEFINITIONS

*

The following definitions are provided as an aid for preparing Tables
M.23 and M-24. These definitions should alsc assist in deterrining

safety aspects of the test design, test operations and post review of the
procedures under which the overall testing objectives were accumplished.

K41

¥.4.2

Hazard Categories

Category 1 - HNegligitle - Will not result in personal injury or
system damage.

Category 11 - Marginal - Can be counteracted or controlled without
injury to personnel or major system damage.

Category 111 - Critical - Will cause personnel injury or major

system damage, or will require immediate corractive action for
personnel or system survival.

Category IV - Catastrophic - ¥ili cause severe injury or fatality to
personnel or major system Joss.

Action Pricrity Ranking

Routine - Can be adequately handled through routine chanmnels for
corrective action,

Special - Requires special follow-on action because of unique
aspects which night prove to be a problem.

Critical - Requires specizl management attention due to extent of
test program impact.

Urgent - Requires special management attention due to test prograa
fmpact and time constraint.
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¥.4.3 Likelihood of Occurrence

Frequent - May be expected continuously.

Reasonably Probable - Will occur frequently during test.
Occasfonal - Will occur several times during test,
Remote - Unlikely but possible,

Extremely Improbable - Su unlikely, can assume will not be
experier--4,

Impossible - Physicaily impossible te occur.

M.4.4 Hazard Duration Period

The perfod of time through which the nazard has effect on the test
program. fstimates for estabiishing a hazard duration period may be based
upon known data, or methods to arrive at quantitative data, concerning the
likelihood of occurrence of a hazard, These may include probabilities,
failure experience, reliability estimates, accident experience, or other
mnumeric data describing or aiding in understanding the hazard or key
contributors to the hazard.

M.4.5 Exposure

An estimate of factors leading to understanding the effect of a hazard
such as: number of persons in the hazard area, frequency of interface with
the hazard during the test, length of time of effect, type or critical nature
of the potential loss,
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SECTION N
VEHICLE CHARACTERIZATION

K.1 Introduction

Once 2 vehicle problem has been determined and the assessment
objectives have been set, as described in Part 1, Section 2 of this
report, an Assessment Plan should be developed using the procedures
outlined in Section A (Resources Available for Literature Search),
Section B8 {Accident History Investigation), Section C (Computer
Modeling), and this section, Section N (Vehicle Characterization}.
Section X should be accessed first to provide the initial selection of
significant Performance Issues to guide subsequent research. The
information in this section is called for by the Assessment Procedures
shown in Figures 2-2, 2-3, and 2-4,

The primary objective of this sectfon is to identify the
sensitivity of each Performance Issue to specific, relevant vehicle
characteristics. Section N requires, as input, engineering
characteristics of the vehicle under investigation and provides, as
output, & ranking of the ten performance {issues. This is shown
schematically below:

Engineering Characteristics Section K Ranking of
- ————————— ]

of vehicles under —t Yehicle —a-{ Performance

investigation Characterization Issues

Ko inputs from other sections are required although findings from
other sections may clarify some of the engineering characteristics of
the vehicle being investiceted and, therafaras, suggest a supplementary
use of Section N,

K.2 MNomenciature

The text, tables, and figures in this section include references
to the design and dynamic behavior of freight cars, passenger cars, and
locomotives. The definftions of all terms used are consistent with the



rest of this report. In most cases, figures are included to §1lustrate
the components and dimensions referenced.

K.3 Technical Discussion

A vehicle's proclivity toward each of the ten Performance [ssues
{cutlined in Subsection 2.4} can be estimated parametrically from the
conditions of certain specific Characteristics of that vehicie. These
characteristics are engineering descriptions of a vehicle which refate
to its dynamic response to track geomelry inputs or inputs from
adjoining wvehicles. Ffor instance, a vehicle characteristic of truck
center spacing is particularly relevant to that vehicle's car body roli
response 1o staggered 39 ft. rail joints.

The purpose of this section is as follows:

¢ to isolate, define, and quantify principal vehicle
characteristics which affect each Performance [ssue;

® 1o present these characteristics in such a format that any
rail vehicie under investigation can be quantified fin
these terms,

¢ 1o show the relative importance of each characteristic to
each Performance Issue; and

¢ to rank the Performénce [ssues showing those which would
most Tikely be of interest for further investigation,

In formulating this approach, a great deal of approximation has
been necessary in developing the quantitative ranges for the conditions
of each characteristic and in assigning the weighting values comparing
the effects of the characteristics. This approach will noretheless be
useful in assisting 1in the fdentification of relevant dynamic
Performance Issues for a vehicle or vehicle design being fnvestigated,

The vehicle characteristics are listed in Table N-1. These are
the characteristics which must be quantified or estiiated using the
definitions and sample cases provided in Appendix K-A.
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TABLE N-1: VEHICLE CHARACTERISTICS WHICH AFFECT YEHICLE
DYNAMIC PERFORMANCE

wheel
¥heel Profile

Truck

Total Shear Stiffness

Total Axle Yaw Bending Stiffness
Wheel Base

Static Yaw Frictien

Number of Axles

Yaw Moment of Inertia

Wheelset Weight

Net Braking Ratio

Coupler

Oraft Gear Longitudinal Energy Absorption
Draft Gear Compressive Energy

Car Body

Truck Center Spacing
Bounce Natura! Frequency
Pitch Natural Fregquency
Roll Matural Frequency
Yaw Natural Frequency
Sway Natural Frequency
Bounce Damping Ratic
Pitch Damping Ratio

Roll Damping Ratioc

Yaw Damping Ratio

Sway Damping Ratio
Torsional Stiffness
Overall Length

Center of Gravity Height
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The vehicle characteristics can apply to any rail vehicle in any
configuration, such as Tocomotives, passenger cars, or freight cars
with weight variations due to lading, passengers, or fuel/water. The
particular vehicle condition chosen may be based upon accident history
investigations or mathematical anzlysis or, §if no guidelines are
available from other sources, an evaluation of each Performance issue
should be made for the extremes of ali possible operational
configurations.

K.3.1 Details of Vehicle Characteristics

N.3.1.1 whee!l Profile

The geometry of the wheel/rail contacting suyrfaces 1is of
particular importance to Performance issues invoiving curving and
hunting. Generally, two segments of a wheel profiie are defined, the
tread conicity and flange angle. [t seems that the tread angle is most
significant to the initiation of hunting or curving problems and that
the filange angle affects the severity of the resultant wheel/rail
forces. The evaluation of the wheel profile is relevant only in
connection with common rail profiles. Special cases of rail vehicles
regularly running on rafl profiles not common to U.S. interchange
service must de considered analyticaily. For use of this section only
the tread angle is required,

The three conditions of conicity are; less than 2%, from 2 to 10%,
énd greater than 10f. The middie range includes the predominant AAR
1-in-20 (5%) and 1-in-40 (2.5%) new freight and passenger wheel
profiles, as well as most moderately worn wheels. Higher confcity
wheels are often used on the new radial or seif-steering trucks.

N.3.1.2 Total Truck Shear Stiffness

Truck shear stiffness is a measure of & truck's resistance to the
parallel displacement of its wheelsets. In general, increasing tte
shear stiffness of a truck will improve its hunting performance. This
is especially significant for conventional {non-radial} truck designs,
Radial truck designs are tikely to be relatively rigid in shear due to
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structural elements present, such as cross-bracing, Curving
performance may de reduced slightly by increases in shear stiffness.

Truck dynamic curving and hunting behavicr vary inversely in many
truck designs and are highly dependent upon two characteristics, shear
stiffness and axle yaw bending stiffness (described in Section
K.3.1.3). Substantial analytical modeling efforts have been devoted to
this area. Of particular relevance is the work performed at the
¥ehicle ODynamics Laboratory at the Massachusetts Institute of
Technology [Ref. 1 and 2]. An approximate formula, developed by
Wickens, fs qualitatively useful to show the influence of these
parameters on the critical hunting speed, ycr:

‘rcr = IEI [IBT + {az‘bE}{ST = [[%r‘{lz*hz]ts-r}z = ‘bEKSTKErIi]

whéere € is a constant

m 15 the effective hunting mass, which is, in general, the
mass of the wheelsets

2 is the track semi-gauge

b 1. one-half of the wheel base

A is an effective wheel/ratl contact conicity
Kgr s the truck axle yaw bending stiffness

KSI is the truck shear stiffness

Using typical wvalues, shear stiffnesses were calculated for
several sample cases, as noted in the appendix to this Section,
Appendix N-A. Since dynamic truck performance is not zolely a function
of shear stiffness, but includes the effects of the overall truck
design, major groups of designs are defined and ranges for shear
stiffness established within each. These groups are steerable and
non-steerable passenger trucks and freight trucks. The typical values
of trucks in each group have been set with “conditions™ of shear



stiffness {low, medium, or high) as befits the design, even though the
absolute value ranges are not the same for each group.

K.3.1.3 Total Truck Axle Yaw Bending Stitfness

Truck axle yaw bending stiftness is & measure of the truck's
resistance to relative yaw between two wheelsets. This is shown
schematicaily in Appendix N-A. Bending stiffness 1s particularly
relevant to curving performance. Low bending stiffress allows the
wheelsets of 2 truck to take positions radial to a curve, thereby
reducing the wheelset-to-rail angle of attack. Steerable, or radial,
truck designs allow low bending stiffness through the structural
interconnections of the wheelsets, such as cross-bracing or special
shear pads. Lower bending stiffness allows sharper curving before
tateral forces, due toc the angle of attack, become & problem.
Conversely, low bending stiffness can increase the tendency for
wheelset hunting.

As with shear stiffness, the absolute value of bending stiffness
is useful only within the prescribed design groups of steerabie and
non-steerable passenger and freight trucks,

N.3.1.4 Wheel Base

Wheel base, the distance between the centers of the outside axles
of & truck, can have a substantial effect on curving performance,
especially on tight curves. GLong wheel bases increase the lateral
forces required to move through a curve or spiral., In operation on
tangent track, a long wheei base can reduce the probability of truck
hunting, as shown by Parameter b in the equation for critical hunting
speed in Section K.3.1.2.

N.3.1.5 Truck Yaw Friction

Truck yaw friction, or break-away torque, is defined as the peak
torque required to initiate rotatifon of the truck relative to the car
body. A high level of yaw friction can increase the probability of
problems with Spiral WNegotiation and Dynamic Curving. However, the
effects of high yaw friction will decrease the probabdility of truck



hunting. Most trucks will fall into the medium or low categories, as
defined in Appendix N-A.

§.3.1.6 Number of Axles per Truck

Although the number of axles per truck will usually be directly
correlated with the wheel base, the addition of & third or fourth axle
to a truck greatiy increases the geometric constraints imposed during
curve or spiral negotiation.

Conversely, a truck with three or more axles will be less prone to
truck hunting than one-or-two axle trucks, all other factors being
constant,

N.3.1.7 Yaw Moment of Inertfa

The yaw moment of inertia of & truck is measured about a vertical
axis through fits center plate. The quantity of this parameter is
determined by the weight of the truck and by the weight distribution
about the center of yaw rotation., A %igh yaw moment of finertia will
increase the dynamic wheel/rail forces during dynamic curving or spiral
negotfation and will slightly reduce the tendency toward truck hunting.

%.3.1.8 Wheelset Weight (Effective Lateral Wheelset Mass}

The inertial mass or weight of an individual wheelset is relevant
te the lateral! wheel/rail forces generated during the negotiation of
relatively short alignment perturbations. In many truck designs, there
is sufficient lateral clearance between the axle and other components,
such as side frames and journaz)l boxes, to aliow rapid accelerations of
the wheelset without immediate coupling to the larger truck or car body
masses. Traction motors may often be extluded from the effective
lateral wheelset mass. In other cases, tight lateral clearances, such
&s those in tapered roller bearings, make the effective lateral dynamic
wheelset mass substantially greater than that of the wheelset alone.
Most freight and passenger trucks will fall into the “light™ category,
as shown in Appendix N-A. A low wheelset effective mass is generally
beneficial for all Performance Issues.
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H.3.1.9 Net Braking Ratio

With respect to the Performance Issues considered in this report,
the interest in braking is only in determining circumstances in which a
vehicle under investigation has a braking rate substantially different
from the rest of a typical consist. Substantially different braking
rates in a consist may initiate excessive buff or draft forces during
braking,

For use in U.S. interchange service, specific AAR rules must be
met regarding braking ratios. These are summarized in Appendix N-A
with additional terms for non-tread brakes, novel brake shoes, and
weight equalization braking systems.

Vehicles used in a unit train consist, in which all net braking
ratios are equal, will not be prone to Performance [ssues of interest
here due to their braking system's equality of draking rates.

N.3.1.10 Coupler/Draft Gear Longitudinal Energy Absorption

The spring-mass system of a train composed of cars (mass) and
couplers with draft gear {spring) can undergo longitudinal oscillations
under certain conditions of braking and/or gravitational input. The
Performance Issue, “Longitudinal Train Action,” investigates this
sftuation. The primary deterremy to oscillations is the damping
afforded by the consist, including tha* of the draft gear. Some of the
energy absorbed during a cycle of compression and extension is
converted intc heat and not returned to tie oscillating system. This
vehicle characteristic is measured by laboratory or field tests in
which the forces generated during one quasi-static cycle of the draft
gear are measured. The energy returned during extension is subtracted
from the energy required for compression. This difference is the
energy absorbed due to damping.

K.3.1.11 Coupler/Draft Gear Compressive Energy

During longitudinal impact, such as during coupling in
classification yards, the amount of energy which can be stored by the
draft gear duﬁng compression 1is dependent on the Tongitudinal
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stiffrness of the coupler/draft gear and the amount of deflection
allowed. If the coupler/draft gear, even when deflected to its limit,
cannot absorb the kinetic energy of the impacting car, a high
longitudinal force can result, which may cause the car to pitch
significantly and be susceptible to damage. For the purpose of
evaluating the coupier/draft gear performance in impact, we can compare
the total compressive enmergy which can be absorbed by the draft gear
with the energy required to decelerate a 100 ton wehicle from 3 mph to
standstill. During laboratory or field testing, the loads may be
appiied slowly, if necessary, to establish a conservative estimate.

K.3.1.12 Truck Center Spacing

Track geometry inputs to the car body are filtered, spatially, by
the truck center spacing. Specifically, track geometry alignment and
profile perturbations which have wavelengths close to the truck center
spacing {or one-haif multiples of it} will have particularly strong
effects on car body dynamics compared to other wavelength inputs,
Typical revenue track geometry contains a spectrum of wavelengths and
amplitudes. However, the most severe inputs for car body response are
those with regular repeated cycles. On U.S. railroads, the common use
of 39 toot staggered jointed rail segments make vehicles with truck
center spacings of about 39 feet and 58 feet (14 r2il lengths}
particularly sensitive to track geometry inputs,

N.3.1.13 Car Body Resonant Frequencies

Railroad vehicles are often modeled as simple “spring-mass®
systems, with the mass being the car body mass and the spring being the
lateral or vertical suspension system between the car body and the
rail. Such & spring-mass system will have displacement-amplitude gains
dependent on the frequency of the input. The grestest gafn comes at
the resonant frequency. The frequency of the input is determined by
the wavelength of the repeated track geometry perturbation and the
vehicle speed. Although there §s & continuum of perturbation
wavelengths in typical trackage, the most common are due to the use of
38 ft. rail. Vehicles with resonant frequencies in the range
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encountered during normal operating speeds over typical trackage will
be especially susceptible to Performance I[ssues of twist and roll,
pitch and bounce, and yaw and sway. Appendix N-A contains the cutoff
frequencies for the ranges ot interest as well as suggestions for

measuring the resonant frequency of & car body, 1f the ranges &re not
known,

N.3.1.14 Car Body Damping Ratio

Car body damping reduces the displacement amplitude response of &
car body due to any frequency input. Low damping can allow large car
body displacements to occur, espectally due to repeated 1inputs.
Appendix N-A, gives the conditions of the damping ratio and suggested
techniques for its measurement, if the condition is not already known.

N.3.1.15 Car Body Torsional Stiffness

A torsionally stiff car body can have probiems with wheel 1ift
when negotiating a sharp spiral or any other track geometry with
relatively large differences in crosslevel. Torsional stiffness can be

measured as the amount o/ torgue on the car body necessary to produce a
certain amount of twist,

K.3.1.16 Overall Length

The overail length of a vehicle affects spiral negotiation, due to
the continuously increasing warp over increasing lengths of spiral, and
steady state buff and draft, due to the lateral forces converted from
axial forces on & curve,

%K.3.1.17 Center of Gravity Height

The height of a vehicle's center of gravity has a significant
effect on its response to roll inputs. Dynamic roll inputs can be
achieved by crosslevel variations on tangent or curved track and are
related to Performance lIssues of twist and roll, dynamic curving, and
spiral negotiation. Static roll inputs due to operat’~n on curved

track at other than balance speed affects the Steady State Curving
Performance [ssue,
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8.3.2 Parameter Estimation Techniques for Yehicle
Characterization

Appendix N-A “Potential Techniques for Vehicle Characterization®™
contains summary descriptions of the vehicle characteristics which are
consfdered most relevant to dynamic performance. The appendix provides
typical ranges and examples for each parameter as weil as simple
techniques for their measurement., However, for the most accurate
assessment of a vehicles' characteristics under dynamic conditions,
parameter estimation is recommended. Parameter estimation fnvolves the
empirical determination of a systems' characteristics by monitoring its
input and output.

N.3.2.1 Description

This section describes the application of parameter estimation
technigues to the evaluation of a rail vehicle. Although the example
presented involves estimating the parameters of the secondary lateral
suspension of & vehicle, the technigue is generat and can be used for
other applications.

An aicurate knowledge of a rail vehicle's physical parameters is
needed for simulation and modeling of vehicle dynamics. Parameters
such as spring rates and viscous dynamic coefficients must be known
precisely in order Lo produce reliable models.

A fieid messurement technique is described here for estimating
vehicle suspension parameters, f.e., spring rate and damping
coefficient. The concept of parameter estimation fs given in Figure
N-1. As opposed to the laboratory methods, this technique provides
measurements under dynamic ioading conditions. Another advantage of
the techmique 1is the extraction of both linear and nonlinear
components.,

N.3.2.2 Proce’ire

Table N-2 outiines the procedure for the parameter estimation
technique. The first step in the parameter estimation technique
invoives the coflection of input/output data. The number and locations
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2} Relationship betwsen input and output
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@y « ofx) + k(x) = 0

FIGURE N-1: PARAMETER ESTIMATION TECHNIQUE
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TABLE N-2: SUMMARY PROCEDURE FOR PARAMETER ESTIMATION

Measure and record input/output datz such as displacements
and sccelerations.

Hypothesize the model explaining the refationship between
input/output {Figure K-1).

Condition data for snalysis. This includes filtering and
numerical differentiation.

Estimate parameters using least squares method,

Analyze and interpret results,
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of transducers should be selected carefully to measure the required
inputs and outputs. Figure N-2 shows a schematic diagram of
instrumentation arrays to characterize the secondary latera! suspension
of a locomotive. This includes two accelerometers to measure the
lateral acceleration directly above the center plates of each truck and
w0 displacement transducers to measure the relative lateral}
displacement between the truck bolster and frame,

The next step in the parameter estimation is hypothesizing the
model which defines the relationship between input and output. As
shown in Reference [1]. The pure yaw response mode can be isolated
from sway mode using the mode! of the form:

Mz + c{x) + k(x) = 0 (2)

where
M os 17242
I = moment of inertia

2t = distance between accelerometers placed symmetrical Iy with
respect to the carbody center of gravity

F+ = .'!'l = .'fz
X = & -8,
c(x) and k{x) may represent either linear or nonlinear viscous

damping and spring forces respectively. Thus, assuming linear function
for both elements, the moment balance equation can be written as:

Mz o+ cli + caia * kg e t313 =0 {3}

The parameter estimstion technique now involves the estimation of
coefficients s €34 lt;, and k3.

Before praceeding with the estimation of the parameters, c,, Cys
ki» and k,, it is necessary to derive the relative velocity, «, from
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the measurement of relative displacement, Conceptually, this involves
taking the first derivative which in this instance is the first finite
difference divided by the sample interval, However, care must be
exercised in numerical differentiation because of the tendency to
introduce errors which dppear as noise at the sampling frequency or at
the frequency of instrumentation noise,

The rigid body yaw response mode of a typical rail vehicle fi¢
beiow 5Hz, and the high frequency inputs are not of interest and should
be filtered out. An FFT filter 15 recommended for this purpose. This
filter has a unity gain in the pass band and zero gain elsewhere, This
filter also has no phase shift,

The implementation of an FFT filter is a straight forward
application of the use of Fourier Transform pairs. The raw signal is
Fourier Transformed. The Fourier Transform is an array of vectors with
each wvector specifying the magnitude and phase angle of a qiven
frequency. A1l vectors azbove the desired frequency are set to zero.
The modified array is ther inverse transformed into the time domain
giving the desired filtered stgnal.

Once the rel:tive displacement is filtered, the velocity can be
computed by taking the first finite difference divided by the sample
tnterval. This signal is again filtered using the same corner
frequency used to filter the relative displacement. The next step is
selecting a suitable means to fit the four unknown parameters to the
data. One Jf the most convenient methods to accomplish this is the
least squares technique. Detail of this technique s given in
Reference [12].

One final step is the analysis and interpretation of results,
Standard statistical technigues are available to test the adequacy of
regression models [12]. The coefficients of determination, Rz provides
an indication of what portion of output variations are expiained by the
model. T values can be used to test the hypothesis that the individual
coefficients are not zero.
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K.3.2.3 Limitations/Requirements for Application

Limitations and requirements are summarized in Table K-3. The
primary requirements for the technigue is the prior knowledge of the
candidate system model. A classical second order system has been
assumed for the purpose of this discussion. It is further assumed that
the rigid body equations are applicable.

Instrumentation errors con be difficult to account for,
Therefore, test planning and collection of good quality data can not be
over euphasized. Transducers should be located so that the yaw and
sway modes can be easily fsolated. The values of parameters ¢ and k
are sensitive to temperature and environmental conditions and test
conditions should thus be clearly defined.

Numerical differentiation introduces errors and iz very sensitive
to signal noise. Therefore, special attention must be given to filter
the datz to retain only the frequencies of interest. An FFT filter
with & corner frequency of 5 Hz is recommended for this purpose.

Parameters are estimated using the least squares method.
Therefore, it is important that the assumptions underlying this method
be met. Furthermore, results are valid only with the test range and
should not be extrapolated beyond this range.

K.3.2.4 Example

The parameter estimation technique was applied to characterize the
High Traction Coefficient (HTC) truck secondary lateral suspension used
on an SDP-40F locomotive. Data collected during the Perturbed Track
Test conducted in 1978 were used for this purpose. This offered an
excelient example of the use of parameter estimation while at the same
time delineating the mechanics of its application. The estimated
values of spring rate and damping coefficient were compared with
laboratory measurements and s good agreement was found between the two,

A schematic of instrumentation array is given in Figure N-2. The
test zone was a tangent zone designed wi*h piecew Tinear alignment
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TABLE N-3: SUMMARY OF LIMITATIONS AND REQUIREMENTS FOR
PARAMETERS ESTIMATION TECHNIQUE

Candidate system model must be developed prior to
analysis,

Requires careful planning for selection and collection of
data.

Digital data acquisition and processing is recommended.

Data should be filtered to inciude only specific
frequencies of interest.

Numerical differentiation can introduce significant
noise,

Results should not be extrapolated beyond test
conditions,
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perturbations as shown 1in Figure N-3. These perturbations were
specifically designed to excite the yaw mode of the locomotive,

The instrumented vehicles were run over the test zone at speeds
between 40 mph and 70 mph. In 211, eleven runs were made 2t the speeds
given in Table N-4,

TABLE N-4: TEST MATRIX

Run

Kumber 1 2 3 4 5 6 7 g G 10 11
iest

Speed 40 55 70 40 55 43 63 &7 &0 50 70
{mph)

The sample rate used to digitize the data was 256 Hz per channel,
Thus, & 40 mph run was 6.6 seconds long and the related data stream was
1,700 samples per channel. A 60 mph run would create Just less than
1,000 samples per channel.

Data were filtered using an FFT filter with a cut-off frequency of
5 Hz. The velocity was computed by taking the first finite difference
divided by the sample interval. FEstimation was then sought of the
parameter: of Equation {1).

Table N-5 gives the representative results for a 63 mph test. In
addition to the values of the suspension characteristics are given the
F value, the coefficient of determination ﬂz and the standard error sz
for the estimate,

The F value confirms that the indicated results are not Just by
chance and that the hypothesized model does explain the observations,
The RE value of 0.99 indicates that the model accounts for rather a
significant portion of variations.

The results indicate that the suspension has a "softening” spring
since the ky coefficient is negative. This means that the naturs)
frequency of the system would be slightly Tower for large displacements
than it is for small displacements. This result is typical for
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FIGURE N-3: PLAX VIEW OF PTT TUST SECTION 8
Xy ks G ¢
1b/in ib/in? 1b sec/in | 1b sec®/in2 F R s?
& 2 3 ]
3.5 x 10 -6.3 x 10 1.0 x 10 -1.1 2.9 x 10 0.9954 | 0.0001
TABLE N-5: SUSPENSION CHARACTERISTICS




elastomeric shear springs of the type in this locomotive. The damping
coefficient is similarly nonlinear. As  the suspension velocity
increases, the effective damping decreases slightiy. This is typical
of the force limited type dampers instslled on the SDP-40F. The
dampers have & pressure relief which limite the maximum damping force
to 1,800 pounds,

The above results are extremely difficult, if not impossible to
obtain from laboratory or static suspension tests. Only by exciting
the system under actual conditions can the effects of vertical loading,
large displacements, and high velocities under dynamic conditions be
observed. Parameter estimation can then be used to accurately
determine vehicle characteristics from the d;namic response data.

K.4 Evaluation of Performance 1ssues Due to Yehicle Characteristics

Once & vehicle's characteristics are known, &t Teast to a degree
which allows the selection of an #ppropriate range for each
characteristic {as defined in Appendix N-A), Table N-§ may be used to
evaluate that vehicle's susceptidiiity to each Performance Issue. The
condition of each parameter is marked minuzlly on the table under the
heading “Test Vehicle Condition.® Then, for the column under each
Performance Issue, accumulate the quantities for each condition of a
vehicle characteristic which is marked. Write the tota! of each column
in the space provided at the bottom of the table. This number can be
used for relative ranking of each Performance Issue. The weighting
quantities have been adjusted so that a ranking of 100 or more s an
indication that the Performance Issue should definitely be considered
for investigation. A minimum value of zero indicates that it 15 very
unlikely that the Performance lssue would be worth investigating. A
final display of the use of this table is to list the Performance
Issues, in descending order of their rankings, in the space provided on
the lower left side of the table. The Performance Issues with &
ranking of about 70 or more should be considered for further
investigation. If the condition of a vehicle characteristic 1s not
known confidently, the user can, perhaps, estimate two possible
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TABLE N-6: PERFORMANCE ISSUE EVALUATION THROUGH
YEHICLE CHARACTERIZATION
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PERFORMANCE ISSUE EVALUATION THROUGH
VEHICLE CHARACTERIZATION {continued)

TABLE N-6:
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TABLE N-6: PERFORMANCE ISSUE EVALUATION THROUGH
VEHICLE CHARACTERIZATION {continued)

PERFORMANCE 1ISSUE RANKING

|

WO BB =3 R W B ke RS e

10

1. See Appendix N-A for parameter definftions.

2. Total Shear Stiffness {refer to Appendix N-A, for the ranges of
€ach parameter).

3. Truck Axle Yaw Bending Stiffness (refer to Appendix X-A, for the
ranges of each parameter).

4. MNet Braking Ratio (refer to Appendix N-A, for the ranges ot eacn
pirameter).
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ctonditions for that characteristic and note a range of rankings which
apply to that vehicle.

Kote that a'l Performance Issues are weighted about an arbitrary
value of 10, This does not julge the relative severity of a
Performance Issue, just the relative probabiiity of the vehicle being
sensitive to that Performance [ssue.

After using Tabie N-6, return to the main body of this report,
Part I, and use this information along with the resuits of the Accident
History Investigations and Literature Searches to select Performance
Issues for further investigation and for possiblie field testing or
computer simulation.

K.4.1 Examples of Performance Issue Evaluation

Two examples of the use o1 Tahle h-§ are given in Tables N-7 and
N-8,

Table N-7 applies the characteristics of a loaded 100 ton coal
hopper to the matrix of Table N-6. The parameter conditions are
supplied by using the sample cases in Appendix K-A., The results
suggest ihat for this car the rigid car body dynamics, {i.e., Perfor-
mance Issues twist and roll, pitch and bounce, and yaw and sway), are
of primary importance, along with longitudinal impact. Next, with
values greater than 70, are longitudinal train action, steady state
curving, and dynamic curving. The user must combine this evaluation
with other research into accident history and Titerature reviews to
select Performance Issues for further investigations.

Table N-8 considers a six-axle locomotive in the same fashion.
The recuits suggest & closer examination of the rigid car body
dynamics, plus longitudinal train action, dynamic curving, and spiral
negotiation.
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OF A 100-TON HOPPER CAR
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TABLE N-7: EXAMPLE OF PERFORMANCE ISSUE EVALUATION OF A
100 TON HOPPER CAR (continued)

-I % -
-1 ] & 2
j £ 3 :1 ‘E b+
= i G £ ii
& - B
FE i
1511 = |2 8 ii 'E r‘ = 1=
wER1OLE t T I= Iz 1= &= i! r '3
PREAMET(D RANCT COMSITION £} o - l= he ;
Trpt Conter Tpacing
B ;-t b +=.: . o ig Efﬁ #n lg
] Mo fz. o |
otrer St 40 FT 2 sfais s |13 |
fowmie Naturzl Freguency S
L fablg - - . E
uigr ]*ﬁ".‘t Lok g i 1 | .
fcunce Lanping ] { I
Law «0.2¢ ] . 5 =
e »9.20 {Low £ 1} ¢!
Flun Satwrs! Froguescy ' 3.4 !
Lo L ] 33 t
i mn v § Wz LOow 2 5 H
Pitcn Damping - { d n " o
(= 14, =
"ira 0.0 Low - 5 3 18
ol ® Maturi Freguency i »
Lo =Y ¥y s ] i 1
= ag M# o ':I:' -
Rell Casgl
sy +0.20 2 3
gh - >0.20 iLow 10 i
Tow Maturs! froquency i
Low L] 4 10 3 E
Wi "1m LOW = 5 ]
Tem Lamging ;
Low <020 - 2 L x
miga 0.m Lo/ o § 1 5
teiy Naturél Fregeency
Low foam 1 i1
#iga L { LOW £ 1
ﬁ -I 8.0 g i
= ' L] j2o
wigh Tem ) iLowS ol .F L. LE i g |
Torstona! 551fTnass i B ST LE:
Low « 10% Inls red 18 |
wign +10% fninsrae LDy i3 |
Jvereil Lemgih A S S i
insry = 75 1, o 12 120 |
s~ Ll | SHoRT _ _ ° By & |
LeatEr o Grevily ne '
L 25,0 1= ] 1§ gl i
mige P20 4s HFQH B i o] 38 4
SUMARY g7 [iE |
(A QUANTITIN: + 3 ] 1
ssToTaL (Page 2} QU 3 |l
H Tﬁ‘ll.lj
LFape & & Page I :
0 oo 1|14 €0 S2 31 30 101 B0

=i



TABLE N-8:

OF & 5-AXLE LOCOMOTIVE

EXAMPLE OF PERFORMANCE ISSUE EVALUATION
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N-29/8-30

TABLE N-8: EXAMPLE OF PERFORMANCE ISSUE EVALUATION OF
A 6-AXLE LOCOMOTIVE {continued}
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APPENDIX N-A

POTENTIAL TECHNIQUES FOR VEHICLE CHARACTERIZATION

PARAMETER:
Wheel Profile

STATISTIC:
Conicity, mean

CONDITIONS:

Low Conicity <23
Medium Conicity 2-10%
High Conicity > 103

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Usz tracing profilometer to get cross-sectional profile of
test wheel. Do same for AAR 1/20 new wheel. Overlay traces.
Compare tread slopes and determine if test wheel ig cub-
stantially more or less coned than the AAR 1/20 wheel.

— Conicity

This assumes that the vehicle will be exposed to a wide
variety of rail profiles in service.

SAMPLE CASES:
Low Conicity Medium Conicity High Conicity
Cylindrical AAR 1720, 1/40 Severely worn, self-

most “worn®, steering truck wheels
Heumann, CNR, ORE

References [1, 3]



PARAMETER:
Total Truck Shear Stiffness

STATISTIC:
Stiffness, Mean, in operating range

CONDITIONS :
Nonsteerable Steerable
tow  <2.0x10” 15/t <6.0x10° 1b/ft

Freight  Medium »>2.0x 10 1b/ft 6.0 10°+ 9.8x 10° 1b/ft
Y wigh WA > 9.8 x10° 16/t

jlow  <8.0x10" 1o/1t N/A

Passenger$ﬂe¢im 8.0x10%+1.3x10% 1077t <3.0x10% 10/t
Wigh > 1.3x10° 1b/ft >3.0x10% 1b/ee

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Laboratory measurement using test
truck under full vertical load, on
2 low friction surface. & similar
test involving an appropriate
selection from the samnle cacses
should be performed also for com-
parison.

SAMPLE CASES:

FREIGHT TRUCK

Nonsteerable: Conventional 3 piece 70 ton freight truck (1.9 x
107 1b/ft) (cannot beccme much softer due to
“pinned joints" and cannot become much stiffer
without becoming a radial design)

Steerable: Radial design 70 ton freight truck (7.5x10° 1b/ft)
{significant changes to shear stiffnesses are uniikely}

References {1, 2, 3]
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(Total Truck Shear Stiffness - continued)

PASSENGER TRUCK

Honsteerable: Budd-Pioneer 3 truck (1.0x10° Ihz’ft;
{some design varfations are possible

Steerable: GSI-Scheffel (3.7 x 106 1b/ft)
{significant design variations are unlikely}
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PARAMETER:
Total Truck Axie Yaw Bending Stiffness

STATISTIC:

Stiffness, Mean, in operating range

CONDITIONS:
Nonsteerable Steerable
{Low  N/A < 106 ft1b/rad
Freight Medium < 108 ftib/rad 105+ 2.0x 106 ftib/rad
}High > 108 ft1b/rad >2.0x 106 £e1b/rad
Low <2.0x106 ftib/rad <8.5x 10% ftib/rad
Fassenggr; Medium 2.0x10%+4.0x 106 ftib/rad >£.5x 105 ftib/rad
High >4.0x106 ftib/rad N/A

MEASUREMENT DEFIRITIONS AND TECHMIQUES:

Laboratory measurement using
standard truck and test truck
under full vertical load, on
igw friction surface. Use outer=-
most axles on 3-axle trucks.

SAMPLE CASES:

FREIGHT TRUCK

Nonsteerable: Conventional 70 ton 3 piece {i.ﬂ:lﬂa ft-1b/rad)
(stiffness is fixed by design)

Steerable: Radial desfgn 70 ton ft. {1.3x10% ft-1b/red
[some design modifications are feasible)

PASSENGER TRUCK

Nonsteerable: Pioneer 3 {Budd) (2.4x105 ft-1b/rad)

Steerable:  Radial GSI-Scheffel (6.0x10° ft-ib/rad)
{some bending stiffness changes may be significant)

References [1,2, 3]
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PARAMETER:
¥heel Base

STATISTIC:

Measurement, feet

CONDITIONS:
Range
Short < 7.0 feet
Long > 1.0 feet

MEASUREMENT DEFINITIONS AND TECHNIQUES:

m«s

‘__41.... s, | e 3

b iy | pmmgey | s, §

===t

Tt e | N - |
==Hi==cme=an)

l | "-«._..FJ-; {\.__u- :

Measure "X with tape measure,

SAMPLE CASES:

Short Wheel Base
70 ton Frt Truck {5.67')
125 ton Frt Truck (6.00'}

References [4, §]

SRCS
—x,—

Long Wheel Base
GS1 (Passenger} Swing hanger (8.75'}
EMD & Wheel HTC {13.7')
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PARAMETER:

Truck Yaw Friction

STATISTIC:
Break-away torque/vertical load, in-1b/1b

CONDITIONS:
Low Friction <1.5 in-1b/1b - vertical
Medium Friction 1.5 = 3.0 in-1b/1b - vertical
High Friction >3.0 in-1b/ib - vertical

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Break-away torque is the peak torque needed, under quasi-
static conditions, to initfate truck motion.

A Taboratory test is required to quantify the break-away
torque under typical full load weight corditions. The
weight on the truck is also required.

SAMPLE CASES:
Low Friction Medium Friction High Friction
Teflon Surface 70 ton Frt, dry (2.1 1n—1hflh}
{0.41 in-1b/ib) 50 ton Frt, dry (2.4 in-1b/1b

125 ton Frt, dry (2.8 in-1b/1b)

Reference [4]



PARAMETER:
Number of Axles/Truck

STATISTIC:
Number

CONDITIONS:

Range
lor2
3 or more

MEASUREMENT DEFINITIONS AND TECHMIQUES:

ETD

Count axles per truck.

SAMPLE CASES:
1or2 3 or more
Cony. 3-piece Frt. 6 axle locomotives
Passenger Special purpose frt. cars

4 axle Tocomotives

References [4,5]
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PARAMETER:

Truck Yaw Moment of Inertia

STATISTIC:

Mass-distribution Moment of Inertia about centerplate

CONDITIONS:
Hange
Low <30,000 1b sec? in
Medium 30,000 - 45,000 1b sec? in
High > 85,000 1b sec? in

MEASUREMENT DEFINITIONS AKD TECHNIQUES:

support truck on iow-friction bearings, apply torque, T,
and measure angular acceleration, 0;

H.afI.-EEnmi'i

SAMPLE CASES:

Low Medium

Pioneer 3 Passenger 50 Ton Frt
(24,000 1b secZ in) 100 Ton Frt

70 ton Frt

High

30,400 1b secd 1ni Locomotive

43,820 1b secé in) 4-WH G.E.

35,950 1b sec? in} (80,000 1b sec? in)

Reference [4)
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PARAMETER:
Wheeiset Weight (Effective Lateral Weight*)

STATISTIC:
Weight, pounds

CONDITIONS:

Range
Light < 5,000 pounds

Heavy > 5,000 pounds

MEASUREMENT DEFINITIONS AND TECHNIQUES:

“Under dynamic loading conditions (e.g., Dynamic Curving}, the
“effective lateral” wheeiset weight is affected by the weight
of the axle and any components which are “tightly” coupled to
it, such as traction motors. fach design in question must be
reviewed and some portion of the weight of all attached compo-
nents based on geometry and clearances, will be added to the
wheelset weights.

SAMPLE CASES:

Light Heavy

50 ton Frt trucks (1932 pounds) Locomotive (4 axle EMD} {5136 pounds)
7G ton Frt trucks 52151 pounds }

100 ton Frt trucks (2588 pounds)

125 Ton Frt trucks (3130 pounds)

Passenger (Pioneer 3) (3437 pounds)

Reference [4]
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PAEAMETER:
Mel Braiing Ratlic {M@E}

STATISTIC:
‘T—":: force , 1007 at 2 pii brake pipe reduction
CONDET | 0N -

RANKGE

ME Steadsrd or Dedicsted Consist €.55« K35« 10T {of gross whee! load] and NBR_ « 301
emply wheel load) - . o2 308 (ef

High/iow Ritic {Interchange} ﬂt'tl.!l {gross) or IE!- i (empty) or lu‘-m: [empty)
WEASURTMENT DEFINITIONS MWD TECHNIQUES:

« [Met Brading Force at g1t Friction i f Caolica
Sraking force (‘ﬂ} psi Br, Pipe Mc) " {I : s1tion rict n-n) = (gﬁlui of ?E‘o‘i )

Fessure with "calibrated Use manufacturer's spec’s. Heasure with metal
brake shoe™ insirumenl or laboratory ressarch Lape meature
c aking ¥ & Limg F
R ok (':;?E%-"E?Tﬂﬁﬂm) MR oty {E‘!‘E’W—mﬂu wiToht iThg m)

SAPLE CASES:

ART AAR-accepied brabe systesms Tall within the “standard™ range. Determined as: brake
r:utng with leverage ratio = 7.5 and 50 p3l brake :ylinder pressures et 20 psi brake
pipe reduction.

Beference [6]
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PARAMETER:
Coupler Draft Gear Longitudinal Energy Absorption

STATISTIC:
Energy absorbed per icading cycle, ft-Ibs/cycle

CONDITIONS:
Range
Low Energy Absorption < &0,u0v ft. 1bs.
High Energy Absorption » 40,000 ft. 1bs.

MEASUREMENT DEFINITIONS AND TECHRIQUES:

The energy absorbed during one Toading cycle of the draft
gear is equal to the work required to compress the gear
minus the work returned during the release of the gear.

If the condition is unknown, a laboratory experiment can

be performed to achieve a Force/Displacement plot for one

complete loading cycle for a draft gear with low damping and
the test draft gear. A quasi-static test may be used to be

conservative,
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xﬁthn

-
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The difference in the work is the energy absorbed and can
be measured graphically as the area between the load and
release curves.

SAMPLE CASES:

Low Erergy Absorption High Energy Absoi.cion

Reference [7]
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PARAMETER:

Coupler Draft Gear Compressive Energy

STATISTIC:
Total Energy

CONDITIONS:
Low < 61,000 ft, 1bs.
High > 61,000 ft. 1bs.

MEASUREMENT DEFINITIONS AND TECHNIQUES:

In & laboratory or field test, compress the draft gear to
fts full excursion. Instrument the coupler to continuously
measure longitudinal force during the impact. Integrate the
force-displacement measurements to estimate the total energy
wiich can be absorbed during compression, This is then
compared to the energy required to decelerate & 100-ton
vehicle from 3 to O miles per hour.

[

Y
b A
e [ i1
it o+ t
T |
| L AREA 15 TOTAL |
: COMPRESSIVE ENERGY ;
L / a
- ' ! ! L i
v gt alfwln® - alult
SAMPLE CASES:

Low High
Miner SL-76 {47,820 ft. lbs} Miner RF-75 (84,280 ft. 1bs.)
Reference [13]
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PARAMETER:
Truck Center Spacing

STATISTIC:

Measurement, feet

CONDITIONS:
Range
5 ft 36 - §2 ft.
58 ft 85 - 61 ft.

Other <36 ft., or »42ft. and <55 ft., or >61 ft.

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Use tape measure to measure L".

SAMPLE CASES:
33 FT1. 58 FT. Other
70 Ton Box (40ft.} Passenger cars (60 ft.) F 7/9 loco {30 ft.]
100 Ton Coal Gond 70 Ton Fiat car (58 ft.) GP 7/9 loco {30 ft.}
{40.5ft.} 1007 Covered Hopper {46 ft.)
Six axle loco {40ft.) 70 Ton Tank Car {29 ft.)

70 Ton Vehicular Flat (65ft.)

Reference [4, 5]



PARAMETER:
Vehicle Resonant Frequencies; in Bounce, Pitch, Rolil,

Yaw, Sway
STATISTIC:

Frequency, Hz
CONDITIONS:

Bounce v T

Pitch t‘;’;h <8

Roil ;ﬁ;h 3

Yaw 11:!?;!1 ;g

Sway h?:h 52

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Under conditions of “free response”™ to an initial displace-
ment, the carbody will oscillate at its natural (resonant}
frequency. The vehicle lading and maintenance condition is
selected through accident history investigations or analytical
considerations, 2s determined during the Assessment Procedures.

FIELD TEST with perturbation input; record response during
free response immediately after leaving perturbation, count
oscillations per secord.

LABORATORY TEST with static displacement, then release and
record free response. Count oscillations per second.

fstimate natural frequency, knowing suspension stiffnesses
and masses or moments of inertia, as

o E . wWn = natural frequency, rad/sec
3 K = stiffness
M = mass

SAMPLE CASES:
70 Ton Box Car is “"Low™ for all modes
Reference [8, 9, 10] N-47



PARAMETER:
Vehicle Damping; in Bounce, Pitch, Roli, Yaw, Sway

STATISTIC:
Damping ratio
CONDITIONS :
Low  <0.20
Bounce  ioh  30.20
Low <0.20
Pitch  Lioh  30.20
Low < (.20
Roll  wigh 30,20
Low <0.20
tow High >0.20
Low < 0,20
™Y High 30.20

MEASUREMENT DEFINITIONS AND TECHMNIQUES:

Select vehicle lading configuration through Assessment
Procedures.

FIELD TEST or LABORATORY TEST; Displace carbody and release;
record carbody displacements during free response, measure
oscillation amplitudes, for each consecutive pair of oscii-
Tations; calculate & {logarithmic decrement} as

& = In (x1/x2)

where x; and x; are consecutive amplicudes; calculate ; (damping
ratic as

52 ti
()
The following table is a sample:

& ¢ %

X,

& l
[
[ o™
—

oo o
888
L
o
Ll

SAMPLE CASES:

70 Ton Box Car is "Low"™ for all modes.
References [8, 9, 10] K-48




PARAMETER:
Carbody Torsional Stiffness

STATISTIC:
Torque twist (in-1b/rad)

CONDITIONS:

Low Stiffness < 10° in-1b/rad
High Stiffness > 10% in-1b/rad

MEASUREMENT DEFINETIONS AND TECHNIQUES:

In laboratory, support carbody level on load cells at each
of & corners

uidlh{

I L3 [ lower one support
I : by 1 inch

Tower support at one of the corners by 1 inch and measure
resu'ltin? forces \F), repeat until force at low corner is
<101 of force on high corner

Plot Torque i- (fhign' Fir.m) l'.uidt.h'.l] vs. Angular Deflection

. -1 displacement of support ]
[ - ( width )

Torque J / ‘?\slm is torsional

stiffness

SAMPLE CASES: Angular deflection

Low High
50' 70 ton box (41x 107 in-1b/rad) 10,000 gal 50 ton tank car
40' 50 ton box {171x 107 in-1b/rad}  {2105x 107 in-1b/rad)
Tocomotives

N-4%



PARAMETER:

Overali Length between Coupler Pulling Faces

STATISTIC:

Measurement, feet

CONDITIONS:
Range
Shert < 75 feet
Long > 75 feet

MEASUREMENT DEFINITIONS AND TECHNIQUES:

o

- L

Measure "L" with tape measure.

SAMPLE CASES:

Short

100 ton box {68 ft.}

70 ton refrigerated box car (55 ft.}
100 ton covered hopper {54 ft.)

§ axle locomotive {65 ft.)}

References [4, 5] N-50

Ltong

High cube box cars {90 ft.)
TOFC/COFC flats (90 ftr.)
70 ton Auto kack (94 ft.)



PARAMETER:
Center of Gravity Height

STATISTIC:
Center of gravity, height above railhead, loaded

CONDITIONS:

Low < 90.0 inches
High > 90.0 inches

MEASUREMENT DEFINITIONS AND TECHNIQUES:

* Estimate by calculations; knowing weight of truck assemblies,
weight riuf eapty carbody, design strength of trucks (e.g.,
100 ton).

#® Measure: (empty car)
Weight on all wheels, [1+8 = W,
Weight of carbody alone = We
Calculate:
Lading weight, W = Design Strength- LY
Measure:
Height of centerplate above railhead, Hep ’
Extreme height of car above railhead when loaded, Hgy
Calculate approximate height of carbody center of
gravity above centerplate, Hce (default fs to geometric
center; L{Hey - Hepl ).
Rssume Wy will be located at the geometric center of
the loaded carbody
Hex - Fep

Hep
Hcg XH, = {Hw'”t] R {HEE*HEP} il 1 tj_"' + Kep)

solve for Height of Center of Gravity, Heg

SAMPLE CASES:
Low Center of Gravity High Center of Gravity
70 ton covered hopper {80 in 100 ton tank car (92 in
70 ton box car (70 1in} 100 ton coal hopper (981in)

& axle Tocomotive (80in)
References [4,5]

K-51/N-52
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SECTION ©
USE AND CHOICE OF REFERENCE VEHICLES

o-1. INTRODUCTION

This report is concerned with the use of Reference
Vehicles in rail wvehicle testing and relates their use to the
Performance Issues described in Appendix 0-A. Only those in
which a reference vehicle concept .: ippropriate are included
in this study. The concept of the use of a vehicle, regarded
and perhaps maintained as a standard, against which other test
vehicies and/or measured results can be compared, is an at-
tractive extension of many more fundamental measurement tech-
niques. However, the complexity of the dynamic process causes
difficulties in the interpretation,

Several potential uses for Reference Vehicles are
examined. Each has a different objective. In each, certain
of the measurable system variables may be controlled, perhaps
by special measurement and correction or simply by maintenance
into a choice of standard under which the test is te be run.
The uses identified were broken down into

. Track Calibration

- Test Calibration

. Baseline Comparison

a Extrapolation to Normal Track Service

Q-1



- Model Validation

- Component Environment Assessment ({to
ascertain the service environment of a

rail vehicle component by measurement on
the reference vehicie).

In the last two uses above, the vehicle becomes the
sole test vehicle, useful for its known characteristics, and
no separate consideration of a reference vehicle is carried
out in the study reported. The other uses are examined in
detail. Each has its own features leading to different sub-
sets of controlled vehicle/track system variables. A reason-
ably complete fundamental set cf measurable system variables,

defining or contributing to the dynamic response of a vehicle
on track was undertaken in this study.

From the complete set, a subset was identified impor-
tant to each of the Performance Issues in Appendix A. This is
a judgemental step requiring knowledge of the results of ana-
lyses and tests for each issue. The identification of each
subsetl is described in the report. The reason for the inclu-
sion of each system variable has been discussed with other
experienced persons and use made of published material. Each
system variable is also identified by cause for the standard
freight car in Table 0-1. The freight car of present design
is considered as the basic vehicle type in this study.

Since the objective of & reference vehicle is to pro-
vide the least expensive means of satisfying the defined use,
the most desirable use will be that in which the least number
of variables can be measured by the simplest observation, per-
haps even by visual inspection, during the use. To that end,
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tiie immediate objective of the task reporisd here is to report
on the optimum choice and means of using reference vehicles
leading to the least complex observation. The study however,
aleo identifies the cost of complexity where needed to do the
test conclusively and makes comparison with alternatives using
vehicle simulations and additional measurements.

0-1.1  SUMMARY

From the discussions of reference vehicle validity
and the cost of salternative means of measurement it 1is
concluded that good use can be made of freight reference
vehicles in tests for hunting, twist and roll, pitch and
bounce and steady-state curving. Extrapolation of the results
te service conditions s difficult wunless the test and
reference vehicles are similar or an analytic model |is
available.

Three basic freight reference  vehicles are
sufficient to cover azll uses., They are an 89 ft., flat-car (70
ton, 69 ft TCD), a 60 ft. box-car (100 ton, 393 ft. TCD), and
a coal gondola or long covered hopper (100 ton, 48 ft. TCD.
Vehicle maintenance is required for consistant vehicle dynamic
performance, and wheel profiles must be selected for the
apecific test.

For pasasenger and loccmotives the variety of designs
requiring testing suggests that the reference vehlcli UTe
chosen to sult the particular test. Tre cholce should b3 made
to effect similarity with the test vehicle and if possible a
previous history of performance and test records.



TABLE 0-1

CHARACTERISTICS FOR FREIGHT VEHICLE
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0-2.  REFERENCE VEHICLE USES

The following paragraphs describe more ccmpletely the
uses identified for the reference vehicles.

0-2.1 TRACK CALIBRATION
The use is intended ro

. ldentify levels of track change which
change vehicle performance

- Provide guidelines on permissible toler-
ances to track geometry

* Identify w~hen and where track mainte-
nance is required,

The wvehicle has the effect of filtering the track inputs in-
cluding those which would not normaily be part of any present
track record, so that the total track input may be judged as

consistent in a particular performance issue for which the
reference vehicle is chosen,

The main feature of this use is that the reference
vehicle activity is independent of any actual test. It may be
periodic if the test site is to remain operational for an ex-
tended period. The environment in which the reference vehicle
is used may be controlled by selection, e.g., rainy days may
be avoided. 1In this sense, track calibration is most appro-
priately related to the repeated use of a particular track for
testing. Since the same reference vehicle is used for each

0-5



calibration, wvehicle design is not variable. However, those
features of the design requiring maintenance are variable and
must be controlled. The remaining variables are those associ-
ated with track design and historvy (wear, track heave, usage,
etc.). These are the variables which the reference vehicle is
used to measure. Identifying them for each performance issue
defines the nature and choice of reference vehicle and its
éffectiveness in calibrating the track.

0-2.2 TEST CALIBRATION

As with the track calibration use, only the reference
vehicle results are compared in this use and hence, its design
is not variable for any particular performance issue. How-
ever, it may vary historically due to wear or climate and is
assumed to be maintained to minimize these variations. The
obiectives of test calibration are to:

- ldentify changes in performance due to
test conditions

™ Develop factors for normalizing the test
results.

The variations which this use {s designed to measure are those
due to climatic conditions onm the system at the time of the
test. One obvious example of this use is the running of the
reference vehicle in the test consist, not for direct
comparison with the test vehicle discussed under bdaseline
comparison, but to 1identify changes in the climatic test
conditions at test times and their effect on issue under test.
In a more general approach it may be possible to provide
normalizing factors for each climatic variable, from the
reference vehicle test results, assuming the vehicle remains
econstant and the track is maintained to a standard using other

0-6



means of measurement. Thus, for example, humidity may be cor-
related with a particular reference vehicle response quantity.

0-2.3 BASELINE COMPARISON

The objective of the baseline test is the comparison
and assessment of vehicle designs and only vehicle design
variation is considered, ail other variables due to climate,
wear or track design are eliminated from Table 0-1 or speci-
ally maintained constant. This results from the assumed
running of the test and reference vehicles under identical
conditions on the same track. Direct comparison is attempted
between the response of the reference vehicle and the test
vehicle in the same consist or in lests carried out consecu-
tively. These results are used to infer comparisons between
different tests and different or modified test vehicles using
the same reference vehicle used for test calibration. The
assumption is made that the test conditions are the same for
both the test and reference vehicles in each test and that
differences between tests may be compensated through compari-
son with the reference vehicle results for the particular
performance issue under study. Track compliance variation is
still possible due to variation in vehicle weight. It's im-
portance is dependent on the performance issue under test.

0-2.4 PERFORMANCE EXTRAPOLATION TO SERVICE CONDITIONS

The objective of this use is to develop means of pre-
dicting the performance of new, perhaps experimental, test
vehicles in service using the performance of the reference
vehicle in test and under service conditions. The major test

0-7



work is undertaken on the reference vehicle to provide a stan-
dard basis for comparison. The method reduces the need for

putting untried vehicles into service conditions. The ap-
proach may be described as

. Carry out a baseline test (as described
in Section 0-2.3) for the test vehicle
under consideration together with the
reference vehicle

. Record reference vehicle performance
under service conditions

& Infer the test vehicle's performance in
service conditions.

The process is identified in Fig. 0-1. For validity, the ref-
erence vehicle must have identical characteristics in service
and under test. The service reference vehicle test variables
are the same as in test and track calibration but only those
variables identified as due to vehicle history are control-
lable through maintenance in the field. Variations due to
track history, design, and test climate are not controllable
since they relate directly to real world conditions. (In
terms of Table 0-1, this means that the controllabie variables
comprise the union between the controllable variables in test

and track calibration for the particular performance issue
subset ).

0-8
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Figure O-1 The Process of Extrapolation to Service

0-2.5 CONSTRUCTION OF PERFORMANCE 1SSUE TABLES

Using these concepts for the four reference vehicle
uses, the sets of variables given in Table 0-1, and knowledge
of the dynamic processes during each performance issue, it is
possible to discuss the validity of the reference vehicle con-
cept for each issue. The process is summarized for the uses
designated as follows.
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0-2.5.1 Track Calibration

® Vehicle History - controlled (:)

. Track Design - to be measured v
and History

. Test Climate - controlled (:)

{does not include vehicle design)

0-2.5.2 Test Calibration

. Vehicle History - controlled (:)
® Track History - controlled (:)
® Test Climate - to be measured v

(does not include vehicle design)

0-2.5.3 Baseline Use

. Vehicle design anly - f
. Historical variations - (:}

* Lateral rail stiffness - (¥)

0-2.5.4 Extrapolation ro Service

™ Union of Track and Test Calibration for

extrapolation {only the test of the
reference vehice in service is discussed
under this heading. The complete process
also involves a Baseline Test)

In the above | indicate significant variabilicy

(:)indicate control
hence(:)indicltcs @ controlled variable

{) special case of variabilicy

0-10



0-3. REFERENCE VEHICLES AND PERFORMANCE I1SSUES
FOR FREIGHT CAR TESTING  — — —

As has been indicated in Table O-1, each performance
issue in Appendix O-A has its own set of variable system char-
acteristics. In this chapter the severity of their effecr is
discussed together with the subsets associated with each ref-
erence vehicle use. Mention is made of those which would
normally vary if not controlled. This will be identified for
track and reference vehicle maintenance requirements. Thus,
for each performance issue a minimum set of system variables
remains which must be deduced from the reference vehicle re-
sponse or from some other special measurement. Each is dis-
cussed in turn following which conclusions are reached and
summarized in Section 0-3.8.

0-3.1 P1 #1-HUNTING

Table 0-2 summarizes the variable system characteris-
tics for hunting tests and gives an indication of the severity
of their effect on performance. The breakdown into each ref-
erence vehicle use and into those variables requiring control,

(:). and those in which the reference vehicle response may be
used as a measurement, 4, is now discussed focr each use.

0-3.1.1 Track Calibration

Iin this use, changes in the reference vehicle re-
sponse indicate variations in track alignment, gauge, lateral

0-11



TABLE 0-2
PERFORMANCE ISSUE NO. 1-HUNTING
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rail stiffness and rail profile. Wheel profiles pmust be
measured and contrelled through regular turning to a standard.
Wheel surface condition oan greatly affect vehicle
performance. Hunting is typified by the "critical®™ apeed at
which it commerces and this is generally reduced with
wheel/rail profiles of hish ™effective conicity®™ (change in
the rolling radius difference between wheels on the same axle
when displaced laterally). kh profile giving a high enough
effective conicity to promote hunting is desirable. The
Canadian National Railway "worn wheel® profile is frequently
used for this purpose and is suitable (Ref. 1). Rail
profiles alsoc contribute to effective conicity through the
variation of position at which the wheel contacts the track.
This is measurable from the vehicle response as a change in
wavelength of the kinematic osclillation, i.e., the wandering
from side to side during hunting. The amplitude may also bde
affected.

Like the effect of rail profile, the variation of
gauge can give rise to variation in "effective conicity” with
similar results. Together with alignment, gauge variation can
also give rise to a lateral excitation thought to encourage
hunting at lower critical speeds by forcing the wheelset into
& limit cycle oscillation only stable above a certain ampli-
tude (Ref. 2). The independent effect of alignment and
lateral rail elasticity are moderate within the normal range
of their values.

It is possible te conclude that a carefully main-
tained reference vehicle can be put to good effect in this
use. Particular attention is required for maintenance of a
consistently low level of friction at the centerplate (vaw
damping). It will, however, remain difficult to establish
which track variable is responsible for performance change,
since some will effect the hunting in a superficially similar
way. Since the techniques are available for measuring track
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parameters independently and are only moderately difficult to
perform it is generally recommended that these be carried out.
Cf particular impcrtance is the rail profile. Track compli-
ance is presently a complex measurement which can be avoided
using tolerances on reference vehicle response (Ref. 3 and &).

The concept of controlling the rail/wheel surface
condition by choosing the time of track testing may provide
difficulties for some geographic locations and is important in
the choice of a test site or season. This and rail profile
may both benefit from independent measurement. However, meas-
ured wheelset response can also be used to identify track
changes. More complete discussions of the effect on vehicle

response due to variation in track profiles can be found in
Ref. 5 and 6.

Analytic techniques now exist using vehicle and track
models to differentiate between causes of track variation such
as used in (Ref. 7). However, they have yet to be used spe-
cifically for such a purpose. With the advancing technology
they will become increasingly important.

0-3.1.2 Test Calibration

In this use, lateral rail stiffness and its surface
condition remain to be determined following careful mainte-
nance of both track and vehicle to pre-determined standard.
Of particular importance to the maintenance of the track, are
gauge and rail profile and in the vehicle, truck yaw damping
at the centerplate. The uncontrollable variable is the rail/
wheel surface interface which may vary considerably and which
is predominant in its effect on hunting. The reference ve-
hicle may be used with confidence to identify whether a change
has taken place, since this is the only significant variable

0-14



unaccounted for. Freight vehicles of present design have
similar suspension geometry and those which hunt tend to have
similar characteristics. They are generally light weight ve-
hicles and may have worn wheels. A reference vehicle should
also have these characteristics. 1In its most complete use,
the reference vehicle response can be measured to identify the
surface condition directly, if the measurements made contain
the necessary wheelset forces and displacements, using an ana-
lytical vehicle model. This use of the reference vehicle
world be experimental.

0-3.1.3 Baseline Use

Variables identified for this use are all due to ve-
hicle differences. Those having a severe effect, such as
wheel profile, surface conditions and yaw damping, may be
maintained to give similarity between the refercnce vehicle
and test wvehicle. However, there remain otker variables of
severity which are a consequence of the design, such as lad-
ing/body mass, yaw inertia, lateral axle hearing stiffness and
truck tram (out-of-square) stiffness. These are also important
design variables and their optimization may be the reason for
the test. The usefulness of direct comparison between the
reference and test vehicles is therefore dependent upon the
number of different design variables they have or the instru-
mentation applied to both test and reference vehicles., If the
important ones mentioned are all significantly different, no
design related conclusion can be reached directly from test
results without further analysis involving a significant num-
ber of measured response parameters on both vehicles. How-
ever, if the reference vehicle is of a similar type and the
test used to identify improvements in a particular area, such
as a sidebearing change, then meaningful direct comparison is
possible.
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At the present date there are a large number of
computer simulations of freight car hunting, e.g., Ref. S
which are relatively inexpensive and can be used to fdentify
the significance of hunting test results. To be used properly
the models require knowledge of the vehicle variables as
tested. For this performance issue, values of the significant
variables periodically measured on the reference vehicle may
remain constant for a significant time. Since the utility of
the reference vehicle is related to its similarity with the
vehicle being tested for hunting performance, it makes sense
to choose a reference vehicle in common usage susceptible to
hunting as in the previocus use.

0-3.1.4 Extrapolation to Service

The process of extrapolation into service includes
the baseline use for the reference vehicle. The preceding
discussion therefore also applies to this process. The re-
maining test comparing the performance of the reference ve-
hicle on test track and in service has characteristics similar
to both test and track calibration. However, the number of
uncontrollable wvariations is increased due to the nature of
the climate and geography in service. The most important
variations are related to the region of wheel/rail contact and
in particular, to the profiles and friction and creep coeffi-
cients. Service conditions provide a variety of input condi-
tions, occurring simultaneously, which can show similar
effects in the response. Hunting response is generally char-
acterized as body yaw with truck kinematic oscillation, the
latter comprising lateral and yaw motion of the wheelsets.
These amplituc:s if measured on the reference vehicle in ser-
vice and on test track will give an indicator of the test
severity. The validity of the sxtrapolation is primarily
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limited by the baseline test and measurements and analyses
associated with it.

0-3.2 Pl #2-TWIST AND ROLL

Table 0-3 shows the variable system characteristics
affecting response in twist and :2:1. Once again those to be
controlled for each use are indicated (:).

0-3.2.1 Track Calibration

The wvariations in the reference vehicle response in
this wuse are track surface and crosslevel, vertical track
stiffness and damping and rail profile. Of these only cross-
level %»s a severe effect on the vehicle response. It zay
prove difficult te calibrate the track under consistent
weather conditions in the north where freezing is possible.
However, the reference vehicle, maintained to give consistency
to wheel profile and surface, suspension roll stiffness (e.g.,
sidebearer clearance), and lading, will give a very effective
measure of variations in track condition through measurement

of rol]l angle response. Further insight has been found from
use of analytic models as with Ref. 8.

0-3.2.2 Test Calibration

With the track maintained to the required standard.
the most significant test variables will be associated with
vertical snubbers due perhaps to changes in the friction co-
efficient with humidity and to track compliance variations.
Very little qualitative work has been documented identifying
the effect of weather on the latter. Undoubtedly freezing of
a2 wet ballast or subsoil will increase its rigidity. The ref-
erence vehicle use in this manner is experimental.
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PERFORMANCE ISSUE NO. 2-TWIST AND ROLL
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0-3.2.3 Baseline Use

Hany of the critical parameters in twist and roll are
vehicle design dependent. Using a reference vehicle reason-
ably geometrically similar to the test vehicle, direct compar-
ison is possible. Otherwise additional simulation analysis is
required. The importance of this geometric relationship is
discussed in Ref. 9 which identifies the "geometric transfer
functions”. It is necessary to select a reference vehicle in
this performance issue which is known to behave badly and will
have characteristics not unlike a poorly behaving test vehicle.
Siuce twist is a structural mode which varies with body design,
roll is the more important use for the reference vehicle which
should hkave a truck center distance close to rail length
(39 ft.), and a roll stiffn ss characteristic (including
sidebearing ~learance) giving & roll frequencv close to 0.7 Hz
for a taden Lir vilh a hig. vody cventer of gravity.

The significance of roll in this performance issue is
the large and potentially unsafe roll oscillation excited by
track crosslevel variation over each successive rail iength.
However, the activity of the trucks during derailment may be
significant. Tests have shown considerable truck activity
(Ref. 10). Measurements of the wheelser lateral and yaw

dynamics may be required to ensure compatibility between
vehicles.,

0-3.2.4 Extrapolation to Service

The wvariation in rail/wheel surface condition during
the test of the reference vehicle and the climatic variation
of vertical and roll snubbing in service will cause differ-
ences between the severity of the track test and service con-
ditions which may be identified. However, the nature of the
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performance issue demands a high roll response in service as
in the track and test calibration. Any subsequent extrapola-

tion for the tast vehicle, using the baseline test results,
has the same limitation expressed in Section 0-3.2.3.

0-3.3 P1 #3-PITCH AND BOUNCE

The wvariable system characteristics described in
Table 0-4, tracks with staggered joints, and design of freight
cars combine to make this performance issue relatively safe.
All variable system characteristics have therefore been re-
garded as having only a moderate effect. The major difference
between twist and roll and pitch and bounce are in the fre-
quency and modal shape. Both exercise the vertical suspen-
sion. Use of the reference vehicle for this issue may provide
a means of track and test calibration for other issues.

0-3.3.1 Track Calibration

The track variables which affect the response of the
vehicle in this issue are surface, crosslevel, vertical track
stiffness and damping. Vertical response of the maintained
reference vehicle suspension can be measured to calibrate the
track but not directly separate the causes and this may vary
with vehicle weight. Test runs with more than one reference
vehicle may provide more insight. Recommendations on the
nature of the required track maintenance will not be possible
from reference vehicle response without additional measure-
ments. An improved assessment of the cause may be possible

using spectr.i aunalysis of the measured suspension movement
(Ref. 11).
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PERFORMANCE ISSUE NO. Q-PITEH AND BOUNCE

& ok TR
L

AT DR e T O CmARACTYERETICE

! veitay ] LI i
RO 44 22 ] 3
CHARACTYRETE | ooemaTy e TEST CAL "ﬁ" g

13| TRADX REOMTEY ALY L - @ -
" RS VI - {E} -
L1 TRACK COMSLasCE b - Sy - - -
12 m - - -
4t | EOCT LESeerTeY TRUCE CINTIRE - -
LI | BOOY COMMANCE e - - - -
1y kel RO T m"ﬂ - -
14 L5 POETON - @ E} {3
Wi | TRUCK SOUSTEM WBMBION | JDOUCRL - -
al m - i — -




0-3.3.2 Test Calibration

Since vertical track compliance is the most signifi-
cant va_ iable following recommended track maintenance, use of
the reference vehicle may provide a method of studying its ef-
fect with variation in climate. An investigation of this type
with a suitable analytic model can provide factors relating

test results to test climate for use in assessing other issues
such as rock and roll.

0-3.3.3 Baseline Use

Tests for pitch and bounce response are similar to
tests for twist and roll, but the dominant modes of activity
are different. If the test and refe~ence vehicles differ
significantly, the response will differ and will require
analysis to resolve the significant causes of the different
respons® as measured. However aimilarity between vehicles may
render an immedlate interpretation directly from the results.
A badly behaving reference vehicle is an unlikely choice for
comparison, since freight wvehicles generally behave well in
this mode.

0-3.3.4 Extrapolation to Service

The test of the reference wvehicle in service will
Eive an indication of the severity of any special test under-
taken for this performance issue, particularly since the cli-
matic conditions have little effect at test time. The excep-
tion may be the indication of variations in track compliance.
An assessment of test severity is still possible, especially
for light vehicles.
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0-3.4 PI #4-YAW AND SWAY

The variable system characteristics .nd the severity
are shown in Table 0-5 for this performance issue. Derail-
ments have occurred, particularly following track panel shift
and rail rollover., Rail/wheel forces can become large and are
dependent upon the contact conditions and vehicle modal re-
Sponse in yaw and sway. Since the issue is complex (Ref. 12}
many system variables have a potentially severe effect and are
s0 designated in Table 0-5. As the name implies, the mode of
the oscillation has closely coupled yaw and sway content until
fiange contact of the wheel on rail.

0-3.4.1 Track Calibration

Maintenance of the reference vehicle in use in this
issue is necessary Lo ensure consistent wheel profiles, roll
stiffness, yaw damping, position of the center of gravity of
the load and snubber action. 1In addition, control of the cli-
mate at the time of this test through choice of test time and
weather is assumed. The remaining variables which the refer-
ence vehicle response indicates are track alignment and gauge,
rail lateral compliance and rail cross sectional profile.
These are all rated as having a severe effect on the response
although the last two become severe only under rail climbing
conditions.

The severity of these characteristics are amplitude/
speed dependent and use may be made of this to separate their
effects and to identify the condition of the track. A low
speed run over perturbed track, sufficient to excite the ve-
hicle response without severe flange contact, may be used as
an indicator of track condition in alignment and gauge by
measurement of the body response in vaw and roll and its vari-
ation from previous runs. Runs at worst response speed may
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TABLE 0-5

PERFORMANCE ISSUE NO. 4-YAW & SWAY
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then be accompanied by rail/wheel force measurement to provide
an assessment of rail lateral compliance. Further runs with
reference vehicles of different weight may be necessary to es-
tablish the effect of compliance under varying static loads.
A fundamental measure of rail prefile is again desirable.

0-3.4.2 Test Calibration

With the track and reference vehicle maintained to
the required standards, there remain only lateral rail stiff-
ness, snubbing friction if affected by weather, and rail sur-
face condition as variables for which this calibration test is
carried out. The effect of the rail stiffness and surface
condition under severe flanging conditions are complex. It is
unlikely that a simple, reliable and universally applicable
set of factors are possible without the support of analytic
models. One method of separating the effects would be to
measure lateral track stiffness directly and use an analytic
model to identify its effect in vehicle response. As with the
hunting issue, complex fundamental measurement of wheel/rail
forces, moments and dynamics may be used te provide the most
direct comparison between tests accounting for test conditions
without further analysis.

0-3.4.3 Baseline Use

The wvehicle design parametric wvariables, identified
in Table 0-5 as not maintainable for consistent performance,
are important to the yaw and sway response of the vehicle.
Each different wvehicle design will provide a different re-
sponse with its own modal response ratios and worst frequency.
I1f tha velticles are substantially similar, direct baseline
test craparison is useful in identifying critical differences
in vehicle response.
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The conditions of derailment and the proximity to de-
raiiment in this issue are complex, wet they frequently com-
prise the sole test objective in this use. They involve
wheelset lateral position and velocity, vaw angle and angular
velocity, rotational speed and acceleration, wheel load, pro-
file shapes cf both wheel and rail and surface conditionms.
Analytic models of the process are just being perfected (Ref.
13) which can predict derailment behavior. There remains
considerable difficulty in assessing derailment proximity
without testing to derailment. Simple indicators such as the
L/V ratic. monitored during tests of vehicles in this perform-
ance issue in Japan (Ref. 14) have been shown to be incomplete
{Ref. 15). Difficulties have also arisen in the measuring
methods for this issue and for subsequent issues (Ref. 16).

The most complete use for the reference vehicle in
this baseline comparison is to provide analytical model vali-
dation and parameter identification under identical test con-
ditions so that the model of the test vehicle can be used to
assess its proximity to derailment. This is particularly true
if the reference vehicle analytic model has been validated up
to and including derailment under previous testing. The proc-
ess of changing vehicle design parameters in an analytic model
does not lead to inaccurate conclusions so long as the cri-
tical wheelset and rail parameters are known or do not change
between models. 1f the reference and test vehicles are geo-
metrically similar in most respects direct comparison is a
meaningful way in which to identify the effect of the varia-
tion without recourse to analytic modeling.

0-3.4.4 Extrapolation to Service

In order to provide a baseline for subsequent extrap-
olation of the test vehicle results to indicate its perform-
ance in service, the reference vehicle must be of a type which
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respords with large amplitude itself in this issue in service.
Evidence of this may be sought from accident statistics {Ref.
17). The limitations of direct extrapolation and the need for
analytic models for all but the simplest comparisons are sim-
ilar to those expressed in the discussion of the baseline test
use. Extrapolation to service use adds the difficulty that
the track conditions in service, identified in Table 0-5, can
not be measured from the reference vehicle beahvior. Some
estimate of the conditions leading to service derailments have
been attempted through model testing using the reference
vehicle parameters following model validation.

0-3.5 P1 #5-STEADY-STATE CURVING

Under normal operation, steady-state curving does not
lead to derailment. 1t more often results, with the tradi-
tional freight car truck design, in bad wear on both wheels
and rails which may subsequently promote a derailment condi-
tion. The steady-state curving process, although not simple,
is now well understood (Ref. 18). The measurements required
velate to rail/wheel forces and positions.

By its very nature this performance issue requires
that the track provide no dynamically varying input to the
vehicle response. The constant curve must be long enough for
all transients to decay to a small value. In Table O-6, align-
ment implies variation im curvature, and crosslevel variacion
in superelevation. Since the motion of interest is in the
plane of the track, crosslevel variation does not generally
have a severe effect on vehicle performance. In the steady
condition gauge and alignment varia't '~ combine to represent
variation in alignment on each rail, the outer rail alignment
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being essentia] to the steady-state path of the wheelset. All
track variables have beea identified as having & potentially
severe effect in Table 0-6 although the severity is dependent
on the way in which they combine dynamically.

Rail and wheel prcfiles and surface conditions have
an important effect on the forces generated during curving.

0-3.5.1 Track Calibration

Lateral leading wheelset activity of the maintained
reference vehicle during flanging is a direct measure of outer
rail alignment and gauge. Its dynamic content can be used in
assessing track maintenance requirements. Rail profile ef-
fects may be apparent in the same response but are more likely
to be seen as a variation in force. Direct measurement of
this profile is desirable.

0-3.5.2 Test Calibration

Table O-f shows that the controlled subset, indicat-
ing maintenance of vehicle and track, leaves only surface
Creepage and spin characteristics as & variable at test time.
The low wheel/rai! performance is particularly important here
in that it provides a means of establishing the required char-
acter.stic which includes the value of the limiting coeffi-
cient of f{riction. This requires a knowledge of wheelset
position relative to the track, the wheel and rail profiles
and the forces and moments acting. These measurements are not
simple. In particular, longitudinal forces are not presently
measured using instrumented wheelsets in North America tests.
However, approximations can be made using results from inex-
pensive analy.ic models (Ref. (8). Because there is no re-
quirement for a dynamic model, the analysis can be performed
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at minimum cost. Apart from the calculation of fundamental
characteristics, the reference vehicle is a good general

measurement of test condition consistency in this performance
issue,

0-31.5.3 Baseline Use

The vehicle design parameters having severe influence
on Steady-state vehicle curving are wheelset load ("mass" in
Table 0-6)} and truck stiffnesses in the plane of the rail.
Direct comparison of vehicle performance is therefore possible
and is greatly enhanced by the inzxpensive analyses previocusly
mentioned, particulary if wear is to be studied. Basic meas-
urements such as angle-of-attack of the wh. .sets to the rail
and lateral wheel/rail forces also provide a fundamental com-
parison of vehicle performance. Since the response is not
dynamic the measured duration is irrelevant, greatly simplify-
ing the assessment of proximity to derailment. This use for
the reference vehicle provides a sound assessment of the rela-
tive merits of vehicles during curving.

0-3.5.4 Extrapclation to Service

The nature of this performance issue limits the ex-
trapolation that can be made since it excludes the possibility
of dynamic effects. It is therefore not a possible use for
the reference vehicle. The reference vehicle can be used to
ascertain what importance steady-state conditions play in
identifying service use. Tnis 1is perhaps better carried out
using the records of track geometlry available (Ref. 19).
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0-3.6 Pl #6-SP1RAL NEGOTIATION

Derailments during spiral negotiations are not infre-
quent, especially with torsionally stiff vehicles and constant
contact side bearings. Rapid changes in superelevation (or
crosslevel) cause wheel unloading which, together w.ith high
lateral forces, produce rail climbing potential, especially
where the terrain leads to short spiral lengths. Uneven vari-
ation in curvature or alignment increases the potential for
derai.ment Table O-7 gives an assessment of the severity of
these track ~haracteristice on the wvehicle response in spil-
rals. Lateral r.il stiffness is judged as having only a
moderate effect since the offending vehicles are often light.
All wvehicle characteristic associated with static body roll,
especially differential roll between trucks are rated as hav-
ing a severe effect. 1In additim, truck stiffnesses in the

track plane have an important effect in the development of
guiding forces.

0=-3.6.1 Track Calibration

Track geome'ry records are the most direct measure-
ment of the track variables listed in Table 0-7. However,
they may not exhibit similar track levading and in their ab-
sence similar information can be inferred from refereice
vehicle response. Short term transients during spiral nego-
tiation are frequently seen in test records, especially :f the
test vehicle has a natural frequency and mode excited by the
input. These can be noted and their location identified for
track maintenance. Static measurements or slow speed runs may
be used, for example rol! .esponse may be measured as an indi-
cator of superelevation aand lateral positiorn during flange
contact an indicator of high rail alignment. Rail profile is
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important and difficult to assess from reference vehic.e re-
sponse. It is readily mcasured directly using a -ail pro-
filometer. Wheel profile and surface condition must be con-
trolled by maintenance and/or running-in to clean the wheel
surface. In this use it is important to maintain the body to
bolster roll characteristic by checking sidebearings and gaps
and the bolsier roll characteristic by checking snubber action.

3.6.2 Test Calibration

Mainterance and control of the reference vehicle, as
in track calibration, together with track geometric mainte-
nance, give lateral and vertical rail stiffnesses and surface
condition as the remaining variables in Table 0-7. This is
rather similar to Pl #4 Yaw and Sway, and not greatly differ-
ent from Pl #5, Steady-State curving. The difference is in
the perceived importance of rail elastic response which is
directly affected by the dynamic activilty of the wheelsets and
the degree of vertical unloading. The complexity of the meas-
‘urement or requirement for analytic modeling lies between a
full description and measurement as in vaw and sway and the
direct steady wheel on rail measurements discussed in steady-
State curving, although & more complex vertical track model is
desirabie in this issue. Spiral negotiation track input com-
mences as in yaw and sway but finishes in a linear varving
curved path in which flange contact persists as with steady-~
State curving but with the addition of wheel unloading. 1In
flange contact the forces and wheelset position will vary with
Curvature as well as with surface conditions. It is again un-
likely, therefore, that a simple, reliable set of factors can
be generated without supporting analytical modeling and funda-
mentai wheelset motion measurement sufficiently to idenrtify
the effect of test variables on vehicle response. However,
records may be available in conjunction with less complex per-
formance issues if tested concurrently.
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0-3.6.3 Baseline Use

Spiral negotiation exercises many of the vehicle de-
Sign parameters. Wheel unloading is a predominantly steady
condition due to rate of change of superelevation with dis-
tance along the track. Roll and yaw resonance are therefore
discounted in this performance issue and regarded as having
only a modera'e effect. Steering forces are important. Di-
rect baseline comparison may be misieading due to the complex
combination of high lateral force response and wvertical un-
loading. In some vehicles simple static wheel unloading is
sufficient to cause derailment.

Since wheel unloading may be measured statically au
the worst point in the curve a direct measure of rthis can %e
made on both test and reference vehicle fcr comparison. The
reference vehicle is not necessary in this test since ar ab»
lute measure of wheel unloading and a limit to its value may
be set directly. However, tests on a reference vehicile Zay
help in establishing the initial safe-critical value f..
pending derailment.

-

If the judgment of unloading is made separately, com-
parison between test and reference vehicle in rthe spiral is
reduced to the comparison of guiding forces and lateral wheel-
sel response. Some measure of direct comparison is possible
but can not be directly eXtrapolated to performance in other
spirals because of the differences in the effect of wheel un-
lor4ing and steering forces on different vehicles.

0-3.6.4 Extrapolation to Service

The testing of the reference vehicle in service for
thi> performance issue requires continuous recording of
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guidance and vertical wheel forces in order to provide the
necessary comparison between test and service conditions. For
reasons mentioned under Baseline Testing above, variation be-
tween test and reference vehicle design will produce effects
on derailment potential requicing & study of both lateral and
vertical force response. The complexity of this consideration
Suggests a supporting analytic model. No such model currently
exists in this country although a change to TASC's SIMCAR pro-
gram (Ref. 20) is being considered to allow full freight ve-
hicle simulation in spirals.

0-3.7 P1 #7-DYNAMIC CURVING

This performance issue exercises nearly all the vari-
able system characteristics identified in Table O0-1 and listed
in Tabie 0-E for this scenario. Vehicle performance is seldom
discussed in such complex terms and analytic models are only
just reaching the complexity necessary to simulate the full
vehicle dynamics required (Ref. 20). However, the principal
concern if with curving performance and as such the primary
activity is in the plane of the rails. Roll activity of the
body is important and wvertical vehicle and track stiffness is
therefore important. The response includes transient effects.

0-3.7.1 Track Calibration

As with all other performance issues discussed here,
the test track geometry may be established by direct measure-
ment on site or with a track geometry car. The problem with
such methods lies in the fact that they are not measured under
the load conditions seen during testing. 1f used, track re-
cording cars are light compared to a fully laden 1C0 ton
freight car and apart from hunting and static wheel unloading
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it is the laden cars which are most susceptible to derailment
undsr dynamic conditions. The concept of using a reference
vehicle to identify changes to track under laden conditions is
therefore attractive, particularly for Twist and Roll, Yaw and
Sway and this performance issue.

The particular difficulty for this issue is that the
track input varies in all six track geometric values generally
recorded as well as track compliance. Consequently, it becomes
di fficult to identify with any precision, the nature of the
track maintenance required due to differences in the reference
vehicle behavior during testing. Fundamental measurement of
vertical and lateral motion at each wheel is possible. The
lateral position is an indicator of outside rail alignmert,
while the wheel is in flange contact with the rail. However,
the position of the rail is that as dynamically laden and in-
cludes rail movement due to compliant track. This requires
knowledge of the wheel/rail forces and separate measurement of
track compliance under laden conditions in order to separate
any changes in track by cause. No method of maintaining track
for compliance has been tested sufficiently to ensure relia-
bility. 1f the test track is on good "hard" foundations,
track compliance may be neglected as a variable. Under these
circumstances the reference vehicle performance may be used to
calibrate the track and indicate the severity of changes in
its geometry.

0-3.7.2 Test LalibralLion

The severity of the test reduces, as indicated in
Table 0-8, to consideration of track compliance, surface con-
dition and snubbing effects. If track compliance is regarded
as consistent or measured and maintained separately, the re-
maining variables can be assessed, since they have substanti-
ally different effects. Low rail performance can be used to
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measure creepage coefficients up to and including full slip-
page if the measurement system on the reference vehicle is
appropriate. A more complete discussion of this possibility
was given in preceding Test Calibration discussion, partic-
ularly Section 0-3.5.2. 1In this issue varying wheel loads is
an additional difficulty. This could be mitigated somewhat

through analytic models of the wheel rail process if and when
they are available.

0-3.7.3 Baseiine Use

Uniess the potential design variables in Table 0-8§
are reduced to a particular changed characteristic such as a
damping device, direct comparison is only possible between the
reference vehicle and test wvehicle with considerable measure-
ment and analytic model capability to identify overall per-
formance. The selection of a limited measurement to compare
the derailment safety of the test and reference vehicle is of
uncertain validity at best and at worst could lead to a mis-
leading assessment of the vehicle performance. It is recom-
mended that efforts be made towards a full explanation of de-
railment potential through validation of vehicle models and
subsequent use of these models for performance assessment. If
the test and reference vehicles are of the same basic design
direct comparison of results is possible.

1.7.4 Extrapolation to Service

Following the discussion under Baseline Use, no ex-
trapolation is recommended without validated analyt:c model
support in this complex performance issue unliess the vehicles
used are similar in design.
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-4, CONCLUSIONS: REFERENCE VEHICLE UTILITY AND CHOICE

The preceding Section O-3 discussed and identified
the a.sisability of the uses of freight reference vehicles on
technical grounds, making suggestions in general terms on how
the vehicles should be used., the importance cof maintenance
where needed to ensure consistency 1in vehicle response, and
the necessity for analytical support. Each performance issue
was considered separately although some comments were made
iinking the issues for optimum reference vehicle use. It was
assumed throughout that instrumentation packages discussed
eisewhere (Ref. 21) were available but that & minimum level of
complexity represented the best use for the reference vehicle.

In this section the costs of alternative measuremen.s

are discussed, conclusions are made on the utility of refer-
ence vehicles and their choice is discussed.

0-4.1 ALTERNATIVE MEASUREMENT METHODS

The present state of the art in measurement of the
variable system characteristics is summarized in Table 0-G
with a statement on the present alternative method to the ref-
erence wvehicle use. These alternative methods de not imply
any selectivity for the performance issues discussed. They
range from easy, such as the measurement of wheel radius or
truck center distance, to extremely hard, such as the measure-
ment of creep and spin characteristics which cannot presently
be carried out in the field. The cost is related to the
difficulry.
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TABLE 0-9

ALTERNATIVE MEASUREMENTS
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In general the least costly adequate method has been
indicated. For example use of the full SiZe Vibration Test
Unit at the Transportation Test Center involves an eXpensive
test tut could be used as the special rig in 0-5.2, for the
acasurement of yaw damping. Simpler methods using load cells,
hand actuators and ar air bearing have been used Very success-
fully at moderate cost and are indicated (Ref. 22). A number
of methods have been used to measure track compliance (see,
for example, Refs. 22 and 24). They are generally complex and
require a significant number of people and apparatus. Use of
the reference vehicle as a vertical load source is possible
with measurement of track displacement. Lateral loading gen-
erally requires a special device or vehicle such as the
"Decarotor” {Ref. 3).

Measurement of rail and wheel profile for dvnamic as-
Sessment purposes is not the same as for wear since a common
teference is required for both wheels or both rails and a high

degree of accuracy is required. However, devices presently
exist such as that used at the Transportation Test Center
(Ref. 25). They are moderately easy to use but over a signi-

ficant length of rail can be time consuming. No satisfactory
device exists for measuring surface forces in the field Such
a development is long overdue. Measurement of friction coef-
ficient is possible but not easy.

Characteristics for all stiffness and yaw damping re-
quire the application of a known load and the measurement of a
resulting angle. Both can be effected in the field with suiz-
able tackle, load cells and displacement measurement. They
require rigid points of attachment for load application. Tor-
sional body stiffness has similar requirements but the loads
are higher and the need for a rigid measuring base Suggests a
mere formal laboratory test. Vertical body stiffness is easjer
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and can generally be undertaken during loading at a suitable
weigh scale with accompanying deflection measurement. The
total vehicie weight can also be measured at this time.

The wvalue of the various radii of gyration would be
expensive to measure using perhaps a form of pendular suspen-
sion. Estimates assuming uniformity of the loading have
proven accurate enough for most purposes. Truck compl iance
and suspension stiffnesses can be measured in the field with
varying degrees of difficulty. These could be made more
readily witt the design of a standard rig °* + be appi.ed to the
truck. The most difficult measurement is that of tram stiff-
ness. Methods used in measuring lruck variables may be found
in Refs. 26 and 27.

In Table 0-9, "Status of Present Method,”

New implies the design of special equipment
for use in the field.

Need Mod{ificarion) implies that the apparatus
exists butl may need improvemenl or
adaptatir..

Will do indicates that present methods are
marginally adequate in accuracy or
reading speed.

Good is completely satisfactory.

Using Table 0-9 it is possible to evaluate those meas-
urements which the reference vehicle testing will replace or
result in & reduced requirement when the use is f{or track or
test calibiation. Table 0-10 permits a judgment as to the
saving in cost and effort which can be made with the reference
vehicle use.
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THE ANALYTIC SCIENCES COMPORATION

TABLE 0-1C
COST OF ALTERNATIVE MEASUREMENTS

I | Hunting Moderate High High High

2 | Twist and Rell Hoderate | Moderate | Moderate | Moderate
3 | Pitch and Bounce Moderate | Moderate Low Moderate
4 | Yaw and Sway High High High High

5 | Steady State Curving Moderate | High } High High

& | Spiral Negotiation High High High High

T | Dynamic Curving High Hign High High

-

The interpretation of rhe results for Baseline Test
Use and Service Testing for Extrapolation are different from
these for Track and Test Calibration. The track maintenance
resulting from the Track Calibration and the factors required
from the Test Calibration wouid require the alternative meas-
urement to be carried out. In Baseline Use the measurements
represent & complete set of design wvariables sufficient to
carry out an analysis on the test vehicle which together with
the service test would enable « full service simulation to be
carricd out without the use of the reference vehicle. How-
ever, the same process can be carried out on the reference
vehicle to permit validation of the anaiytic tools prior to
use on the test vehicle.

Difficulty was experienced in accounting for the

severity of the variable on each use and issue. For example,
track compliznce is difficult to measure and may have only a
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moderate effect on vehicle behavior. 1In this case its degree
of difficulty was reduced to moderate to give an overall pic-
ture. Where it is recommended that a measure be taken to sup-
port reference vehicle use it is omitted from consideration.
This is particularly true of profile measurement. The costs
related to measurement difficulty of easy, moderate, hard in
Table 0-9 are given the categories low, moderate, high, re-
spectively. Although the approximate nature of this prelimin-
ary analysis prevents detailed costing, these categories would
not generally be inconsistent with total costs for each vari-
able measured of 0-5200, 5200-52000 and above 52000 respec-
tively. These figures are given here only as a guide.

The resulting Table 0-10 shows the impact of the high
cost of rail compliance measurement and its importance to de-
railment studies resulting from tests in the high flanging
load, dynamic performance issues.

0-4.2  CONCLUSIONS ON UTILITY OF THE
FRETGHY REFERENCE VEHICLES

The preceding discussions have described the technical
considerations in the uses of reference vehicles and the cost
saving for each of the performance issues, using the tables of
variable system characteristics in each use identified. Some
technical considerations are repetitive in performance issues
having similarities. For example, performance issues involv-
ing motions in the track plane are dependent upon its surface
properties and wvary with weather conditions, particularly
humidity. Vertical motions involve vertical track stiffness
which may change in freezing conditions. In general neither
w#ill be known in service testing but they are likely to be
similar in baseline use.
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The most satisfactory uses for the reference vehicle
are those in which each unknown can be determined from a sim-
ple response measurement.

Table 0-11 has been drawn up from the preceding dis-
cussion to summarize the reference vehicle uses and complex-
ities in their validity. It is suggested from this table that
the more comples performance issues lead to difficulties in
the interpretation of reference vehicle results. Many would
benefit substantially from soundly validated analvtic models
which describe the vehicle performance in the issue consid-
ered. Such models already exist for issues 1, 2, 3 and 5 and
are under development for the remaining issues. In general
direct extrapolation to service conditions is only possible
where the baseline test is carried out on a test vehicle
geometrically similar to the reference vehicle.

0-4.3 CHOICE OF FREIGHT REFERENCE VEHICLES

The choice of reference vehicle must include avail-
ability not mentioned in the preceding discussion. However,
since the Performance Issues themselves were chosen from con-
cerns arising out of the performance of the present fleet of
vehicles, there already exist significant numbers of vehicles
suitable for the purpose.

The approach to choosing suitable freight reference
vehicles has been to identify the requirements for ecach per-
formance issue. Table 0-12 summarizes the requirement per-
ceived for the Performance [Issues considered, In some
instances a need for more than one has been identified from
the discussion undertaken in Section 0-2. In drawing up this
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table it has been assumed that the reference vehicle will be
of standard form with standard three-piece tracks. This
limits the choice of wvariables to body basic design, body
truck connection and wheel profile. The change out or turning
of wheels is relatively straightforward »nd in the following
discussion it has been assumed that eitaer new Of worn pro-
files may be accommodated.

Similarly the degree of roll restraint between the
carbody and bolster may be changed by changing the sidebearing
configuration or center plate extension. The design choices
are greater here but it is certainly possible to effect free
play before contact at the sidebearing or rigidity without play
but with increased vaw restraint. This choice is also assumed
to affect the choice of basic vehicle.

The ideal vehicles indicated in Table 0-12 do not
necessarily exist. Compromise may therefore be necessary Lo
give characteristics closest te that required. Since gpavlioad
is the governing feature of the design the requirements are
broken dom by vehicle weight.

The following Table 0-13 gives the breakdown by
weight allowing for compromise in wvehicle body compliance
where both rigid and flexible designs are ideally reguired.
This is reduced to a design of "mid(dle) flex{ibility)".

In Ref. 28, Radford identified the following vehicles:

Type A 89' Flat-Car (or Tri-level) 70 ton 64' TCD

Type B 60' Box Car 100 ton or 70 ton 46'-49' TCD

Type C Covered Hopper Car 100 ton 39%' TCD
Coal Gondola Car 100 ton 39'-46' TCD
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TABLE 0O-13
MINIMUM CHOICE OF FREIGHT REFERENCE VEHICLES

EX=

TYPE [ WEIGHT TCD CG HEIGHT _J_cunpumcz " .
= . —— e — -—L
A Light 5¢ fr Lo | Midflex 1,2.5.6
B Medium 40 ft |  Medium Flex 3.7
c Heavy 39 fr High - xc” | 2,3,7
D Heavy 59 fr Medium ‘ Midfle | 4.6
|

*NC - Not Critical, *# See Appendix 0-aA,

The Coal Gondola is also known to hunt (Fl #1) when
light altanough its suitability for P! #6 Spiral Negotiation is
not ideal since 1t i1s rather flexible in torsion. It i1s also
somewhat shorter than the desired length. An alternative to
the Gondola for Type D might be sought such as a long covered
hopper, 48' TCD. It is generally difficult to find a car
found frequently in service which is long, heavy and torsion-
ally rigid. The torsionally flexible car required for is-
sues #1, hunting, is perhaps better satisfied by the B89 ft
Flat car of Type A.

0-&.4 CHOICE OF OTHER {NOT FREIGHT) VEHICLES

Two cther types of vehicles were considered appro-
priate to this study. They are Locomotives and Intercity
passenger vehicles. Two factors iden:ify the differences be-
tween the freight wvehicle discussions ~nd those for these
other vehicles. They are truck design in which considerable
variety exists and, where powered, the power source.
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The truck design is important for several reasons;

. Variation of numbers of axles per truck
in locomotives

® Prevalence of "rigid frame" designs for
locomotives and passenger vehicles

® Different lateral suspensions including
"swing hangers”

* Variation in primary suspension includes
rubber chevrons bushings and helical
springs with guideways

® Different forms of "equalization" in
Drimary suspensions

® Variation in connection between the body
and truck including center plates, shear

pads, air springs, rubber springs, flex-
icoils.

The suspensions can generally be broken down into
primary and secondary suspension issues. Table O-1 can be ad-
justed to suit the new requirement. However, the number of
variables for designs in present use provides the necessity
for a different form of Table 0-1 for each design and this was
not undertaken. The recommended approach for these vehicles
is to identify a similar vehicle of known performance, perhaps
even the same type for baseline comparison. Track and test
calibration can then be examined for each vehicle using the
philosophy outlined for the freight vehicle in each particular
case where such testing is thought desirable.

Since the variation in design is considerable, ana-
lytic models are of considerable advantage to aid in resolving
reasons for the apparent differences in response. The
Perturbed Track Test on 6-axled locomotives (Ref. 12) is an
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excellent example both of the use of geometrically similar ve-
hicles and cf the need for good analytic models which were not
readily available in validated form at the time of these tests

For passenger vehicles there exists a compendium of
suspension types (Ref. 29} which may be used in identifying a
vehicle similar to the test vehicle and available for use. A
likely source of reference vehicle is the supplier of the test
vehicle. In general the choice of reference vehicle must ac-
Company the test planning. The location of the proposed test
will also address the need for an appropriate source of power
which will then be available to both test and reference
locomot jve.

It is suggested that the reference vehicle be chosen
4l test planning time, vith appropriately similar truck design
te the test vehicle satisfying the power source requirement
and with known service performance. Issues such as the need
for instrumentation, supporting analysis, and the method of
track and test calibration to be used. sust be addressed using
an  approach similar to that used in this report for the
freight vehicle, drawing up the particular set of characteris-

tics for the particular vehicle options and performance issues
concerned .,
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APPENDIX O-A
PERFORMANCE ISSUES

The following i{s & numerical l1isting and description of the

Performance Issues as used in this section.

l.

Hunting -- A form of self-excited escillation of wheelset,
truck or carbody that is also termed an “instability*. 1t
can arise on perfect track and self-excites once it is
started. It (s one of the most complex dynamic phenomena
observed in the railroad environment, and a complete
understanding of all the parameters affecting it does not
exise, It is known, hawever, that many aspects of the
design and wea. characteristics of the trucks and the
carbody are important, fncluding specifically the design of
the suspension system and the wear profiles of the wheels
and rails. Hunting cccurs in certain speed ranges,
demarcated by “critical speeds”, Often, the objective of
the vehicle designer is to achieve critical speeds which lie
outside the speed range in which the vehicle is expected to
operate,

Twist and Roll -- A form of low-speed, externally excited,
resonance-type oscillation in which the vahicle ocsillates
about an axis parallel to the train. Twist refers to the
torsional bending of the carbody, whereas roll refers to the
rotational motion of the carbody around a longitudinal axis.
This oscillation has historically been associated with cars
with a high center of graviiv, whose truck spacing lies in a
fairly narrow range of lengths, while operating on track
with staggered-joint, bolted-rail construction having
“dipped” joints, or on newly installed, continuocusly welded
rail with joint memory in the track support, or car Induced
"dipped” or low locations caused by car roll dynamics,

Pitch and Bounce -- Externally excited vertical oscillations
of the body of the vehicle, caused by track goemetry
varfation. Pitch refers to the rotational motfion of the
carbody around a lateral axis whereas bounce refers te the
motion in the vertical direction. Usually of greater
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concern for human comfort {as in locomotives) and lading
damage (in freight cars), pitch and bounce occcaslonally
contribute to derallments.

Yaw and Sway -- Externally excited transverse oscillations

cf the body of the vehicle, caused by track geometry
variation. VYaw refers to the rotational motion of the
carbody around a vertical axis, whereas sway refers to the
motion ir. the lateral direction. These oscillations can be
contributors te derailments by generating large lateral
forces between wheels and rails, or when oscillations are
coupled with light vertical wheel loads.

Steady-State Curving -- Large steady-state lateral forces

may be generated between the rails and the wheels of the
vehicle, BVen when track conditions are excellent.
Contributing factors are trucks of large wheelbase on sharp
curves, and inadequate maintenance of parts such as
sidebearings and centerplates that may cause binding.

Spiral Negotiation -- Track warp, such as the spiral between
tangent and curve, may cause loss of vertica contact
between & wheel and rail, while large lateral wheel-rail
forces are bting generated, This phenomenon is typically
associated with either (improper track construction or
maintenance such that the track is improperly superelevated,
or with torsionally stiff and long carbodies, which are
unable toc accommodate the warp in the track, or ceontain

insufficient Sidebearing clearance or excessively stiff
constant contact side bearings.

Dynamic Curving -- High lateral forces may be generated
between wheel and rail as a result of geometric
frregularities in a curve. Dynamic curving is still a
relatively poorly understood phenomenon. High forces have
been observed typically with vehicles that have high axle
loads. Many other vehicle factors, not yet clearly
identified, alsc play an important role.
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