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" PREFACE

This volume is the third of three volumes dealing with the
Vehicle/Track Interaction Assessment Techniques ‘(IAT)' which were
developed by the Transportation Systems Center (TSC) and ‘its
contractors: Arthur D. Little, Inc. (ADL), Battelle Columbus
‘Laboratories (BCL),. ENSCO Inc., Kaman Sciences Corporation (KSC),
Systems Control Technology .Inc.(SCT), and The - Analytic 'Sciencés
Corporation (TASC).

-This information was developed from the Stability Assessment
Facility fqr Equipment (SAFE) Program. That program had direct input-
from the railroad affiliated personnel of the International
Government-Industry Track Train Dynamics Research Program and the
Federal Railroad Administration, Track Safety Research Division.

The Vehicle/Track Interaction’ problems addressed by the IAT,
called "Performance Issues," are listed below:

Hunting;

Twist and Roll;

"Pitch and Bounce;

Yaw and Sway;

Steady State Curving;

Spiral Negotiation;

Dynamic Curving;

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

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

The IAT has evolved over -the past few years through experience
gained in conducting a number of tests dealing with vehicle/ track
interaction. Essentially, the IAT is a systematic approach using a



standardized set of procedures and tools (i.e., elements) for
identifying, diagnosing and solving stability problems in a rail
vehicle already in revenue service and for assessing the stability of a
new or modified vehicle (freight car, passenger car, or Tlocomotive)
prior to its introduction into revenue service. The brimary goal of
the IAT is to provide a means of assessing the adequacy of rail vehjcle
stability at a minimum cost. This 1s accomp]ished by:

e Systematically developing an approach for identifying.
stability problems; ‘ . :

e Identifying the test procedures and too]s- necessary to
assess the stability characteristics ot the rail vehicles;

® Reducing, through the use of computer models, the amount
of testing required; '

. Summarizing the state-of-the-art in too]s;

e Standardizing the nomenclature in stability assessment;
and »

o Providing the ability to compare data from different
tests. |

Although the IAT can determine the potential for derai]ment as a
result of excessive motion between thé wheel and.rail or because of
undesirable levels of wheel/rail interaction forces, .it does not
explicity deal with derailments resulting from the failure of a
vehicle or track component due to wear, fatigue, or excessive stress
caused by these forces. Also, the IAT has been developed to assess
the dynamic performance of most types of freight cars, Jlocomotives,
and passenger cars; however, particular type of vehicle may not be
sensitjve to all Performance Issues. Therefore, the IAT
“incorporates a procédure for identifying the pf%hcipa1 Performance
Issues ot concern for ény vehicle design. ‘

The IAT 1is organized in the form of Assessment Procedures. For
each of three objectives of the IAT, a distinct Procedure is identified
and presented in the form of a flow chart. Thus; a procedure is
defined for: »
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® The Modified Vehicle Assessment;
e The Vehicle Problem Diagnosis; and
e The Prototype Vehicle Assessment.

Each procedure requires a number of steps to be conducted in order
to meet the Specific Assessment -OUbjective. Ofteh, but not always,
test must be conducted to meet the Assessment Objective. These tests
are distinctly different and complementary to the revenue service
testing to which a new or modified vehicle is generally subjected.
The IAT tests are designed to subject a vehicle or consist to a
severe service environment which is simulated using test tracks or
]aboratofy equipment, In this way, the range of dynamic
characteristics of a vehicle could be brought out in a relatively
short time. Achieving the same goal by means of a revenue service
testing procedure may require extensive testing in many miles of
track.

This document, which provides information on test and analysis
procedures incorporated in the IAT, is divided into two parts. The
first part introduces the IAT and provides the basic information on
various Assessment Procedures and the steps to be taken in performing
them. The second part consists ot tifteen sections, each detailing one
aspect of the Assessment Techniques. In this way, a potential user
need only read Part 1 to understand the key, aspects of the IAT; the
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 IAT for Vehicle Performance Assessment.

This document was developed under the'guidance of the 1SC, with
the following principal contributing individuals: |

(ADL) A. B. Boghani, P. Mattison, D. W. Palmer, C. Snyder;
(BCL) D. R. Ahlbeck, J. M. Tuten; (ENSCO) J. K. Kesler; (KSC)
J. J. Angelbeck, B. W. Baxter; (SCT) S. E. Shladover; (TASC)
F. B. Blader; (TSC) H. Ceccon, R. Ehrenbeck, M. E. Hazel,
J. H. Lamond, S. M. Polcari, H. M .Wong.

The organizations involved in developing the document are shown on the

next page.



PRINCIPAL

CONTRIBUTING
SECTIONS ORGANIZATIONS*
PART I (ALL SECTIONS) ADL
PART I1I
A. Resources Available for Investigating "ADL
Performance Issues
B. Accident History Investigation "ADL
C. Vehicle/Track Simu]atjon Models " ADL/TSC
D. Rail Vehicle Model Validation SCT -
E. Test Plan Summaries TSC
F.- Test Facilities ADL
G. Track Geometry Perturbations TSC
H. Rail/Track Stiffness Measurements, Variations, | -
and Simulations TSC/BCL
I. Performance Indices TASC |
J. Analytical Techniques - ADL/ENSCO'
K. MWayside and Onboard Instrumentation -TSQ/ENSCO
L. Data Management - TSC
M. Field Test Planning KSC
N. Vehicle Characterization ADL/ENSCO
0. Reference Vehicle Usage TASC
*

Addresses of the Organiiations:

Arthur D. Little, Inc. (ADL)
Acorn Park

Cambridge, Massachusefts 02140

Systems Control Technology Inc. (SCT)
1801 Page Mill Road
Palo Alto, California 94305

Battelle Columbus Laboratories (BCL)
505 King Avenue
Columbus, Ohio 43201

vi

Kaman Sciences Corporation (KSC)
1500 Garden of the Gods Road
Colorado Springs, Colorado 80933

The Analytic Sciences Corporation
(TASC)

6 Jacob Way .

Reading, Massachusetts 01867

ENSCO, Inc.
5400 Port Royal Road
Springfield, Virginia 22151



This volume, the third of a three volume set, includes the
following sections of Part II:

. Analytical Techniques

Wayside and Onboard Instrumentation
Data Management

Field Test Planning

Vehicle Characterization
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Reference Vehicle Usage
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SECTION J
ANALYTICAL TECHNIQUES

J.l Introduction

The data gathered in a test program (or from computer simulations)
conducted under the IAT are generally not very useful unless they are
converted to a 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 techniques.

Dependihg on the complexity of the techniques 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
° Siﬁp1e statistics; and
¢ Resonant frequehcy analysis.
'Leve1 2
Levg] 1 plus;s
¢ Threshold exceedance analysis;
o Frequency spectral analysis; and
o_‘Damping ratio calculation.
Level 3
Level 2 plus;
}o Probability distfibution 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 aProof Test, Diagnostic Test, or Service Environment Test.
This is illustrated in Table J-1, which is identified as Table 3-4 in

J-1



TABLE J-1: DATA ANALYSIS REQUIREMENTS FOR EACH PERFORMANCE ISSUE
TEST CATEGORY: Proof
PERFORMANCE ISSUES _
e —- -
= | 8 £ 2
o ElS1 o8 g
3|2 SIS 1213 o°*%
-RESPONSE VARIABLES = 2 z] o= 5 = - =23 §
N = << [} - U = b=
2|25 |¥|°2|8|89 35
g2 2ls|5/2/glz|248
|28z 2|28 3|8g ¢
2| 2|z E|5|&8 85138/ 23
Rail & Tie tateral
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Wheel Forces . Lateral 02
’ Vertical 02
Truck Forces Lageral 02 D202 D2
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Sody Roll D1 01
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Sway 22 a1 i
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i : : l |
01 = Lavel 1 Data Analysis
D2 = (evel 2 Data Analysis
03 = Level 3 Data Analysis J-2




TABLE J-1: DATA-ANALYSIS-REQUIREMENTS FOR EACH. PERFORMANCE ISSUE (cont'd.)

TEST CATEGORY: Diagnostic
. R - PERFORMANCE [SSUES -
2 s & 5 |-
= [=} - -
wd -4 -t [~ -
- | 2 sl S| ]| ° =
RESPONSE VARIABLES g2l 8|z|w{5 |2 |2 28 2
§ << < - [ = - §
g/ g!/2|5|8|1213]|39 35
- 22|z 28|52l 2|lz|8=8¢E
|2 /8|3 |2|21% |8 )¢5 g
S 2|z |5 |sls58|5]|8¢s
" Rail & Tie  { Lateral ' '
Ceflection - ) Vertical
Wheel Forces [ Lateral 02 | 02 02
Vertical - Ue -~ 1 U2 S Ud D2 P
Truck Forces Lateral D2 D2 D2 02 D2. 102 102
(Side & Complete) | Vertical D2 - 02 " )02 -102 02 102 .102
Body Rol1 | oL io
- Accelerations Pitch - - 101l [N 0 01
Bounce - : 01 ] h)
Yaw - 02 | 9 01 101
Sway N2 o - 101 - ] 01 :
Longitudinai ) . i 101
Solster 11 1o ' i .lol
Displacement - - Sounce - D1 21 : Dl
{Relative to - - 1 | —
Body) .
Truck Pitch i 01
Acceleration Bounce - — : - = )
< Yaw D2 ]
Sway g2
Longitudinal 01
- e
Truck Roil 01 101 01
Displacement Pitch -1 01 - -
{Relative to Bounca D1 :
8ody) Yaw : 02 01 01 01 01
- Sway - 01 01 01
Longitudinal D1
Axle { Lateral 02
Acceleration -
Axle .
?1splacement Lateral 02
Relative to :
Truck) ‘Yaw prd
Wheel Lateral
Displacement Angie of !
(Relative to Attack lo1
~Rail) - - Vertical 01 i 01 ]
Coupler Vertical ! ord n2
Forces Lateral ; 02 D2 02
: Axiali : 402 N2 02
Coupler Vertical 1)} o1 DL
Displacements Lateral D1 D1 o) )
: Axial T 01 o1 Tol
Structural | ’
Stresses ) i
Deformation of ! : |
8ody ! i
|
01 = Level 1 Cata Analysis
02 = Level 2 Data Analysis
03 = Level 3 Data Analysis J-3




TABLE J-1: DATA ANALYSIS REQUIREMENTS FOR EACH PERFORMANCE ISSUE (cont'd.)
ip Serviga -
TEST CATEGORY: % .
Snviranment. PERFORMANCE [SSUES
g | = £ 5
us z 2 = =
, 5 g Sz g 3] J¢
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Part 1 of the document. As shown in the table, a Proof or Diagnostic
Test requires Levels 1 and 2 data analysis, whereas a Service
knvironment Test needs Level 3 data analysis. Once analyzed, many of
these variables are uséd in developing Performance Indices, as
described in Subsection 3.2 of Part l; the others are required for
additional interpretation of the test results.

The specific analytical techniques to be applied for Response
Variables 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 variables are not identified. For these variables,
Table J-2 can guide the user to the most appropriate data analysis
techniques. ' '

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

J.2 Technical Discussion

The data available for analysis are generally in a digital format,
with discrete values recorded every so many milliseconds. The first
task after obtaining the data is to go through a quality control
processlin 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 performed according to the techniques identified
in the following pages. The selection of techniques to use is dictated
primarily by the requirements posed by Performance Indices. Additional
analysis is generally performed by an analyst seeking further
understanding of the vehicle/consist behavior.
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TABLE J-2:

ANALYTICAL TECHNIQUE SELECTION GUIDELINES

TECHNIQUE WHICH CAN

DESCRIBED IN

DATA ANALYSIS OBJECTIVE - TYPICALLY BE USED SUBSECTION

: -@ Simple .Statistics J.2.1.1

Obtaining Performance Indices ‘9 Threshold Exceedance Analysis J.2.2.1

: "e Damping Ratio Calculation J.2.2.3

Extrapo]at1ng Performance to that 0 Regressidn Analysis J.2.3.2
on Other Tracks

® Probability Distribution Analysis J.2.3.1

Est;2a$;ggtProbab1]1ty of o Threshold Exceedance Analysis J.2.2.1

eral e Simple Statistics : J.2.1.1

" o Simple Statistics J.2.1.1

: ® Resonant Frequency Analysis J.2.1.2

Diagnosis of a Dynamic Problem e Threshold Exceedance Analysis J.2.2.1

e Damping Ratio Calculation J.2.2.3

® Frequency Spectral Analysis J.2.2.2

Identifying Natural Frequencies e Resonant Frequency Analysis 'g.g.é.g

Frequency Spectral Analysis




J.2.1 Level 1 Data Analysis

J.2.1.1 Simple Statistics

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

Mean: __i_%fL____ , where X, is a digitized time series of the

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

Maximum: peak positive value;

Minimum: peak negative value;

Root Mean Squares:

Standard deviation from the mean (o)u‘/(RMS)z--(MEAN)2 :

J.2.1.2 Resonant Frequency Analysis

Simply stated, the resonant frequency analysis attempts to
correlate the frequencies of the input a 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 Vehicle Mode
Crosslevel Ro11 )
Profile Pitch and Bounce
Alignment, Gauge Yaw and Sway
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A substantial dincrease in the motion 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 perturbations (of any type) with wavelength, A. The
frequency of the input received by the vehicle, f, will then be:

f o= (J.1)

v
X

This input will have a peak amplitude which is determined by the
perturbation amplitude;* the truck center distance and the wheel base
‘as shown in Table J-3. These equations indicate that, depend{hg 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 roll, whereas an "odd mode" (0) represents pitch and yaw.
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 veh1c1é will experience
Targely sway motion on a track incorporating 39 feet wavelength
alignment perturbations. The details of these are provided in Ref. 1.

An example of the effect of truck center distance ‘and wheel base
on the input amplitude is shown in Figures J-2 and J-3. In these
figures, the-gains (i.e., the sine and cosine terms in the equations
shown in ‘Table J-3) for a locomotive (SDP-40F) in yaW and sway modes
are plotted as functions of wavelength. As the figure shows, an

* This assumes that the track is re]atiVe]y 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. .
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TABLE J-3: THE EFFECTS OF TRUCK CENTER DISTANCE AND WHEEL
BASE ON PERTURBATION INPUT

MODE PEAK-TO-PEAK AMPLITUDE OF THE INPUT
-1, C L b .
Ro11 2tan”" (g | cos %T-cos %T' ) radians
Pitch 2tan” ! (%-lsin %% cos %P— ) radians
Bounce" P | cos %% cos %Pﬂ inches
Yaw ptan”! (%ﬁ sin %% cos T2 ) radians
A
Sway A | cos %%-cos 1¥1] inches
C = Crosslevel amplitude (peak-to-peak)
P = Profile amplitude (peak-to-peak)
A = Alignment amplitude (peak-to-peak)
G =»Nomina1 Gauge
L = Truck center distance
b = Wheel base

Absolute value
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Mode Excitation
(E = Even, O = Odd)

E o) , E

I l I’)\ = 78’
| | |

E E E

0 - 0

| i I | I’?\ = 39
[ ! | ’ |

E 0 E 0 E 0 E 0 E

! 4 ; | i } } | I»)\ = 19%

10 20 29 49 59 68
0 39 78

Truck Center Distance (to nearest foot)

Note: Truck centers lying between nodal points (E, O) will excite both modes, with the
input energy being distributed between the two modes based upon how close the
truck center lies to either node.

FIGURE J-1: RELATIONSHIP BETWEEN TRUCK CENTER DISTANCE AND
TYPE OF EXCITATION
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COMBINED RESPONSE MODES FOR YAW-SDP 40F
1.0 :

| | 2N

VAR

GAIN *
—

Axle Spactng g;:g:nggper N\
* GAIN = |cos TEI3D gy HXA6 | \
023! M — 4] Ve —
2 \
.0 u u ¥ - -
0 20 40 60 80 100 200 400
: WAVELENGTH \ (FEET) o
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alignment perturbation with Wave]ength 92 feet causes the vehicle to
experience a large yaw motion, but hardly any sway motion.

So far, we have assumed that the perturbations are sinusoidal in
shape. Often, they are not. In these cases, equivalent sinusoidal
components have to be developed using Fourier Transtormation [Ref. 3],
as shown in Figure J-4.  This process will convert the given
perturbatibn shape into a number of equivalent sihusoida] compbnents
with ditferent amplitudes and with wavelengths which are given by A/n
(n=1, 2, 3, ..:), where A is the basic wavelength. For the purpose
of resonant frequency analysis, only the components with Targe
amplitudes need to be selected and treated as individual sinusoidal
perturbations.

The use of Fourier Transformation is illustrated through an
example shown in Figure J-5. In this, two popular types of
perturbation, piecewise linear and rectified sinewave, which have
actually been used in a test program [Ref. 4], are analyzed.

The resulting values of relative amplitudes (Cn) show that perhaps
the first two components of either perturbation shapes (78 ft. and 39
ft. wavelength compdnents for the piecewise Tinear 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. [fransform the given perturbation shape into equivalent
sinusoidal components using the Fourier Transformation
shown in Figure J-2.

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

3. Compile a 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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Fourier Transform:

(o
f(x) =22

.2

Rectified Sine Perturbation

: b
+ A ECnCOS (%—tan-1 (?nu ) )
1

n 1 2 3 4 5 6 7 8 9 10
A 39 19.5 13 9.75 7.8 6.5 [5.571 4.8751 4.333 3.9
c, |0-424410.084910.0364 |0.0202 10.0129 §0.0089 { 0.0065 | 0.0050 | 0.0039 | 0.0032
Peicewise Linear:Perturbation
_19'5'_.I—-1 9.5’ ——l
[ 7%’ I
n 1 2 3 4 5 6 7 8- 9 10
X 78 39 26 19.5 | 15.6 13 1111 |975 |- 8667} 7.8
Cn 0.4531] 0.1013 | 0.0504 0 0.0181 §0.0113 ] 0.0092 0 0.0056 } 0.0041

Source: Ref. [4]

FIGURE J-5

FOURIER TRANSFORM OF TYPICAL PERTURBATION SHAPE
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The significant input -frequencies for the completed speed range
can then be compared with the vehicle natural frequencies in relevant
modes, which are calculated as shown in Section N (Vehicle
Characterization). If, in a particular speed range, a significant
input frequency 1is  equal to a natural frequency, the resulting
resonance can explain the 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 Threshold Exceedance Analysis

This analysis provides 1nformatioh regarding the'exceedancé'of a
particular Response Variable above a predetermined threshold value.
This exceedance can be characterized by many descriptors [Ref. 5], such
as:

L95: 95 percentile level (that level. exceeded 5% of the
time) '

LTZOMAX: The maximum level which is exceeded for 20 msec
LT4OMAX: The(maximum_]eve] which is exceeded for 40 msec
LT80MAX: The maximum Tevel which is exceeded for 80 msec

FTZOMEAN: The level at which the mean of all the exceedance
- times is 20.msec

'LT40MEAN:' The Tevel at Which the mean of all the exceedance”
: times is 40 msec ' ‘ ' :

LT80MEAN: The 1eve1_at which the mean of all the exceedance
times is 80 msec '

LTMAxgs(seconds): -The maximum exceedance at Lgc threshold Tevel

LTMEANgs(seéonds): The mean exceedance duration at L95 thrésho1d
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 inertia of the vehicle and of rail.  Thus, L95
or LT20MAX 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. ‘ ’ T

The above'descriptors can be calculated by déve]oping arrays which
store the intermediate data related to exceedances (see Ref. 7). An
exceedance of a threshold occurs when the data va]ués*increase from
~below to above a .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 a time duration associated
with it. During data processing, the number of exceedances and the
times of exceedance of each threshold Va]ue can be recorded to provide
~the following four arrays:

e Array 1, total time of‘exceedance;

0 Array.2, number of éxceedahces;

0 HArray 3, maximum duration time of ény éXcéedahce; and
o Array 4, mean duration time of all the exceedances. :

From these arrays, the exceedance descriptors.cah be_cé]cﬁTated in
the following way: ‘ ‘

L95: The total time of exceedance for variousathreéhbld.va1ues
are stored in Array 1, from which the level which is exceeded
only 5% of the time can be obtained through extrapolation.”

Lroomax® Ltaomax> Ltgomax: . The maximum duration times at various
exceedance levels can be stored in Array 3. Using these data, the
peak levels which are exceeded for 20, 40, and 80 msec can be
found using extrapolation.
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LTZOMEAN’ LT40MEAN’ LT80MEAN: Array 4 can provide the mean
duration time of all exceedances at a particular threshold Tevel.
From these mean times, and the corresponding threshold levels, the
levels which correspond to the mean exceedances of 20, 40, and 80

msec can be determined using extrapolation.

Lrmaxos: The maximum exceedance duration time corresponding to
the L95 level (calculated as shown above) can be determined. from

Array 3 using extrapolation.

LTMEAN95: ‘The mean exceedance duration time cérresbonding to the
Lgs level can be determined from Array 4 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 a
set of perturbations. The first of these two figures deals with
intermediate data storage in the four arrays for the threshold Tevels
of 20,000 and 40,000 1bs. 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. 5].

J.2.2.2 Frequency Spectka1 Analysis

The Frequency Spectral Analysis is sihi]ar to the Resonant
Frequency Analysis discussed in J.2.1.2, except this technique is
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 a "Fast Fourier
Transform (FFT)" algorithm [Ref. 8]. -Since this subject is relatively
complex, and its treatment is readily available to an interested user
[Ref. 9, 10 and 11, for example], no attempt is made to explain an FFT
algorithm. The current advances in electronics makes it possible to
obtain the PSD of a variable very quickly while the test is being done
[Ref. 10 and 117.
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'LATERAL WHEEL FORCE

=20 kips
07 Threshold

T=20,000 pounds
Threshold
T=40,000 pounds

+80 kips

CHART SPEED = lmm ='0.040 seconds

CONTENTS OF THE ARRAYS : AT T = 20,000 AT T = 40,000

ARRAY 1, Total Exceedance Time 1.04 sec 0.12 sec

ARRAY 2, Number of Exceedances 6 Exceedances 3 Exceedances

ARRAY 3, Maximum .Exceedance Duration 0.20 sec 0.04 sec

ARRAY 4, Mean Exceedance Duration 0.17 sec o 0.04 sec

Response Variable : Lateral Wheel Force, Lead Axle
Vehicle : SDP-40F '

Source: 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

-20 kips

+80 Kips e

T MEAN 95

FROM: DESCRIPTION . _VALUE IN EXAMPLE
ARRAY 1 @ Lys , - 35 kips
_ o
S@ LTZO MAX 42 klps
@ L 37 kips
ARRAY 3 T40 MAX
{@ L180 MAX 33 kips
C) LT MAX 95 (at L95, which f 35 kips) f060 sec
S@ L1290 MEAN 39 kips
@ L 36 kips
ARRAY 4/ T40 MEAN _
L180 MEAN ‘ 29 kips
L (at Ly, which = 35 kips) .038 sec

9

Source: Ref. [7]

FIGURE J-8: TYPICAL EXCEEDANCE ANALYSIS RESULTS
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A typical example of what this analysis would generate is shown in
Figure J-10. The figure shows that the PSD of the crosslevel of a
typical bolted track has a downward slope (i.e., ‘long wavelength
crosslevel variations have large amplitudes, short wavelength
variations have small amplitudes). Also, peaks are observed at
frequency values (expressed in cy/ft) between 2 x 1072 and 0.1 (i.e.,
wavelength of 50 ft. to 10 ft.). These peaks would include the
crossievel variations with 39 ft.'wavelength caused by dipped joints.

Such information is very useful 1in characterizing the input a
vehicle receives from a revenue service track. This analysis can also
be used in characterizing vehicle response. Just as high ‘peaks at
certain wavelengths in the PSD of a track parameter indicate
particularly large input at those wavelengths, peaks in the PSD of a
vehicle response variable at particular frequencies represent resonance
of the vehicle at those frequencies. An example of this is shown in
Figure J.11. Knowing thus both the . input to the vehicle and its
response would prove helpful in evaluating its performance on a revenue
service track.

J.2.2.3 Damping Ratio Calculation

As mentioned earlier, 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 1s called the "Logarithmic
Decrement Method." In 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 Xq and Xos then:

_ 2
Damping Ratio, £ = GTTSL_ifé (J.2)
: 5" + 4
X1
where & = an (;E) (J.3)
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FIGURE J-10: TYPICAL POWER SPECTRAL DENSITY (PSD) OF

A TRACK CHARACTERISTIC
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Section 6

Piecewise Linear_
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Section 8
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Section 7
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Locomotive: SDP-40F
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X4 4 ?

Variable Value

AN
\/ \/

Corresponding
Amplitude Ratio Damping Ratio
Xy
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1.88 0.1
3.61 0.2
7.21 03

FIGURE J-12  USING THE LOGARITHMIC DECREMENT METHOD
FOR CALCULATING DAMPING RATIO
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This is a linear representation of damping which in reality may be

nonlinear in nature.

J.2.3 Level 3 Data Analysis

J.2.3.1 Probability Distribution Analysis

Oné of the applications of probability distribution analysis is to

determine the repeatability of - a parameter in a test program.
following procedure can be applied in this situation:

The

If it is assumed that the parameter being measured through testing

(say, the peak value of Tlateral force) has a normal distribution, we

can say with confidence level of (1-a) x 100% that the true mean value

of the parameter uy will be bounded by:

A Stn;oc/2 L Stn;a/2
X = ——— Swu <X+ ———
/N Yy . N
where
N = sample size (number of tests)
By = true mean'
X = calculated mean” |
tn'a/2 = percentage point of student t distribution
(see Table J-4)
n=N-1
52 = calculated unbiased estimate of variance
N
2 1 }E: 2 -\2
e fE (g7 - %),
25
)—<=i=1 1
N
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TABLE J-4: PERCENTAGE POINTS OF STUDENT t DISTRIBUTION

Area= 0

/.

[0}

ty

e

s o

o
n 0.10 0.050 0C25 00I10 0005

1 3078 6314 12706 31.821 63.657
2 1886 2920 '4.203 6965 9.925
3 1.638 2353 3182 4541  5.841
4 1533 2132 2776 3.947 4604
5 71476 2015 2.571 3365 4.032

6 1440 19543 2447 3.143  3.707
7 1415 1895 2365 2998 3.499
8§ 1397 1860 2.306 2.896 3.355
9 1383 .81 2262 2821 3250
0 1372 1812 222 2764 3.10Y

11 1363 1.796 2200 2718 3.106
1,356 1.782 2179 2.681 3055 -
13 1380 1.7 . 2460 2050 3012
141345 1761 2145 2624 2977
15 1341 1,253 2131 2602 2947

16 1337 1.746 2.120 2583 2521
17 1333 1.740 2,110  2.567  2.898
18 1.330 1.734 2100 2552 2.87%8
19 1328 1729 2.093 2539 286l
20 1325 L1725 2086 - 2.528  2.845

21 1323 1721 2.080 2518 2831
22 1321 11T 2.074 2508 2.819
21 1319 1714 2.06% 2500 2807
24 1318 171 2064 2492 2.797
25 1316 1.708 2.050 2485 2787

26 1315 1.706 2456 2479 27719
27 1314 1.703 2.052 2473 2771
28 1313 1201 2.048 2467  2.76)
29 131! 1.699 2045 2462 2736
© 30 1310 1.697 2,042 2457 2,50

40 1303  1.684 2021 2423 2704
60 1296 1671 2000, 2390 2.660
120 ).26%  1.658 3.980 2358 2,617

a = 0.995, 0.990, 0.975, 0.950 and 0.900

follow from t - t
n; l-a nja

Source: Ref. [8]
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2 and X for vertical wheel force peak

For example, the values of S
value at 40 mph are found to be 0.423 and 42.597, respectively, from

the four samples available. For 95% confidence Tevel, o = 0.05 and

t3;0.025 = 3,182, from Table J-4. Then:
St3.0.025 o
(o _ /0423 x 3.182
ST i
- 1.02.

Thus, we are 95% confident that the true value Ties 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 probability of derailment based on a
limited revenue service testing. There are two requirements to be able
to do this:

o _A derailment criterion should be available; and

e Test data on the variab]eé used by the criterion should
be available.

Much work has been done and is being done to develop reliable
~derailment criteria (see Ref. 6 and 12). A simplified criterion puts
T1imits on the wheel lateral force (L), wheel vertical force (V), and
the ratio of the two (L/V ratio). This can be‘represented as shown in -
Figure J-13. In this diagram, a value of L and V combination which
lies in the hatched area'on1d 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:

Z=fL,y) | ' (d.7)
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TABLE J-5: AN EXAMPLE OF THE USE OF PROBABILITY DISTRIBUTION FOR
~ CALCULATION OF REPEATABILITY OF TEST VARIABLES
Values of K, where K is described as: We are 95% confident that
actual mean value of descriptor’'is within + K of measured mean value.
‘ : 120801 120804
Tests Selected 35 mph 120803 40 mph 120813
120814 121402
121403
Source: Ref. [5]
CHANNEL : RMS + K MAXIMUM + K
NUMBER NAME " SPEED 1t 2t 1t 2t
1 {vertical Wheel Force 35 29.32 + 0,61 29.20 + 0.4 41.37 + 1.94 43.379 + 1,21-
(in kips) 40 . 29.41 + 0.82 L 42,60 +1.02
2 |Lateral Wheel Force | 35 4.35 + 338" 5.75 + 0.88™ 16.5 * 4.46°  14.39 + 10.2]
(in kips) 40 T 5.89 + 0.98 : 15.58 ¥ 1.1
26 Locomotive Vertical Acceleration 35 0.026 110.0b25 0.022 +.0.0014 0.079 + 0.0136 0.08 +;0.019
(1n 8) 40* 0.028 ¥ 0.0008 0.072 ¥ 0.011
30 |Locomotive Lateral Acceleration | 35 0.043 + 0.0025 0.052 % 0.0028 | * 0,029 + 0.011 0.066 + 0.0062
© |(in gY : 40 : 0.060 + 0.0024 .0.097 ¥ 0.011
60 |Baggage Car Vertical Acceleration| 35 | 0.017 +0 0.013 + 0.0014 | 0.048 + 0.022 . 0.027 + 0.013
: (in 8) ' 40* . ‘ 0.018 + 0.0008 : L 0.053 ¥ 0.019
63 Baggage Car Lateral Acceleration 38’ 0.043 +0.0076 0.056 + 0.0124 0.051 + 0.014 0.056 + 0.0049
(in g) 40* 0.075 + 0.0039 0.093 + 0.0099

* . : . .
May show effect of configuration change from 1208 to 1214.

+ . . L .
Represents Section No. (1 = Piecewise Linear Crosslevel, 2 = Piccewisc Linear Alignment)

Ak
May be due to rail surface condition change or instrumentation

error.
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FIGURE J-13 A SIMPLIFIED DERAILMENT CRITERIA
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where L and V are the absolute lateral and vertical wheel foréés and Z
is the probability of occurrence of the L and V pair. One candidate of
f(L,V) is the Bivariate Normal equation given by:

f(L,V)=—1———2‘exp ! > [(L'“L)Z_ZQ(L'“L) (V‘“v)+(V'“v)2] (J.8)
ZHOLOV/T:E 2(1-%) o o oy oy
where W= mean value of L;
wy = mean value of Vs
o = standard deviation of L;
oy = standard deviation of V; and »
£ = correlation coefficient between L and V.

For a set of experimentally obtained L and V values, the first
four of these .paraﬁeters can easily be calculated using techniques
shown in Subsection J.2.1.1.. The Tlast parameter can be calculated in
the following way: -

Z, P.|J (Li-“L) (VJ-UV)
V=0 L=0. (J.9)
Q/ =
oL %y
where Pij = number of observations in Li + 8L and vj'iav divided by

the total number of observations. If both &L and &V are assumed

to be 0.5 kips; Li - L1._1 = 1 kip and Vj - VJ._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

LC L/

1--/ /P(L,V)-deV ¥

unsafe 150 V=0

found as: — »
_W

P
(J.10)




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

“i = 1.79 kips

uQ = 28.18 kips
/7 : ’

of = 0.55 kips
= 1

oy 4,12 kips
9 = 0.342

J.2.3.2 Regréssion Analysis

Regression analysis 1is a technique used to determine the
relationship between a dependent and one or more independent variables.
In the case where only one independent variable is involved, 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 one dependent
variable to more than one independent variable. An exémp]e of
multivariate regression analysis would be to determine the rate at
which track geometry degrades in terms of physical parameters which
might affect track degradation such as traffic density (in Million
Grosé Tons), rail weight and tie condition.

In addition to quantifying the relationship between a dependent
variable and multiple independent variables, regression analysis
quantifies the strength of the relationship (correlation coefficients
and coefficients of determination - R2), 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 variables, 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 %é contained
in Appendix J-B. ‘ '

Other Tlimitations which should be considered 1h applying
regression analysis include:

1. Sample size determines accuracy and confidence 11mits,fof
the results. (As a general rule, sample sizes of Tess
than 20 are unacceptable - 50 to 100 is preferred
minimum. )

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

. 3. Application of the resu1ts, canndt (re]iab]y)‘ 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 1is 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
geomefny characteristics contributed to excessive lateral wheel/rail
forces and L/V ratios. Measurements of track geometry data and SDP-40F
lTocomotive wheel/rail force data were made separately over the same:
track. Data were selected from 37 curves in the test zone.
Statistical descriptors were developed for each pérameter 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 geometry were
merged and a quality control check was perfbrmed to eliminate any
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TABLE J-6: SUMMARY PROCEDURE FOR VEHICLE TRACK REGRESSION ANALYSIS

1. Define the 1ndependent (or control) Var1ab]es of interest,
based on the test obJect1ves B ’

2. Define the dependent (or response)ﬁvariab1es forwthe»selected
performance issues. \

3. Select data segments for prdcessing, check data_qualfty.
4. Compute statiétiqq]A desqriptors (e.g., mean, standard
deviation) for each variable of interest over the selected

data segments.

5. Merge track geometry and vehicle response (independent and
dependent) variable data bases. -

6. Perform quality assurance check for statistical data base.

7. Define variables and descriptors for- regression; define
regression type and limits for test of significance.

8. Perform regressions.

9. Analyze resu]fs and modify.fégfession, if required, and rerun.
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outliers, due to ijnstrumentation failures (typically full scale and
zero values ), from the analysis. The specific parameters and
descriptors for analysis were selected and cross products of some
descriptors were calculated to identify any combined effect (i.e., o
curvature and mean AE-underbalance).

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

The results for the SDP-40F show that the 95th percénti]e Tevel of
lateral force, L95, is related to track geometry as follows:

Lgg = 6290 + 1940(AE) + 6700(oc) - 1170(D)
where
L95 = the 95th percentile level of 1atera1 force (1bs)
AE = underbalance of operation (in)
o, = standard deviation of curvature (degrees per 100 feet)
D = 0 for right curves, 1 for left curves

A more detailed discussion of this case study can be found in
Appendix J-C. '
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APPENDIX J-A
TESTING A DISTRIBUTION FOR NORMALCY

In performing probability distribution analysis, we often assume
that the values of a variable obtained during a test follow a normal
distribution. Described briefly in this appendix is a method to
evaluate this assumption.

The test most commoniy_used to determine if a set of data fit some
assumed distribution is called the x2 (Chi-squared) test [see Ref. A.1
and A.2, for example]. This test involves grouping the data into a
number of intervals and then comparing the number of data in the ith
interval (nbi) to the number expected (nei) if - the hypothesis of -
normalcy were true. The value of x2 is then calculated as:

2 _ )2
X- = ;I (nOT ne1)” (J-A.l)

n_.
intervals ¢l
Knowing the value of X2 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 values of P in. the figure refer to
the probability level. For example, if the value of x2 lies on the
line marked P = 0.1, there is only one chance in ten that if the data
does fit the hypothesis (i.e., if the probability distribution is
normal), a value of X2' as. large as this would have been observed.
For a probability Tevel of <1% (P é0.0l), the hypdthes"is is assumed
to be disproved. Also, for the probability level of >99%, the data are
assumed to be too good, i.e., the data may have been "adjusted" [Ref.
A.1].

A ‘couple of aspects of this fechnjque need to be discussed
further:

1. How to define intervals, and

2. How to obtain the expected number of data points in each
interval.
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FIGURE J-A-1

EVALUATING THE VALIDITY OF A HYPOTHESIS
USING THE VALUE OF X2
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There are basically two ways to define intervals. The first way
is to select them in such a way that the expected number of data points
in each interval is equal. For a normal distribution, this would Tead
to the intervals being Targer at two ends and smaller near the mean
value. The second way is 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 is slightly
easier to implement then the first, we will highlight it in the
iTlustrative example shown later. ‘ '

In order to select the interna]IWidth by'the,second way, we first
need to calculate the mean (X) and standard deviation (o) of the data
in a manner shown in Subsection J.2.1.1. Once these values are
obtained, Ref. A.2 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 data points
in each interval can be calculated as follows:

2, = . (J-A.2)

where x, is the lower value of the ith interval,
x 1is the mean value of the data set, and

o 15 the standard deviation of the data set
y; = plzy) S (J-A.3)

where p( ) is the ordinate of the standardized normal density function
obtained from Table J-A.1l.

Finally,

N (J.A-4)
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TABLE J-A.1: ORDINATES OF THE STANDARDIZED NORMAL DENSITY FUNCTION

Pe) = - e
\/21r

0:00 001 002 003 004 005 006 007 008 9.09

0.3989 0.3989 0.3989 0.3988 0.3986 0.3986 0.3982 0.3980 0.3977 0.3973
0.3970 0.3966 0.3961 0.3956 0.3951 0.3945 0.3939 0.3932 0.3925 .0.3918
0.3910 0.3902 0.3894 0.3884 0.3876 0.3867 0.3857 0.3847 0.3836 0.3825
0.3814 0.3802° 0.3790 0.3778 0.3765 0.3752° 0.3739 0.3725 0.3712 0.3697
0.3683 0.3668 0.3653 0.3637 0.3621 0.3605 0.3589 0.3572 0.3555 0.3538

0.3521 0.3503 0.3485 0.3467 0.3448 0.3429 0.3410 0.3391 0.3372 0.3352
0.3332 0.3312 "0.3292 0.3271 0.3251 0.3230 0.3209 0.3187 0.3166 0.3144 -
0.3123 0.3101 0.3079 0.3056 0.3034 0.3011 0.2989 0.2966 0.2943 0.2920
0.2897 0.2874 0.2850 0.2827 0.2803 0.2780 0.2756 0.2732 0.2709 0.2685
0.2661 0.2637 02613 0.2589 0.2565 0.2541 0.2516 0.2492 0.2468 0.2444

0.2420 0.2396 0.2371 0.2347 0.2323 0.2299 0.2275 0.2251 0.2227 0.2203
0.2179 0.2155 0.2131 0.2107 0.2083 0.2059 0.2036 0.2012 0.1989 0.1965
0:1942 0.1919 0.1895 0.1872 0.1849 0.1826 0.1804 0.1781 0.1758 0.1736
0.1714 0.1691 0.1669 0.1647 0.1626 0.1605 0.1582 0.1561 0.1539 0.1518
0.1497 0.1476 0.1456 0.1435 0.1415 0.1394 0.1374 0.1354 0.1334 0.1315

.0.1295 0.1276 0.1257 0.1238 0.1219 0.1200 0.1282 0.1163 0.1145 0.1127
0.1109 0.1092 0.1074 0.1057 0.1040 0.1023 0.1006 0.0989 0.0973 0.0957
0.0940 0.0925 0.0909 0.0893 0.0878 0.0863 0.0848 0.0833 0.0818 0.0804.
0.0790 0.0775 0.0761 0.0748 0.0734 0.0721 0.0707 0.0694 0.0681 0.0669
0.0656 0.0644 0.0632 0.0620 0.0608 0.0596 0.0584 0.0573 0.0562 -0.0051

0.0540 0.0529 0.0519 0.0508 0.0498 0.0488 0.0478 0.0468 0.0459 0.0449
0.0440 0.0431 0.0422 0.0413 0.0404 0.0396 0.0387 0.0379 0.0371 0.0363.
0.0355 0.0347 0.0339 0.0332 0.0325 0.0317 0.0310 0.0303 0.0297 0.0290
0.0283 0.0277 0.0270 0.0264 0.0258 0.0252 0.0246 -0.0241 0.0235 0.0229
0.0224 0.0219 0.0213 0.0208 0.0203 0.0198 0.0194 0.0189 0.0184 0.0180

0.0175 0.0171 0.0167 0.0163 0.0158 0.0154 0.0151 0.0147 0.0143 0.0139
0.0136 0.0132 0.0129 0.0126 0.0122 0.0119 0.0116 0.0113 0.0110 0.0107
0.0104 0.0101 0.0099 0.0096 0.0093 0.0091 "0.0088 0.0086 0.0084 0.0081
0.0079 0.0077 0.0075 0.0073 0.0071 0.0069 0.0067 0.0065 0.0063 0.0061
0.0060 0.0058 0.0056 0.0055 0.0053 0.0051 0.0050 0.0048 0.0047 0.0046

0.0044 0.0043 0.0042 0.0040 0.0039 0.0038 0.0037 0.0036 0.0035 0.0034
0.0033 0.0032 0.0031. 0.003G 0.0029 0.0028 0.0027 0.0026 0.0025 0.0025
0.0024 0.0023 0.0022 0.0022 0.0021 0.0020 0.0020- 0.0019 0.0018 0.0018
0.0017 0.0017 00016 0.0016 0.0015 0.0015 0.0014 0.0014°0.0013 0.0013
0.0012 0.0012 0.0012 0.0011 0.0011 0.0010 0.0010 0.0010 0.0009 0.0009

0.0009 0.0008 0.0008 0.0008 0.0008 0.0007 0.0007 0.0007 0.0007 0.0006
0.0006 0.0006 0.0006 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0004
0.0004 0.0004 0.0004 0.0004 0.0004 0.0004 0.0003 0.0003 0.0003 0.0003
0.0003 0.0003 0.0003 0.0003 0.0003 0.0002 0.0002 0.0002 0.0002 0.0002
0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0001 0.0001

LWWWL LWWWL NN RDRDRDN e = COO0D OO '
Lo Apv—~o VN AWN-O Lok R~ Lowuow rwiv—o|l N

Source: Ref. [A.2]

Note: Above values are valid for both positive and negative values
of Z.
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where N is the total number of data points and Nes is the expected
number of data points in the ith interval.

An example of this procedure is shown in Table J.A-2. In this
example, a set of 162 data points, with values lying between 0 and 18,
is tested for normalcy. First, the mean and standard deviation for the
data set are obtained. Since ¢ is 3.12, an interval which is 1 unit

wide is considered appropriate. Next, the values of,zj, Yio and Noi

are célcu]ated using . equations .J-A.2, J-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

values are established. The next

together and a new set of Nyi and n
2

i ei

three columns show how the value of x°~ can be obtained from n_. and

: ) , oi
Nei+ This value is 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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2

" Source:

Ref.

[A.1]

TABLE J-A.2: SETTING UP A x~ CALCULATION
zi=_ :
- | x.-X . :

Xef Xe =X |7 Ordinate y. | n expected, | n Observed, _ _ 2 _ 2
T o = n(zi) Tlie., ngL e ns i Noi | Mei (noi ne1) (noi nei) (n01 nei) /Nes
0] -9.65 | -3.09 | 0.003 0.2 1
1]-8.651-2.77 | 0.009 0.5 1 .

21 -7.651-2.45 0.020 1.0 0 0-4 6 7.8 1.8 3.24 0.41
3| -6.65]-2.13 | 0.041 2.1 2
41-5.651-1.81 0.077 4.0 © 2
51-4.651-1.49 | 0.131 6.8 4 5 41 6.8 2.8 7.88 "1.16
6]-3.656|-1.17 | 0.201 10.4 9 6 9 110.4 1.4 1.96 ©0.20
71-2.651{-0.85 | 0.278 14.4 22 7 21 {14.4 6.6 43.6 ~ 3.03
81-1.651-0.53 | 0.347 18.0 18 8| 18 |18.0 0 0 0
91 -0.65]-0.21 | 0.390 20.2 25 9 25 |20.2 4.8 23.0 1.14

10| +0.35 | +0.11 0.397 20.6 23 10 23 |20.6 2.4 5.8 0.28

11] +1.351+0.43 | 0.364 18.9 15 11 15 }18.9 3.9 15.2 0.81

121 +2.35 | +0.75 | 0.301 15.6 7 12 7 115.6 8.6 74.0 A4.74

131 +3.35 | +1.07 | 0.225 11.7 12 13 12 |11.7 0.3 0.9 0.08

14 § +4.35 1 +1.39 | 0.152 7.9 8 14 81]7.9 0.1 0.1 0.01

151 +45.35 [ +1.71 | 0.092 4.8 8 15 81| 4.8 3.2 10.2 2.13

16 | +6.35 | +2.04 | 0.050 2.6 2 g .

17 1 +7.35 | +2.36 0.025 1.3 2 + 16-18 514.5 0.5 . 0.25 0.56

181 +8.35 [ +2.68 | 0.011 0.6 1 . . —_— 5

Sum=14.55=x
L :
Total number of Data Points, N = 162; Mean, x = 9.65; Standard Deviation, o = 3.12.




APPENDIX J-B

- VEHICLE/TRACK REGRESSION ANALYSIS
' CASE STUDY

J-B-1 INTRODUCTION

This apbendix to the analysis techniques section of the IAT
Handbook describes the  data measurement, instrumentation,
recording, data'proééssing and data anaiysis techniqués available
for the empiricai derivation of statistical relationships between
track geometry inputs and vehicle response. These techniques are
'presentedv and discussed within the framework of a case study
involving the determination of the statistical relationship
between track geometry irnputs and 1locomotive wheel/rail force
‘response. The data used were collected during the test of SDP--
4OF and E-8 locomotives on Chessie track in 1977. (see Ref. B-1

for a complete description of these tesﬁs).

This case study presents a practical application of regression
analysis techniques to stability assessment; A rail vehicle, thé
SDP-40F locomotive, was believed to have a higher than norﬁal
accident rate. -A‘simulated revenue service test was conducted
during which recordings 6f both tfack geometry and vehicle
response data were made.r 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 analysis 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 force).

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 study presented'here show, as expected,
that high levels of lateral wheel rail force are strongly related
to underbalance operation 1n 'curves." As with earlier studies
performed on curves of 20 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- 4OF is more affected
by' long wavelength alignment disturbances’ (as indicated by
variations in curvature) while the E-8 is sensitive to shorter
wavelength - allgnment dlsturbance (as indicated“by‘variatiOns in
gauge) “

This ap?endik seeks to acduaint the reader‘ with ‘regression
analysis techniques and demonstrate thelr‘ appllcab111tv in

determining the causes and/or conditions related to. the poor -

dynamic performance of a rail vehlcle.;

J-B-2 TECHNICAL APPROACH TO. CASE STUDY

In planning the test, track geemetry inputs, train operating
conditions, and vehicle maintenance conditions were identified as
the primary independent” test variables. Only the effects of -

track geometry are addressed in this appendix. Two simulated
" revenue consists,:one with an inatrumented SPD-40F locomotive and
a second with an instrumented E-8 locomotiye were used during the
test. The E-8 locomotive was used as a baseline for comparison
with the SDP BOF because of its percelved relatlvely 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 and vertical wheel rail forces, as
indicators of derailment tendency, were selected as the primary:
dependent (or response) variables of interest. 1In order to mea-
sure wheel/rail force,’etrain gauged wheelsets were installed on
both the E-8 and SDP-40F instrumented locomotives. The FRA track
survey cars, T-1/T7-3 were run in the E-8 consist to measure track
geometry conditions throughout the test zohe.
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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. Ah Automatic Location Detection System
(ALD) was installed on each consist to detect the location of
switches and road crossings as a further aid to location identi-

fication.

The following sections describe the measurement requirements,
test procedures, data processing and data analysis techniques
used for the test} For additional information on test planning
and test design the reader is directed "to Section E, Test Plan

Summaries, and Section M, Field Test Planning.

J-B-2.1 INSTRUMENTATION AND RECORDING REQUIREMENTS -

The track geometfy data measured by the FRA track geometry'mea—
surement consist T—l/T43 and the E-8 whéel/rail force daté were
recorded on the same diéital tape. The_sample rate for the track
geometry meésurement systems was one sample evéry 2.42 feet. The
data from this system was subsequently 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 8 feet, which is adequate for evaluating most vehicle track
interaction issues. The highest vehicle response frequency which
could be resolved was around 100 Hz, which is more than enough
range for any'rail vehicle ‘rigid body response mode. The track
geometry data recorded  included gauge, crosslevel, .curvature, and
left and right profile. h

To facilitate data processing, speed, distance, milepost number
and the 1location 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 quite
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-8 locomotive preceeded the geometry cars by 282 feet in
the,consist; For 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 feét, beyond each milepost was to
be used to help locate curves, however, errors and dropouts in
the onboard speed measurement 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 Table JB-1.

Lateral and vertical wheel/rail forces were measured using strain
'gauged, instrumented wheelsets installed in both the =E-8 and
SDP-40F locomotives. Carbody aécelerations werevmeasurea on both
locomotives and suspension displacements were héasﬁréd, bn the
SDP-40F. Only the wheel/rail férce measurements ére addressed
here. (See Ref. B-1 for a complete description of the insErumén-
‘tation and test). A summary desc;iption of the vehiéle‘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 be taken to
control the independent variables and to ensure data from the

consists is selected from the same track locations.

The effect of acceleration as an independent parameter was mini-
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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TRACK GEOMETRY

Data Recorded

Sampling Rate

Instrumentation
Profile

Gauge
Crosslevgl
Curvaturel
Location
Milepost

Speed & Distance

TABLE JB-1
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

- Compensated Ineftial Cfoss—
level System

—AInertial based Curvature
System :

- Capacitive Automatic Location
Detector

- Manual Entry (Forward
Observer)

- Axle-driven Optical Encoder



TABLE JB-2 - : ,
VEHICLE RESPONSE MEASUREMENTS DESCRIPTION

Data Recorded - Lateral W/R Force
- Vertical W/R Force
- L/V Ratio

- Automatic Location Detector
(ALD)

- Speed and Distance

- Milepost

Filtering - 100 Hz Corner on 4-Pole Bessel
Filter (12 Db/octave)

Sampling Rate '~ 256 Hz
Instrumentation
Wheel Forces - Strain Gauge Instrumented
: Wheelset
Loocation - Capacitive Automatic Location

Detector (ALD)

Milepost - Manual Entry (Forward

Observer)
Speed & Distance - Axle-driven Optical Encoder



at the same speed. This was not always possible since slow
orders, local traffic conditions and instrumentation calibra-
tion/maintenance stops varied, even thbugﬁ the consists were run
on the same day to minimize the effect of changing conditions.

Every effort was made to eliminate data biases (zero offset) and

scale factor errors which can directly_afféct the results of the ...

~subsequent regression analysis.

J-B-2.3 DATA PROCESSING . AND ANALYSIS

A general flowchart for the data oroce531ng requlred to oerform.
the vehicle track 1nteract10n regre531ons is- shown in Flgure‘
JB-1.

This flowchart is showa for separate track geometry and vehicle
response data tapes as recorded for the SDP-40F con51st For. the -
E-8 consist, the geometry and vehlcle .response data ‘were recorded-
on the same data tape. The geometry and vehlcle dynamlcs 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.
bodies (distance between spirals) of 99 curves for the %©-8 con-
sist and 38 curves for the SDP-40F consist. To ensure that the
independent track geometry variables are controlled, each curve
in the test zone was treated as a separate statistical sample.

Only the data from the bodies of the curves was introduced into

the analysis. . If data from the spirals or adjacent tangent track
were included'in the statistics for a given curve then the means
and standard;deviations of the geometry parameters, particularly
cﬁrvature 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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GENERAL FLOW CHART FOR EMPIRICAL EVALUATION
OF VEHICLE - TRACK RESPONSE

LOCATE DATA PROCESS
MEASURE 7.6.
FOR TEST STATISTICS
GE%’KEZRY 2‘2:,2 SEGMENTS [ ®| FOR TEST -
- Q.A. CHECK SEGMENTS |—p
MERGE
QUALITY
STATST AL Lol assurance
BASE CHECK
VEH LOCATE DATA " PROCESS |}
e RESP FOR TEST [ ] sTaTisTICS l
RESPONSE DATA DATA SEGMENTS FOR TEST ~
TAP Q.A. CHECK "SEGMENTS DELETE
BAD
l DATA
INPUT OUTPUT
INDEPENDENT CREATE ' REGRESSION . A
VARIABLES . TRANSFORMS PERFORM COEFFICIENTS DATA
AND Pl REGRESSIONS > VARIABLE ANALYSIS
DEPENDENT . CROSS PRODUCTS .
DEPENDEN] _ SIGNIFICANCE
PLOT Y ACTUAL
REGRESSION V.S. Y PREDICTED
DEFINITION

Figure JB-1

PLOT RESIDUAL
V.S. Y PREDICTED




only. If spiral performance analysis is desired the data should
be filtered to include only the wavelengths of interest prior 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 50
feet using the crosslevel plot. Given the location of the track
geometry data on tape, the E-8 vehicle response data was easily
located by advancing (in the data stream) a time equal to the
distance between the wheel force and Qeometry measurements (282
feet) divided by the average speed through the zone (in feet per
second). (See Figure 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 1100 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 speed of the
consist in the vicinity of the curve the approximate duration, 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 searched in the vicinity of the curve
for lateral force activity of the duration (in seconds) expected.



GEOMETRY CONSIST

- MP/Curve
Record No.
Summary

Plot XLevel
Curvature, ALD
in Vicinity
of Curve-

|

Examine Plot to
Determine Exact
Data Records
Containing Curve
Start and End for
Both Geometry and
Vehicle Resonse

NON-GEOMETRY CONSIST

MP/Rec. No.
Summary

Plot
Lateral’
Forces
ALD

Curve

|

Start/End
E-8
Record
Numbers

Figure JB-2

Length -:%

Locate
Force Data
Corresponding

To Curve '

T

Start/End
SDP-40F
Record
"Numbers /

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 levéls of lateral force are experienced. Also ALD
events, such as road crossings or switches, can be used as a
secondary check of location. A more direct way of determining
location would be to integrate the measured speed to get the
distance from the 1last ﬁileposf. This in fact was used where
practical. However, data dropouts due to 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 weré then compiled which
contained the track geometry and vehicle response statistical
descriptors for each test segment (see Table JB-3).

The statistical descriptors calculated for each test segment were
the mean, standard deviation, maximum, minimum, 5th percentile
and 95th percentile values. The 95th percentile is the value
below which the data remains below 95% of the time for a given
test segment. The 5th percentile is the vaide below which the
data remains 5 percent of the time for a given test segment. The
95th percentile and 5th percentiles are perhaps better 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.)



Variable
Number

Variable

Y

A TABLE JB-3
STATISTICAL DESCRIPTORS

INDEPENDENT VARIABLES

Parameter

" Speed

Curvature
Curvature

Curvature

Gauge
Gauge
Gauge

Crosslevel

Unbalance

Descriptor

Mean

Mean
Standard

“Variance

Mean

Standard
vVariance
Standard

Mean

Deviation

Deviation

Deviation.

. DEPENDENT VARIABLES

Parameter

High rail lateral

Descriptor
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NOISE SPIKES IN DATA

ERRONEOUS

PEAK VALUE

95 % ﬂ

LEVEL - ' ‘*~\\\
5 % >N

LEVEL ’ &&LEH
dgs dgs 'dgs J L
195 > dgs = > dgs ds

- T (SECOND)

EXAMPLE TIME HISTORY
SHOWING 5% AND 95% LEVELS

95% Level = level which the data is below 95% of the
T - 4

time. Level is selected such that - 95 = .95,

T

5% Level = level which the data is below 5% of the
zd

time. Level is selected such that -} = ,05.

T

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 95%
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 final quality control check
prior to regression analysis the data base was examined to make
sure that no full scale or ‘erroneous zero value data had been
included. ' ] |

Separate data bases fbr left'ahd right curves were created for
each locomotive. This was done so that regressions could be
perforﬁed for the'high and low rail (outside and inside}Awheel
forces separately. ‘ ;

J-B-3 REGRESSION ANALYSIS

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

y' = 80 + lel + Bzxz + ... B x

m m
where
y' = the estimated value of the dependent variable
B; = the regression coefficient for the jth independent
variable :
Bp = 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 Railroad Administration,
Office of Research and Development. Complete documentation of
this software can be found in ‘Volume III, Software Documentation
(Ref. B-2). Before reviewing the regressions perfofmed'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 (y): 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 (x): 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 direction of curvature; for right
. .curve D=0, for left curves D=l. '

Regression Analysis: _Regression 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 form.

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 relative importance of the
independent variables in explaining the variation of the depen-
dent variable.- ‘

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

Qutlier: 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 a residual is far greater than the rest and perhaps
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lies three or four standard deviations away from 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 into 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 quality of a regression equation.

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

Correlation Coefficient: It is a measure of the linear depen-

dency of two variables. The correlation coefficient varies from
-1 to 1. An absolute value close to unity indicates a strong
linear dependency. On the other hand, a value close to ‘zero
indicates no linear relationship. ‘ ’

Coefficient of Determination (R2): 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 RZ value

adjusted"for the number of independent variables. R2 values
increase with each added variable. However, the adjusted coeffi-
cient of determination increases only if the added variable is
significant. All R2 values used in- this report are adjusted
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., 1is not zero.

Confidence 1Interval: 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 (B). - A confidence interval computed, for example at 0.95
confidence level will provide a 95 percent confidence that the
population parameter (B8) will fall in that'interval.‘

In performing any regression analysis the primary task of the
analyst is to select the optimum regressidn for his require-
ments. He must decide which independent or control variables
should be included in the regression. Generally, the more inde-
pendent variables 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 regression. If the
total number of independent variables is small or if the indepen-
dent variables 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 independent wvari-
ables to be put into the regression model are easily defined. 1If
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 variables to be included in the regression. A step-
wise regression adds one variable at a time to the regression.
As each new variable is added the F statistic is calculated for
all variables in the regression to determine theif{significance.

In performing the stepwise regressions the regression equation is
developed by adding one independent variable (x;) 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 is 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 F-value for each
variable included 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/rail force and track geometry data in Table JB-3
(see Appendix J-C for complete definition of regression analysis
terms and techniques). Each response descriptor was evaluated
independently for 1left 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 minimum F-value, which defines the statistical significance
required for inclusion and retention of each indepéndent variable
in the regression was set at 2.0. The output from this process-
ing includes tabulations of ‘the regression coefficients (bi's),
the coefficient of determination (R2), and the F-values fof the
variable added at 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 Yi's and Xi's such as (log xi)
and X?

in the test data. However, residual plots were helpful in iden-

could be considered. No nonlinear trends were observed

tifying outliers. Regression equations were subsequently devel-
oped by eliminating these outliers. '

- 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 were taken from 37 curves in the test zone.
The 95th percentile of 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 ;b underbalance of operation (AE), standard deviation
of curvaturef(oc) and direction of curvature (D).

A

The final regression was:

Lgg = 6293 + 1940 (AE) + 6701 (o0.) - 1169 (D)

with:
R2 = .715
Lgg in pounds
AE in .inches
Og 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/RAIL FORCES

‘ _ Standard
il r2 r Error Lgs
8,799 0.75 . 5.7 1,221
.Lgg.= 6293 + 1940AE + 6701 (0,) - 1169 (D)
Independent Variables
Variable Mean Standard Deviation
AE 0.778 ) 0.764
oc ) 0.261 0.130
D 0.639 0.487
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 1,940 302 » 1,500 ; 1,482
oc \ 6,701 1,785 1,745 870
D - -1,169 468 | - 1750 | 569
" TOTAL . 8,788

Lgg Mean = 8,799 ‘
Lgg Standard Deviation = 2,454
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The_ fihal results indicated that . AE contributed slightly more
than 0, in determining Lgg and that, statistically, the left
curves produced force levels roughly 1200 pounds lower than the
right bupves. This could be caused by differences in the way the

locomotive negotiates 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:

L

95 = 4,100 + 400 C + 17,300 (oc) + 40,100 (oé) + 1,800 AE

where:

Q
1

the variance of gauge (inchesz)

mean curvature (degrees)

In this case C contributed from 800 to 1200 pounds, ©
to 5500 pounds,
pounds.

c from 2200

Gé"from 400 to 2900 pounds and AE from 0 to 5400

In ;he current analysis, including curves from 0° to 7° the
régfeséion coefficent of AE to Lgsg ié'roughly the same while the
coefficient for 0, 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 kﬁown imbalance in the
locomotive's suspension system, separate analyses were performed
for right and left curves. The results  of this analysis are
summarized in Tables JB-5 and JB-6. The results for the right
hand curves produced a relatively low R? value of .63; For this



TABLE JB-5

STEPWISE REGRESSION RESULTS, E-8 HIGH
HIGH RAIL FORCES —-/(LEFT) CURVES .

Y R2 F Se (Y)
Lgg = 6368 - 1119 (C) + 1032 (AE) . 011,141, .78 9.25 1422
+ 6396 (0XL) I
Variable Mean . Standard Deviation
Cc o -2.56 ’ 1.650
_AE o 0.437 1.460
oXL 0.227 ‘ 0.108

E-8 HIGH RAIL Lgg
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 1,032 168 451 ' 658
o XL 6,396 2103 1,452 691
TOTAL 11,135

Lgg Mean = 11,141

Lgs Standard Deviation = 3,017



TABLE JB-6

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

L95 Mean = 10,731

L95 Standard Deviation = 3,321

J-70

Y R2 F Se (¥)
Lgg = 4773 + 1249 (C) + 81910 (ng)‘ 010,731 0.63 15.7 2023
.Variable Mean ; Standard Deviation
¢ E ©2.890 1.750
AB*gC 0.228 0.593
526G 0.029 0.015
E-8 HIGH RAIL L95
CONTRIBUTION OF TERMS
Contribution
Regression Contribution of Standard
- Term Coefficent of Mean Deviation
Value Std.Error
Constant 4,773 - ' 4,773 -
[ 1,249 176 3,610 2,186
o2c 81,910 20,690 2,375 1,229
TOTAL - 10,758



regression mean curvature and 02 gauge were identified as the
major contributors to Lgg., From analysis performed in support of
the test of locomotives on Chessie track 02, gauge was found to

be a good indicator of short wavelength alignment irregularities.

For the left curves Lgg was found to be related to AE but the AE
regression coefficient for the E-8 was about half that for the
SDP-40F in the current analysis.

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

curves and Oy ~ the standard deviation of crosslevel was a minor

contributor.
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APPENDIX J-C
REGRESSION ANALYSIS*

This appendix discusses regression
analysis in textbook format for easy
reference to Section J-B. The reader is
referred to any advanced text book on
applied regression analysis for details.

J-C-1 MULTIPLE LINEAR REGRESSION
J-C-1.1 FUNCTIONAL RELATIONSHIP

Regression analysis may-be broadly defln-
ed as the analvs1s of relatlonshlps
among variables. It is one of the most
widely used statistical tools because

it provides a simple method for esta-
blishing a functional relationship among
variables. The relationship is expres-
sed in the form of an equation connect-
ing the response or dependent variable
v, and one or more independent variables
Xy, Xay eeoay X The equation may be

writt&n as m’

Y=ot ByXy ¥ 8oXs v L. BpXy ()

where a is the constant term and 8; are
the regression coefficients.

The estimated equation, or to be more
precise, the regression equation is
written as

v =as ByXy * boXy ..ubpxp )

where a is the estimated constant and hj
are the estimated regression coefficients.

The regression coefficients are usually
estimated from an experimental set of data
using the method of least squares. The
method of least squares involves minimiz-
ing the sum of the squares of residuals
between the observed v's and the predict-
ed y's. This gives the least squares
"best" value of these coefficients for

a particular sample of observations. An
important aspect of regression analysis
is that it is a measure of the reliabil-
ity of each of the coefficients so that
inferences can be made regarding the
parameters of the population from which
the sample observation was taken.

*This appendix 1s reprinted, with minor
changes, from the report entitled "A
Prototype Maintenance of Way Planning
Systen, " FRA/ORD—80-47 1, Volume I.
(Reference B=2)

J-C-1.2 DERIVATION OF THE METHOD

et us assume that y. is to be estimated

by the equation :

?i =b,+ I bixg: ey (3

The error of estimate ej is given by

m
e. =y. =b_~-I b.x.. (4)

The purpose of the regression analysis is
to determine b, in such a way that the

length of the 3ector e, i=1,nis
minimized. But
2 no
lleli = (e) e) = & Yl = bo
1=1I

(5)

Taking the partial derivative with respect
to b, bl"‘b and equating tc zero, we
generate the set of normal equations

o m n n
nb, + I b I x..= I v. .
0 je1 J je1 2 a1 7F
n m n
b T X., + =
0 iml il J-l 3 1_1 X3 31 1,1 xll i
(6)
n m n n
by I + I b, T X.:X.:%® I X,.Y.
,1 %32 j=1 I a1 21751 jm] 2171
n n n
by £ Xx._ + L b, X.. = Z Ys
0 ju] - jul b 1_1 *ni ji = *ni¥i

The solution of regression can be simpli-
fied using the matrix approach. First
consider the matrix:

: =
_ 11 xl1 x12 ceeXyp
x‘- L X9q X5y eeeXap

1 xp,, Xn2 ***Xnp
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where the ith row, apart from the-initial

element, represents the X values that
give rise to the response yj. One will
note that the normal equatlons can be

simple least square analysis (as opposed
to weighted least squares) assumes that
errors are random with a mean of zero.
It is also assumed that errors are inde-

written as e pendent and thus b are the maximum likeli-
» hood estimate of 8.

(X'X)b = X'Y e ('7)"

where X' is the m x n matrix which is the
transpose of X, b is a column vector of
length m which is given by

b
b= |01

bm

and v is the’ column vector of lengthn
given by

-

If the matrix X'X is non-singular, the
solution of regression coefficients can
be written as

boa (X'X)7 X'y : _ (8

The regression coefficients can be cal-
culated using the relation given by Equa-
tion 8 when the regression model contains
only a few (two or three) independent
variables,. However, results can be
entirely invalidated due to round-off
errors in problems with several indepen-
dent variables. The round-off errors can
be minimized by replacing the X'X and X'Y
matrices by the respective correlation
fratrices. Furthermore, if the number of
independent variables exceeds 7, the com-
putations should .be performed in double
precision. The regression analysis algo-
rithms for the applications were imple-
mented in this form. The reader is
referred to Volume III of the report en-
titled "A Prototype Maintenance of Way
Planning System."*

J-C-1.3 ASSUMPTIONS

The regression coefficients given by
Equation 8 are an unbiased estimate of

b which minimizes the error sum of the
squares irrespective of any distribution
properties of the errors. However, for
tests listed in later sections such as

t- or F-tests and for obtaining confi-
dence intervals, it . is assumed that errors
are normally distributed. Eurthermore,

J=74

J-C-l.4* TRANS?ORMATION oP VARIABLES

Discussions in the orevious paragraphs
were limited to simple linear models.
However, several other models can be made
linear by approvriate transformations.
Then the method of linear least squares
can be applied to estimate the parameters
of the regression model. Some of the
meortant linearizable curves are shown in
Figures JC-l, JC-2 and JC-3 ané the trans- .

formations to make.them.linear are listed
in Table JC-1.

(d) S .

<

0>8<-1
) g=-1
£>=-1

. .8<0

-(b)

Pigure JC-l. Graph of y = sox3



figure JC~-2. Graph of vy = 80 *+ 38 log x

J-C-1.5 DUMMY VARIABLES

The variables in the regression equation
may not always be continuous. Occasion-
ally, some of the variables may take two
or more distinct levels. In regression
analysis, this situation may be handled by
using dummy variables. We can deal with g
levels by the introduction of (2 - 1)
dummy variables. Suppose a variable, such
as track class was used with values of 0,
1, 2 and 3. The effect of track class may
be analyzed by the introduction of three
dummy variables (zy, 2z3, and ‘z3). Then we
can assign the values as follows:

- Track

Class ' 2 23
0 0 0 0
1 1 0 0
2 0 1 0
3 0 0 1

. X

Figure JC-3. Graph of y = B8, + gx?

TABLE JC-1
LINEARIZABLE FUNCTIONS

.

Function ; Transformations

y = Boxs _ y' = log v, x' = log x
y = 85 +81log x| x' = log x

y = 8 ¢ gx2 x' = x;

The model develbped:will then include
extra terms 3,2;, 8,52, and 832z

J-C-1.6 ANALYSIS OF VARIANCE

The quality of the estimated regression
line is usually analyzed through an analy-
sis of variance aporoach. This is a pro-
cedure in which the total variation.in the
dependent variable is subdivided into
meaningful components. As sggwn in Figure
JC-4, the deviation of the i—' observation
of y can be expressed as

~
Vit ¥ =y oyt vy o Y (9)

It can be shown* that

RS LN S R L L.
Yi N = Yy - ydt e Iy -
=1 el b TY ge T

(10)

where the term on the left is the total
sum of the squares, the first term on

the right is the sum of the squares about
regression called the error -sum of the
squares, and the second term on the right

X

REGRESSION_

/ .
'i (]'l 1 i) : i— ]:
2

'.—.2. v __A.z,, :A,__
Ly =vi®=LT(y;-v;) Uy; =¥

Tar (y)

'PHYSICAL PARAMETER (x)

Figure JC-4. Partitioning the Total
. Variation of y

*N. Draper and H. Smith, "Applied Regression
Analysis," J. Wiley & Sons, New York, 1966,
p. 14.
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is the sum of squares due to regression
called the regression sum of the squares.

This shows that the total corrected sum
of the squares of y (SST) can be parti-
tioned into two components. We shall
indicate this partitiaoning symbolically
as

SST = SSE + SSR (1D

SSR is called the regression sum of the
squares and it reflects the amount of
variation in the y values explained by
the model. The second component (SSE)
is the error sum of the squares which
reflects the variation about the regres-
sion line.

Partitioning the total sum of the squares
into two components gives a way of asses-
sing how useful the regression line is.
SSR and SSE are values of independent
chi-square variables. with m and n-m-1
degrees of freedom, respectively. for

m independent variables. To test the
null hypothesis that the variation in

v is not explained by the regression

but rather by chance, i.e.,

HO: Bl = sz...sm = 0
le At ieast oneg# 0

we compute the F value as follows:

- SSR/m
F n-m-

MSSR
- 1538 (12)

and reject Hy at the a level of Slgﬂlf1°

h(f)

3 .
| Fo £
DO NOT REJECT MULL ~smbw— REJECT -
HYPOTHESIS IF F<F MULL IIYPOTHESIS
a
IF F>F_

Test of the Significance of
Regression Equation

'FigurevJC-S.

The computations are usually summarized as
an analy51s of variance (ANOVA) table
shown in Table JC-2.

When the null hypothesis is rejected, we

conclude that there is a significant
amount of variation in the response
accounted for by the postualted model.
If the F statistic is in the acceptance
region, we conclude that the data did
not reflect sufficient evidence to sup-
port the model postulated.

J=C-1.7 STANDARD ERROR OF ESTIMATE

The mean squares about regre551on (s~ )
provide an estlmate of the variance about
the regression (c2), If the regression
equation was estimated from a large num-
ber of observations, the variance’ about
regression would represent a measure of
error with which any observed value of v

cance when F > P, (m, n=-m~l). This is could be predicted using the regression
illustrated in Pigure JC-5. equation. The quantity (s) is called the:
TABLE JC-2

ANALYSIS OF VARIANCE TABLE

Seurce of Sum of Degrees of | Mean £

Variazien Squares Freedonm Sguare

Regression SSR n* MSSR  |MSSR/s>
Error SSE n**-m-1 s2

Total SsT z -1

* Number cf independent variables.

** Number of observations.
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standard error of estimate and a rela-
tively small value of (s) would indicate
a relatively better prediction power for
a regression equation.

J=-C-1.8 CORRELATION COEFFICIENT

The measure of the linear relationship
between two variables x and y is esti-
mated by the sample correlation coeffi-
cient (r) which is defined as

re —X - (13)

(x, - Dy; - P
(xi - jz

S, = z(yi-jzsssf
i=1

From Equation (13),

r? = gl o (14

XXyy

It can be shown* that S%,./Syx is the
regression sum of the quares (SSR).

Thus

‘r2 a §§% - (15)
or- _ .

r2= 1 - 3% (16)

Since SSE < SST, we conclude that r2

must lie between zero and 1. Consequent-
lv r must range from -1 to 1. A value
of -1 or +1 will occur when SSE = 0, but
this is the case when all points lie

in a straight line. Hence, a perfect
relationship exists between x and y when
r = t1. On the other hand, a value of
r=0 occurs when SSE = SST or SSR = 0,
and this is the case when no linear rela-
tionship exists between x and y. The
relationship for these extreme values of
r is shown in Piqure JC-6. Intermediate
values of r are not so easily integ-
preted. However, if we consider r“, it is

*R. E. Walpole and R. H. Myers, "Proba-
bility and Statistics for Engineers and
Scientists,” The MacMillan Co., New York,
1972, p. 286.

T =1
- -
v
o 0o o o
o o o o °©
r =90
©o o o©
[e) (o]
X

Figure JC-6. 1Interpretation of Extreme
Values of Correlation

Coefficients

evident from equation 15 that (100 x rz)
percent of the variation in the values of
y may be accounted for by the lienar rela-
tionship with the variable x.

J=C-1.9 COEFFICIENT OF DETERMINATION

Although the concept of the correlation
coefficient is strictly applicable to

a single independent variable, we can
define a similar criterion to illustrate
the adequacy of a fitted regression model
in the case of multiple linear regression,

i.e.,

2 SSR ) :
R® = z57 (17)

R is called the Coefficient of Deter-
mination and indicates the proportion

of the total variation in the response
y that is explained by the fitted model.
A value of Ré¢ close to unity would indi-
cate a good regression model,

The nature of the computation for Rz is
such that an addition of a variable would
always increase the value of R2 whether
or not the contribution due to the addi-
tional variable was significant. This
problem can be overcome by adjusting the
RZ value for the degrees of freedon.

This modified quantity is called the
Adjusted Coefficient of Determination

and is defined as follows:
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R: a1-(1-R¥)(m-1)/(n-m) (18)

where m is the number of independent
variables in regression, and (n - 1)
is the degrees .of freedom of SST.

J-C-1.10 TESTING THE INDIVIDUAL
REGRESSION COEFFICIENTS

In the previous paragraphs, it was

shown how the overall regression model
can be tested to see whether a relation-
ship exists between the response variable
and a set of independent variables. The
individual regression coefficients can
be tested by computing the t values.

T = by/sy (19)

i

where bj is an estimated regression
coefficient, and Sk ; is- the estimated

i
standard error of bj.

The statistics given by Equation 19 have a
t distribution with (n - m - 1) degrees of
freedom and can be used to test the null
hypothe51s-

17 By # 0

£ the magnitude of the computed t
value is greater than t(n cm-1),a/2
we can reject the null hypothesis at a
level of significance. As a rule of
thumb, if |T| > 2, we can conclude that
‘8 1s not zero. This is illustrated in
Figure JC-7. : - .

/J-¢-1.11 CONFIDENCE INTERVALS FOR
- REGRESSION COEFFICIENTS

As indicated in the previous paragraphs,
the regression coefficients are com- :
puted from a sample -of observations from
a certain population. ' Inferences for the
entire population can be.made-by con-
structing the confidence intervals for
regression coefficients. A(l - a) a
100-percent confidence interval for the
parameter B8; is given by .

b~ ta/ZSbi <€ <b~ tu/Zsb-' (20)

where tg 7 is a value of the t distribu-
tion with (n-m- 1) degrees of freedom.

' “hL

twz C tayz
REJECT NULLj DO NOT REJECT NULL | REJECT NULL
HYPOTHESIS HYPOTHESIS HYPOTHESIS
-T> -tG/Z ) . T> ta/z

RULE OF THUMB: REJECT THE NULL HYPOTHCSIS
. IF |T| > 2

Fiqure JC-7. Test of Individual Regres-
- sion Coefficients for Null
Hypothesis

J-C-2.0 STEPWISE REGRESSION

In many applications of regression analyv-
sis, the set of variables to be included
in the regression model is not pre-deter-
mined, and it is often the first part of
the analysis to select these variables.
In the situation where there is no clear-
cut theory as to which variables should
be included, the problem of selectlng
variables for a regression equation
becomes an important one.

To make the equation’ userul for predlctlve
purposes, it is necessary to include as -
many x's as possible-so that a reliable
estimate can be made for the reponse
variable. However, due to the cost in-
volved in obtalnlng information on a

large number of x's and subsequently moni-
toring them, we would like the equation

to include as few x's as necessary. The
compromise between these extremes is

what is usually called selecting the
best'regre551on equation. -Stepwise
regre551on is one of the tools used to
arrive at such an equation.:

In stepwise regre551on, the regression
equation is developed by adding one inde-
pendent variable at :a time. The variable
added is the one that has the highest
partial correlation coefficient with v
‘at each-step and is significant according
to the F test. A significance test is
also made on the variables already in the
model. This procedure is continued until
an additional variable would not 51gn1f1-
cantly improve the model.



J-C-3.0 AUTOREGRESSION

Autoregression is used to investigate
the effects of previous values of the
response variable on the current values.
In this case, the response variable can
be treated as an independent variable
and the regression equation takes the
form

Yy = q + boyt_1 + bixl,...bmxm (21)

where yy is the current value of y, ye.g
is the previous values of y, and bi's
are the estimated regression coefficients.

For all practical purposes Equation 21 can
be treated as a general linear model. The
parameters of the model can be estimated
by the usual procedures such as multiple
linear regression or stepwise regression.
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SECTION K o o

WAYSIDE AND ONBOARD INSTRUMENTATION,

K.l Introduction

This section contains the technical information coverning all aspects of
instrumentation needed to support theoretical predictions and test results
addressed in other sections of this document. In Volume I, procedures are out-
lined to provide a guide to assess specific vehicle problems and determine . a
general approach to finding the solution. Volume I leads into Section E,
Volume II where the specific problem is analyzed in more detail and a test
plan is generated as a further guide. This test plan contains 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
dynamics and the interaction of the vehicle with the track. These performance
problems are addressed in terms of specific vehicle performance issues. The
performance issues are characterized and quantified through the related per-
formance and test parameters (subsectioh K.2). These parameters are then in-
vestigated with regard to the measurement requirements (subsection K.3) to
provide the information needed to 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 instrumentation required and a sketch of the instrumen-
tation Tay out for each performance issue. Subsection K.5 (Wayside Instru-
mentation) contains the information needed to select. and install wayside
instrumentation. '

Techniques for synchronizing and recording are given in subsection K.6.
Information is provided to synchronized data acquisition Tocations within an
on-board and wayside station or between on-board and wayside stations.
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Special equipment and techniques that have been identified as important or
unique are covered in subsection K.7.
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K.2 PERFORMANCE ISSUES AND TEST PARAMETERS

K.2.1 PERFORMANCE ISSUES
The design and construction of rail vehicles have evolved over the years

to a limited number of categories especially in the United States. If 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 a 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 problematic modes have been identified and referred to as stability
performance issues; these are: -

Hunting

Twist and Roll
Pitch and Bounce

\
(=]

Yaw and Sway
Steady-state Curving
Spiral Negotiation
Dynamic Curving

Steady Buff and Draft
Longitudinal Train Action

o O 0o O ©o o o O ©

Longitudinal Impact

For existing and new rail vehicles which do not deviate drastically from

the current generic types of designs, the above performance issues can be
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 investigate dynamic behavior of long trains, it was decided
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that the initial consideration for V/T IAT would be limited to single-vehicle

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

The V/T. IAT is to provide uniform means of eva]uating safe performance of
vehicles and track by establishing a standardized approach to the test pro-
cedures. Special- track conditions and operating scenarios can be used to
systematically examine each of the performance issues and to identify and
isolate any unsatisfactory characteristics in the: vehicle. In order to
characterize and to quantify each of the perfbrmance issues, a 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 also provide
a measure of the degree of severity of the response as a safety risk. Before

discussing the requirements on instrumentation to collect the data, some
delineation of the parameters of interest would be helpful.

K.2.2 PARAMETERS OF INTEREST

Many parametefs are involved in causing a particular responée in a vehi-
cle. For the purpose of adopting a consistent set of notations for
Vehicle/Track Interaction testing applications, a general grouping of  the
parameters is made as follows:

CONTROL VARIABLES: -those vériab]es that are controlled by the experiment
conductor, e.g.,

Speed

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

Intentionally introduced track perturbations (wave
shape, wavelength, magnitude, etc.)

- Operating modes (power, braking, dynamic braking,
“drift, etc.)

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

- Adjustable parameters in the vehicle (wheel profile,

damping rate, spring rate, clearances in truck compo-
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 forces, coupler
forces, force vector crossing, etc.)

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

eogo,

- Vehicle mass and inertia

- - Structural dimensions and clearances

- Properties of fixed suspension components

Instruments are required to 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 no continuous monitoring is required. Some of the control
variables and all of the response variables require 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 railroad equipment. Many of the
measurements have been made -by conventional- 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
detail in the subsequent sections of this report.

K.3.1 CONTROL VARIABLES

Ke3.1.1 TRACK CHARACTERIZATION

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

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

Track stiffness/compliance in the vertical and the lateral directions are
important to the track-train interaction. Dynamic measurement techniques are
under development. The 6n1y 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 a 1oading/un1oad1ng process. Continuous

measurement of track stiffness under a 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 rail head are
also measured manually by hand 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
resistance test Ref. [4]. This approach, however, has some drawbacks- (see
Section K.3.1.4). Rail cross-section profilers that pkoduce 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 Tength of
track is not yet available.

K.3.1.2 VEHICLE CHARACTERIZATION

Control variables 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 as 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.

Ke3.1.3 OPERATION VARIABLES

Operation variables are generally needed in real time, in addition to

post-test analysis, to insure that the specified test 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. Distance and

acceleration can be obtained easily also with the second technique.. One
common undesirable feature in axle-driven speed/distance measuring systems is
that they include errors due to wheel slippage, tread conicity, curving,
braking and traction. A separate measuring wheel with a cylindrical tread and
a low-resistant mount can allow slip-free measurement of speed and distance.
A speed signal is often available in a locomotive or a 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 brake 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, 1t'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 self-propelled cars have generally been
measured by the equipment manufacturer during development. One can usually
- rely on the manufacturer 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 a much simpler task;. conventional
displacement/velocity transducers can then be used. Typical fuel systems in
diesel locomotives maintain a very high flow rate from the fuel tank to and
back from the engine. The difference between the outward and the return flow
rates is the actual cbnsumption rate. It is important to have highly accurate
and matched flow meters if the consumption rate is to be derived by differenc-
ing the two measured rates. Volumetric 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 to 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.
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K.3.1.4 ENVIRONMENTAL CONDITIONS

Several variables environmental. conditions should also 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
important environmental 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 1light Tloads
applied. Perhaps the best way to evaluate the friction coefficients is to
Tock-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 conditions. '

K.3.2 RESPONSE VARIABLES
K.3.2.1 WHEEL-RAIL CONTACT AREA

Forces transmitted through the rail-wheel contact area are the most impor-
tant response variables in stability considerations. - High vertical. or
Tateral loads can cause structural degradation or failure which may lead to
derailment. High L/V over some duration of time is known~to cause rail roll-
‘over or wheel climb. Low vertical force on a wheelplate is an indication of
potential wheel 1ift.

Continuous monitoring of wheel forces has-been done successfully by instru-
mented wheel spokes or wheelplates Ref. [6, 7, 81]. Instrumented adapter

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

The advantage of using a vehicle-borne force measuring technique is the
continuous monitoring of the force-time history over all track 1locations

tested. If 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 instantaneous force levels as
wheels- pass by the instrumented location Ref. [11].

Lateral 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 a continuous basis while a track-side system would obtain a
single instantaneous measurement as each wheel passes through the instrumented
location. Both contact type Ref. [12] and non-confact type Ref. [13] trans-
ducers have been used to measure the wheel position. and the angle-of-attack
onboard a vehicle. :To date, these .attempts have achieved only limited

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

Wheel-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 raii and the slope of the contact surface are the key parameters which
control the dynamic center line 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 a computer program.

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

When a vertical load shift causes a wheel to unload completely, the wheel

may lift off the rail as the load shift continues. The vertical distance
during a wheel 1ift is .an important stability parameter since the derailment
potential -is much greater if the wheel flange clears the top oflthe rail. A
contact-type system has been used successfully in a twist-and-roll test in
which a small wheel is mounted on an arm pivoted from the truck frame, the
wheel is kept in contact with the rail by a spring load. - A vertical 1ift of
the running wheel from the rail will register as angular movement of the pivot
arm. A non-contact transducer can be used in a similar way to measure wheel
Tift. . Since it is. not possible to place the contact wheel of the non-contact
transducer directly over the wheel-rail contact point, an error is introduced

due to profile variations in the rails. This error can be minimized by using
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a pair of transducers, one leading and one trailing the wheel being measured,

and by placing the measuring points as close as possible to the wheel-rail
contact point. The error can be eliminated if a baseline is established for
the track by running the system slowly enough to insure that no whée] 1ift is
occurring. The baseline measurement.represents a three-point mid-chord offset
measurement of the rail surface.

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

titative values 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 camera and Tlighting, and the relatively
short duration of wheel climb events (can be 50 msec or less) which is diffi-

cult if not impossible to observe with normal 30 frame/sec video. High speed
.video (120 frames/sec) may not survive the environment. ‘

K.3.2.2 TRACK RESPONSE

Track response parameters include forces and stresses in the rails, fas-

teners, ties, ballast and subgrade; kelative and absolute movements in these
components; and vibration levels. o

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

measurements are more appropriate in ties, ballast and subgrade. Rails and
fasteners have been instrumented to serve as load 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 load could add signifi-
cantly to 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. Rail base movement can be meas-

ured the same way from which the rotation of the rail can be calculated.

-
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Absolute lateral movements of the rail or the tie are generally measured from

a reference point fixed to an anchor far enough away from the track so that it
would not be disturbed by a passing train. Vertical movements of the rails or

the tie can be measured with respect to a rod driven several feet deep into
the track bed. The bottom of the rod is firmly ang:hor'ed to the sub-grade

while the upper portion is isolated from the surrounding ’sdﬂ and ballast by a
tubular sleeve 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 monitor the movement of a single point on the track on a contin-
uous basis as vehicles pass through the point. ‘ ‘

Stress levels 1in ties can be measured if the material is suitable for
strain gauge application (concrete or steel). Surface strain/stress Tlevels
are useful for studying load distributions in ties; they are not sufficiently
informative for calculating wheel-rail loads. It is possible to convert an
entire tie into a load cell for vertical and lateral load measurement, how-
ever, inserting an instrumented tie in place of a regular tie would cause
considerable disturbance to the ballast which will change the properties of
the track structure. ‘

K.3.2.3 TRUCK AND SUSPENSION RESPONSES

Dynamic movements 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, 25 g shock at the truck
frame level, beyond primary suspension, and 5 g shock at the carbody 1evé1,
beyohd secondary suspension are typical). High velocities and repeated oscil-
lations about equih‘bh‘um positions are to be expected in truck component
movements.  Typical recoil-string type rotary disp]acement transducers may
require special modifications to avoid frequent breakage or high wear rate on
contact areas. Non-contact type proximity sensors are useful when the maximum

range is small, usually less than an inch. An added advantage of a noncontact
sensor is the insensitivity to movements of the surface being measured in
directions normal to the measurement direction. A cantilevered reed, strain-

K-13



gauged on both sides for bending strain, Has been used as a transducer to meas-

ure disp]abement at the end of the reed. Such a transducer is rugged and
reasonably linear if the bending strain is kept relatively small.

"Mu]ti—dimensional movement is a general problem in making measurements in
a‘Eail véhicle. The distance change between two boints in a vehicle is often
cqused by,seyeral components qf mpvements in different suspension elements.
It is not é]ways possible to obtain direct measurements for each of the compo-
nents, thus, special mechanical arrangemenfs are often used to isolate a com-
ponent of the movémeht or to reduce the sensjt%vity to other components. It
is also possible to resolve the components mathematfca]]y from indirect meas-
urements using trigonometric re]ationships;

Accelerations on truck- components are ;méqsurab]e with accelerometers.
Shock and vibration levels on truck,components are extremely high, selection
of transducer is critica];ih meeting the requireﬁents. Low frequency, Tow
acce]eration 1evels'shou]d be measured by servo-type transducers;-they‘must,be
meéhanica]}y isolated if used in. an environment of high shock such as the
unsprung parts of the truck. Strain-gauge type transducerg are more rUgged
than servo-types but are less accurate. Crystal-types can withstand very high
shock Tevels and can measure high frequency gsci]}ations but the accuracy is

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

Force levels jn truck components can be measured eifher by placing trans-
ducers in Series with the load path or by conVerting the component into a
trahsducer. Strain géuges are generally used on truck componehts for stress/
-strain measurement or ,fdr measuring forces applied to the component. The
cqmpbnént must then be calibrated in a controlled environment to determine the
sénsitivity and ény measurement error§ when the component is used as a force
transducef} Truck side frames, bolsters, axles and.wheels Have been used for
shchipurposes. Wheﬁvload 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 techniques.

K-14



K.3.2.4 CARBODY RESPONSES

Rigid body movement of a carbody is characferized by six degrees of free-
dom. These degrees of freedom can be defined most conveniently by the six
components of inertial acceleration. These can be measured by three 1linear
. accelerometers and three rotational accelerometers or by three pairs of linear
accelerometers. Linear accelerations in- a vehicle are directly proportional
to forces experienced by passengers or lading carried by the vehicle. It
should be noted that inertial and gravitational accelerations are sensed
equally by most acceleration transducers. Oscillatory accelerations are
sensed by all types of accelerometers. If transducers used have frequency
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. '

Ro11 angle of a vehicle with respect to the gravity vector is an important
stability barameter because of the potential for .rollover or wheel climb.
Direct measurement of’the tilt angle (with respect to gravity) can be made

with a pendulum or a gyro-stabilized pendulum. Rate-of-turn .gyros can be used
to measure inertial angular velocities. Gyros are generally delicate

instruments and can only be used in a well isolated environment such as inside
a vehicle.

In testing carbody roll response, an important safety concern is the total
vertical unloading on one side of the vehicle which may lead to vehicle roll-
over. A useful parameter for monitoring this rollover potential is “vector
crossing”; this is the distance from the track center Tine where the combined
inertial and gravitational 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 tangent track; it moves toward the Tow rail if the. vehicle

travels below balance speed and it moves towards the high rail if the vehicle
is travelling above balance speed. When'thé vector crossing point reaches
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 resultant force calculated from the measured vertical

forces on all of the wheels in a vehicle is equal and opposite to the combined
inertial 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 it is possible to calculate the vector crossing from

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

Structural deformations in a vehicle are superimposed onto the rigid body

motions. Accelerations at various points in a vehicle are different due to
the structural deformation. Since structural deformations are generally of

small amplitudes, linear modal analysis techniques are applicable. In extract-
ing structural mode shapes from test data, it 1is customary to use multiple

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 of flatcars were obtained using this method Ref. [16]. In the flatcar

test, twelve vertical accelerometers were mounted at selected positions on the
flatcar; the data from these transducers were analyzed 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
Ke3.3.1 GEOMETRIC PARAMETERS

Dimensions, geometric configurations and clearances of a 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 available 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

Vehicle 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 to be
determined, conventional scales may not be adequate since they usually weigh

one axle or one truck at a time. Hydraulic jacks equipped with a Toad cell or
a pressure gauge can be used to lift an individual wheel off the rail slightly

to determine the load carried by the wheel. Intekpo]ation would be necessary
to convert the measured load at the jacking point to that at 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 of an empty or a loaded vehi-

cle in the vertical direction is more difficult to determine. It is possible
to use data 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-elevated 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 allow the carbody to roll and shift laterally when parked on canted

track, the apparent shift in vertical 1load 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 in order to

isolate the effect of track cant and center of gravity (c.g.) height. The
contributions 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 relijable experimental method to isolate 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, a simple harmonic oscillator is created using the component being meas-
ured to provide the mass inertia and a related spring rate. This could be a.
gravitational or a 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 supplieré,
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 also
been tested in laboratories for the purpose of defining the as-installed char-
acteristics Ref. [18].

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

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

Deformations (displacement, velocity, etc.)-of suspension elements are rela-
tively easy to meaSure; force measurements are generally more difficult
because they have to- be made in series'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 suspénsion elements in a locomotive truck Ref. [19]
In this case, response variables during tests are needed. The method is

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 - role in vehicle response. Warp in flatcars and twist in boxcars are
some of the examples. Measurement of these properties involves laboratory

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

the apparatus for load application that requires tailoring.for each case.
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K.4 ONBOARD INSTRUMENTATION

K.4.1 VEHICLE-BORNE WHEEL /RAIL FORCE MEASUREMENT

The measufement of fhe wheel/rail force vector is yité]]y important to the
understanding of the interaction between a rail vehicle and the track. Addi-
tiona]]y, knowledge of the wheel/rail forces enable the characterization of
vehicle components and inertial properties. Currently, the state-of-the-art
offers several techniques which are capab]ewof reesonably 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 techniques 1nc1ude instrumented whee]sets and journal load
cells. Inertial force measurement is performed by measuring the accelerations
of the major vehicle components. (i.e., wheelsets, trucks and carbody) and
multiplying by the effective mass of each. Depending upon the goals of a
particular test program any of the approaches may be best applied. For exam-
ple, if steady response .is of interest only direct force measurement can be
applied. Creep force and dynam1c wheel force lneasurements require instru-
mented wheelsets. Dynamic trucktand,axle forces can be measured with instru-
mented wheelsets or a combination of journal load cells and accelerometers.
Table K-4;1, “Applications of .Force Measurement Techniques", summarizes the
techniques which may. be. applied to each measurement task. In many cases
instrumented whee]sets can be supplemented-or replaced by another technique
for a more thorough or cost effective measurement. This will is discused
further in Section K.4.1.3. '

K.4.1.1 REQUIREMENTS FOR WHEEL /RAIL FORCE MEASUREMENT

The measurements of wheel/rail forces are brimarily performed in address-
ing a stability performance issue. These may be categorized as wheel climb,
rail rollover, gauge widening, panel shift, and rock off. Depending on which

of these issues is to be addreSsed, reqﬁirements will vary.
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For weak track, onboard measurement of gauge to idcntify locations of poor
lateral restraint should be made to augment W/R force data analysis.

The requirement for the number of instrumented wheelsets, for eXamp]e, is
a direct function of stability issue. Wheel climb involves the determination
of the peak ratio of Tlateral to vertical (L/V) forces, the Tocation of the
wheel rail contact pofnt and the wheel angle of attack. Thus, a single instru-
mented wheelset would be sufficient if placed in the worst case (maximum L/V)
position. Rail rollover fequires complete knowledge of truck L/V and, there-

fore, requ1res a complete truck set of 1nstrumented wheelsets, two or three
wheel sets per truck.

A complete truck set is also required when investigating rock off which
necessitates the evaluation of the wheel unloading index* (WUI).

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 situation could arise, for example, in determ1n1ng the overturn1ng
tendency of a car through a curve.

Ke4.1.2 DESIGN-SPECIFICATION FOR _WHEEL /RAIL FORCE MEASUREMENT

As is the case for any transducer, a wheel/force measurement system must
conform to certain design parameters. Also in establishing values for these
‘parameters certain compromises must be made based on the requirement§. First,
these parameters will be defined. Second, based on recent experience in use of
state-of-the-art systems, recommendations are made on the nominal values of
each parameter., ' ‘

*WUI =1 - V /Vy/3 where V| is the vertical force on the least Toaded wheel
and VH is the sum of the vertical forces of the remaining three wheels.
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Sensitivity

One of the first parameters to be addressed -in any system is sensitivity.

The system output in response to an applied 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

ppm*), sensitivity often assumes the role of deciding factor.
Crosstalk

Crosstalk, as used in the present context, implies an apparent measured
- force in a given direction, resulting from the application of an orthogonal
force; e.g., an apparent lateral force due to a vertical force. Although it
is obvious this is an undesirable effect, it is not necessary to eliminate
crosstalk from the raw signals since it is relatively easy to correct if it is
linear and constant with respect to angularity. This is 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 as 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 minimize the sensitivity of the

force measured to change in load point.

Ripple

Ripple, which is associated primarily with the . instrumented wheelset, is
an apparent harmonic content in the output as the wheelset set revolves under
a constant load. Ripple wusually comes about due to one of two reasons.
Strain fields as seen by a strain gauge bridge are generally modulated by the
wheel rotation resulting in a'periodfc‘output containing fundamentals as well

*part per million
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as harmonics. Processing schemes are used to reconstruct the measured force
from the modulated signals. Such schemes are generally not able to remove
100% of the modulation. A ‘second cause is due to the lack of symmetrv in the

whee]p]dte or 1n the p]acement of cGuges A much more 1rregu1ar shaped ripple
wou]u result. R1pp1e is eds11y 1dent1f1ab1e since it is associated w1th the
wheel revolut1on and can be f11tere0 out for steaoy state analyses. H1gher
harmonics, espec1a11y those that cause the r1pp1e to have 1rregu1ar shapes

cannot be corrected by simple filtering or simple algorithms. Knowing the

precise angular position of the wheelset is usually necessary in order to make
those corrections.

TAELE K-4.1 APPLICATION OF FORCE MEASUREMENT TECHNIQUES

FORCE MEASUREMENTS

WHEEL AXLE TRUCK AXLE TRUCK

TECHNIQUE - CREEP . .
STEADY STATE | STEADY STATE | STEADY STATE DYNAMIC DYNAMIC
DYNAMIC

INSTRUMENTED. | o - " o
WHEELSETS

JOURNAL LOAD ) )
CELLS

INERTIA
MEASUREMENT

JOURNAL LOAD - e C
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AXLE INERTIA ‘
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Centrifugal Effects

The inertia'of.the whée]seﬁ-itse]f_wi]] induce strains under a spinning

motion which may be output through the instrumentation as though they were
forces. Centrifugal forces are proportional to the square of velocity and can
therefore become significant at the higher speeds. By the choice of strain -
gauge bridge pattern, it is possible to circumvent this effect with no loss of

sensitivity.

Thermal Effects

Wheels under rail vehicles typically cycle through a temperature range
often as wide as two hundred degrees Fahrenheit. As a result, thermal

stresses are created which are the same order of magnitude as those caused by
the forces. Thermal effects usually produce a radially symmetrical strain

field similar to centrifugal effects; the same technique can be used to eli-
minate the effect from the output.

Based on the foregoing discussion, Table K-4.2 summarizes nominal values
for the design parameters of a Wheel/rai] force measurement system. Note that
each category is broken down into vertical and lateral force measurement. The
first category, sensitivity, is based on the strain-gauged wheelplate concept
and 1is, therefore, not entirely representative of all the wheel/rail force

measurement techniques. It does, however, represent a worst case or lower
bound on acceptable sensitivity and 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
long as it is Tless than about 10 percent because self correcting algorithms

will reduce this error source to almost negligible levels.

This specificatioh of load pdintAsensitivity is given in percent error per
inch of load point movement on the wheel tread. This value is connected again

with the strain gauged wheelplate technique and is a rather high upper bound
of acceptability. Typically, the actual load point sensitivity may be half

that shown in Table K-4.2.
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TABLE K-4.2 NORMINAL DESIGN SPECIFICATION FOR WHEEL/RAIL
FORCE MEASUREMENT SYSTEM

Vertical Force Lateral Force
Measurement Measurement

Sensitivity
Minimum 5ue /kip 15ue/kip
Crosstalk
Raw <10%* <10%*
Corrected : <1% 51%
Load Point Sensitivity ' 6%/in. | . 2.5%/in.
Ripple
Simple Load , 6% 5%
Combined Load 7% 6%
Centrifugal
Raw ‘ 3-5% Negligible
Corrected Negligible ’ Negligible
Thermal
Raw - 0.5%/deg. F 0.5%/deg. F
Corrected Negligible Negligible

*Percenfages represent percent error of true value; e.g. 10%
implies 1000 + 100 lbf.

pe = micro-inches per inch (strain)
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Ripple comprises the ]argést single source of error uncorrectable by sim-
ple algorithms in a wheel/force measurement system as indicated in Table
K-4.2. The distinction between simple and combined load ripple is that under
simple loading, force is applied only in the direction for which the bridge in

question is designed. Combined load ripple includes the effect of harmonic dis-
tortion caused by a l1cad normal to the desired direction. This is similar to
crosstalk but unlike crosstalk is not correctable by a simple technique. '

Note that Table K-4.2 shows centrifugal effects in the vertical force meas-

urement column only. This again is a trait of the strain-gauged wheelplate
technique and is simply included here for completeness.

The last category of parameters specified in Table K-4.2 is thermal eff-
ects. Thermal drift, as it 1is known, is the largest single contributor to
system error before corrective action. Recall that a typical thermal‘cycle
for any wheel is greater than 100 degrees. Furthermore, ambient temperatures
independent of all other factors will generally vary 20 degrees during a test
day. Thus thermal effects if not corrected for will cause errors between 1C
and 50 percent. Fortunately both centrifigual and thermal errors are readily
amenable to simple yet effective corrections which must be done for each wheel
independently.

Ke4.1.3 WHEEL /RAIL FORCE MEASUREMENT SYSTEMS AND TECHNIQUES

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

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

and (3) instrumented wheelsets. This latter category may be further subdi-
vided into three subdivisions: instrumented axles, instrumented standard wheel-

plates, and instrumented special wheelplates.

K-25



K.4.1.3.1 JOURNAL LOAD CELL

Many raiquad trucks, especially locomotive trucks, are designed to trans-
mit lateral forces between the truck frame and the axles through thrust bear-
ings installed at the ends of the axles. With this type of design, the load
path for a lateral force goes from a wheel flange through the axle to the
thrust bearing on the opposite end of the axle and continues through the bear-
ing housing and to the truck frame. Since the thrust bearing is a focal point
in the lateral load path, specially designed load cells have been used to fit
in the space normally occupied by the thrust bearings for measuring the
lateral force transmitted through that point. The Electro-Motive Diviéion of

General Motors (EMD) has used this technique on many types of trucks employing
nonrotating bearing end-caps.

One advantage 6f this measuring technique is that the measurement is made
in the line of the load path. Secondly, it introduces a minimal modification
to the mechanical characteristics of the truck. Furthermore, the 'end-cap/
thrust bearing load cell can be pre-assembled and installed in any vehicle
quickly and the output is a direct continuous measurement of the lateral force

which requires no special processing.

This measurement approach is limited to the type of trucks which use the
thrust bearing design or can be modified to accept such a bearing. Further-
more, there are certain disadvantages. Since the thrust bearing and the wheel-
rail contact points are separated by the wheel and axle set, the inertial
forces due to lateral movements (which are not easily measured) of the wheel
and axle mass, including the traction motor and gear box, in some cases, are
not measured by the .thrust bearing load cell even though .they contribute to
the lateral forces at the wheel-rail contact points. Because of the built-in
freeplay between the wheelset and the truck frame, at most one of the two
thrust bearings will be carrying a 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 axle from the truck frame and should be equal and

opposite to the sum of the lateral forces applied through the wheel-rail
contact points on both wheels (except for the inertial forces due to lateral

accelerations of the axle mass as discussed above). It is, therefore, not
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possible to resolve the lateral force at .each wheel-rail contact point. In
Figure K-4.1, the lateral forces acting on a single axle are shown for an
instant when the ax]g is experiencing a lateral acce]eratjén'f. Assuming that
the wheel axle set and the combonents that are fastened to the axle are moving
together at the same acceleration, then the inertial force can be {epresented\
by Mx, with M being the ‘total mass in the wheel-axle assembly. The dyreamic
force equilibrium in the Tateral direction implies that: -

HL = FRF + FRC + FLC + Mx + MgSin 6

in which HL is the force measured by the thrust bearing load cell on the left

end of the axle, Fpp is the flange contact force on the right wheel, Fpe and

FLC are the creep forces on the right and left wheel tread, MX is the inertial
force due to lateral dynamics and MgSin @ is the gravitational force component
due to track cross]evel'e} It should be noted that the inertial acceleration
x:may contain a component caused by steady-sﬁate curving and a component by -
pure ]étera] translation. The steady-state translational component will be

oscillatory in nature and of a relatively high'frequency.,

"FIGURE K~4.1 DYNAMIC FORCE BALANCE ON AXLE
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The equation given above and Figure K-4.1 can also be used to illustrate

the difference between the load cell technique and the instrumented wheel
techniques. Instrumehted wheels, with the strain gauges 1located in the
lwhee]plafes or spokes, will measure fhe forces (Fpp + FRC) and FLC directly.
The only portion of the force not measured by instrumented wheels are the
contributions to the inertial forces from the mass in the wheel rims.

Ke4.1.3.2 INERTIAL MEASUREMENT TECHNIQUE

Major contributors to the lateral wheel-rail force are the dynamic motions
of a vehicle perpendicular to the direction of travel. These motions produce
forces which are directly relatable to the inertial properties of the vehicle
components and their accelerations in the lateral direction. Several research-
ers have installed accelerometers on vehicle components in an attempt to esti-
mate the wheel-rail forces from acceleration measurements. These attempts
were often unsuccessful due to several difficulties: the choice of a suitable
transducer; adequate mounting to protect the transducer\from the high levels
of shock and vibrations in the truck; evaluation of the “effective mass" due
to the presence of simultaneous linear and rotational motions, and the lack of

a reliable independent force measuring technique to verify the results.

~ In order to successfully collect the acceleration data on each mass ele-
ment in the vehicle and truck which contributes to lateral inertial force, an
appropiate transducer must be used on each of the mass components to accommo-
date the different vibration environments and the different characteristics of
;fhe acceleration signal being measured. Crystal or strain-gauge type accele-
rometers are sufficiently rugged to survive the high shock levels in the truck
environment, unfortunately they either do not have the necessary low frequency
response or the resolution needed in the frequency range of interest. During

the Perturbed Track Test (PTT) of locomotives conducted in 1978 at the Trans-
portation Test Center in Pueblo, Colorado, foam jsolation mounting was used to

mount capacitive accelerometers on truck components. Data collected by this
technique were successfully used in calculating total lateral truck force. The

estimated total truck forces were verified by using data from instrumented
wheelsets performing the measurements simultaneously Ref. [10].
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Advantages of this technique are that it requifes no modifications to the
vehicle and truck components; the transducers are standard off-the-shelf compo-
nents and are relatively easy to install in any vehicle; and, a breakdown of
the inertial force components is available in the calculation procesé which
provides insight to the make-up of the total force and the phase relationships
among'the force components. For instance, in the exémp]e'présented above, the
carbody dynamics clearly is the dominating contributor to the high levels of
lateral truck forces observed.

Disadvantages of the technique are: mass and inertial properties of vehi-
cle and truck are not always well known; freeplays due to. clearances in a
truck and axle assembly may not allow the characterization of the mass
movements by only a few degrees of freedom; and, some truck combonents may not
permit easy mounting of transducers. In additiorn to these disadvantages,
there are basic Tlimitations on using 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 a three axle truck, the number of variables makes it insufficient
to resolve individual axle forces. In a two axle truck, it is possible to
resolve individual forces on each axle. However, longitudinal creep forces as
well as centerplate friction will introduce uncertainties in the final
estimates. ‘ '

Ke4.1.3.3. INSTRUMENTED WHEELSET TECHNIQUES -

In the evaluation of rail vehicle dynamic 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 resonant frequencies of the wheelset. .

*Note: When using instrumented wheelsets, the braking systems must be removed
or de-activated to 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 in close proximity to the rail contact point

(i.e., the wheelplate), the error introduced by inertial forces beyond the
measurement point is negligible.

A number of techniques have been developed over the past decade of more.
The more recent techniques all provide er a_continuous measurement of both
lateral and.vertjcal forces. These wheelsets have been.made using standard
AAR wheels (e.g., Federal Railroad Administration/ENSCO, Inc.; Electro-Motive
Division of General Motors (EMD)), "S" shaped wheelplates (e.g. ASEA/Swedish
State Railway) and spoked wheels (e.g., British Rail, Japanese National
Rai]way;). * Non-standard wheels While increasing cost can be effective in
reducing errors due to crosstalk and load point sehsitivjty.:

In addition to the strain gauged wheelplates there is also the strain
gauged axle or axle bending technique as it is commonly referred to. In most
common applications a special narrow pedestal adaptor which serves as a load
cell is used to measure the vertical loads. In conjUnction\with this the
behding moment on the axle is used to extract lateral forces. There are three
fundamental shortcomings of this system. First, the inertial mass of the
wheels are neglected which contribute significantly to the wheel/rail forces.
Second, the geometry of the narrow pedestal adaptor is extremely complex
making it a load cell with very poor load point sensitivity characteristics.
Finally, a 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 gauged wheelplate tech-
nique as app]ied.to standard AAR wheelplates. Furthermore, for the purposes of
illustration use will be made of the -current FRA instrumented wheelset tech-
nique.

Design Concepts

_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 a bridge pattern for producing lateral force sig-
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nals and that for vertical force signals are distinctly different. A vertical
force creates a relatively local strain field within the wheelplate in an area
between the hub and the wheel/rail contact point. A Tateral force creates a
more distributed strain field affecting a much larger portion of the wheel-
plate.

To understand the mechanism for the development of the ]ateral.and verti-
cal strain fields for a typical AAR. wheel cross-section, it is best to consi-
der the reactions produced at the wheel hub rather than the rail contact point.
A lateral load at the wheel/rail contact point produces a shear load along the
direction of the axle and a significant bending moment at the hub (See Figure
K-4.2). A vertical load applied at the rim produces primarily a vertical
shear load at the hub and a relatively small hub moment (See Figure K-4.3).
The vertical load creates local compressive stresses in the wheelplate between

-the contact point and the hub combined with a distributed stress field due to
the small hub 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
laterally induced hub moment and axial force. Conversely, a lateral bridge
must sense either the axial hub force or hub 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
to standard wheel crossectﬁons. This design is sensitive to the lateral hub
moment in measuring lateral force. The "special" wheel section and spoked
wheel techniques are generally designed to sense the axial force due to
1ater61 loading. The advantage in sensiﬁg the hub moment is that the system
can take advantage of the sinusoidal characteristic of the bridge output to
eliminate thermal and centrifugal effects (which are dc biases) by high-pass
filtering. By sensing the lateral axial force the "special" wheel techniques

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-ofsthe-art
and 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 primary sensitivity for high signal/noise ratio
and high resolution while controlling crosstalk, load point sensitivity, rip-
ple, and the effects of heat, centrifugal force and longitudinal forces. The
design philosophy is to choose strain gauge bridge configurations which inher-
ently minimized as many extrangdus influences as possible and which are respon-
sive to the general strain patterns expected in any rail wheel subjected to
vertical and lateral forces. Such bridge configurations can be adapted to the
standard production wheels of the-desired test vehicles, eliminating problems
of supply, mechanical compatibility, and possible alterations of vehicle
behavior due to special wheels. The radial . 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, passenger coach and
freight car wheels having a large variation 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
State Railways Ref. [20]. Each bridge  consists of eight strain gauges
arranged in a Wheatstone bridge having two gauges per leg. Each leg of the
bridge has one strain gauge on the field side and one strain gauge on the
gauge side of the wheel. The four legs are evenly spaced 90° apart on the
wheel as 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 wheelplate above the
point of rail contact. As the pair of gauges in each leg of the bridge
consecutively passes over the rail contact point, two negative and two
positive peak bridge outputs occur per revolution. By correctly choosing the
radial position of the gauges, the bridge output as a function of rotational
position of the wheel can be made to resemble a triangular waveform having two
cycles per revolution. The purpose 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

moments in the wheelplate due to 1lateral force and the change of axial
tread/rail contact point.

"A + B” TRIANGULAR OUTPUT (ASEA/S))

® TWO BRIDGES

® GAUGES ON BOTH SIDES OF
WHEELPLATE

® TRIANGULAR WAVEFORMS-2-
CYCLES PER REVOLUTION

® OUTPUT = MAX {IAl, 18I, K(IAI +1B1)}

180° - . 180°

270°

BRIDGE
WIRING

- FIGURE K~4.4 VERTICAL FORCE MEASUREMENT BRIDGE
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When two triangular waveforms, equal in amplitude and out of phase by one
fourth the wavelength, are rectified and added, the sum is a constant equal to
the peak amplitude of the individual waveforms. In order to generate a strain
signal proportional to vertical force and dindependent of wheel rotational
position, the outputs of two identical vertical bridges out of phase by 45°
are rectified and. summed as shown in Figure K-4.5. Since the bridge outputs
do not have the sharp peaks of true triangular waveforms, the sum of one
bridge peak and one bridge null is Tower than that of the sum of two ideal
triangular 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 either individual bridge output or the scaled down sum
of both bridges, the scaling down is app]ied’selectively to the part of the
force channel output between the dips as shown in Figure K-4.5.
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FIGURE K=4.5 TRIANGULAR OUTPUT AND "A + B" PROCESSING
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The general strain distribution of a typical rail wheelplate due to a
"purely lateral flange force 1is characterized by two components‘as shown in
Figure K-4.2. One component is a function of radius only because the wheel-
plate acts as a symmetric diaphram in opposing the lateral force at the axle.
The second component results from the moment about the hub caused by the
flange force and it tends to vary at a given radius with the cosine of the
angular distance from the wheel/rail contact point. The strain distributions
on the gauge and field sides of the wheelplate are similar in magnitude but
opposite in sign. ' ' :

Lateral force measuring bridges which follow a concept advanced by EMD
Ref. [8] 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 radius. 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 causing a negative bridge output for tensile strain. The resulting
bridge cancels out the strain due to the axial Toad because all eight gauges
are 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 flange force because the tensile strains and the compressive
strains above and below the axle are fully additive in bridge output twice
each revolution (once as a positive peak and once as a negative peak). Radial
gauge locations may be chosen such that the bridge output varies sinusoidally
with one cycle per wheel revolution. Two identical bridgeé 90° out of phase
are used to obtain a force channel output independent of wheel rotational
‘position as a consequence of the trigonometric identity:

\/ELsine)2 + (Lsin[6-+_900])2 = L for any 6.
However, the bridge outputs are usually not modulated by a pure sinusoid and
therefore the computed |L1 will contain a ripple of higher harmonics.

The first step in the production of instrumented wheels is the machining

of all wheels in a production group to an identical contour. The contour is
dictated by the AAR minimum allowable wheelplate thickness and by the produc-
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tion variation of the available sample of ‘wheelé.' The machining contour 1s
usually close to the original design shape but at the minimum thickness. The
thinning of the wheelplate is the easiest step in -maximizing sensitivity
because it does not involve compromise with the 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 Tocations of the strain gauges for the
best compromise between primary sensitivity, crosstalk, ripple, and sensi-
tivity to axial -load point variation, a 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 1dentiéa1 profile makes the embirica]
approach to wheelset instrumentation practical because the results of the
strain survey abp]y to all wheels in the group. The calibration loads and the
reference lateral position of the wheel on the rail should 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 about 1-1/2 times the nominal vertical wheel load (to simulate
load transfer) with the rail adjacent to the fiangevto &etermine the primary
vertical sensitivity. Primary lateral sensitivity should be determined from a
high Tateral load (corresponding to expected L/V ratios) applied with a device
which bears against the gauge sides of two wheels on ‘an axle at the tread
radius and spreads. Loads apb]ied' in this manner create strains of equal
magnitude and opposite sign to those produced by the hub moment effect of a
flange 10ad but they eliminate the extraneous effect of the vertical load hub
moment (treated as crosstalk) from the determfnation 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 a rail
while ‘maintaining a vertical load, is necessary to select strain gauge
locations for minimal crosstalk. Vertical loadings at several points across
the tread should be taken to evaluate the sensitivify to axial load 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 revolution until the stféin 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 is 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
a topographical map. By specifying the bridge configuration and 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
a given load condition. From this an evaluation of the design parameters is
made. By varying bridge Tocations in a systematic manner a best compromise of
the design parameters is found. ﬁOnte suitable bridge locations are identi-
fied, one of each is applied to a 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
- wheelsets are prepared for field testing.

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

. The selection of a 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 limitations of the individual force
measurement systems have been presented.

The instrumented wheelset provides the best availble measurement of wheel/
rail forces. It is the most accurate but is generally the-most éostly. If an
evaluation of wheel/rail wear or wheel climb phenoména is required, 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 lateral axle force is
required. Therefore an instrumented wheelset or -journal load cells 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, is
of concern, then any of the available approaches can be applied. The inertial
technique employing a suite of ‘accelerometers may be the best approach for a
quick look or a preliminary investigation. Its accuracy may be acceptable  to
gain insight into a particular vehicle dynamicsrproblem. |

Table K-4.3, "Onboard Measurement of Wheel/Rail Loads - Comparison of

Techniques," presents a 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.
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TABLE K-4.3 ONBOARD MEASUREMENT OF WHEEL/RAIL LOADS COMPARISON OF

TECHNIQUES
MEASUREMENTS [OVERALL LEAD
APPROACH REQUIRED ERROR | COST TIME REMARKS
JOURNAL VERTICAL FORCE 10-30% [Low 10 SHORT- |-6GOOD FOR QUICK LOOK LOW COST
LOAD ~BOTH BEARIN MODE RATE MODERATE | _
CELL BOTH BEARINGS teoe P o [ HO3ERoe | - NET axtE LaTERAL FORCE
LATERAL FORCE - AXLE INERTIAL FORCES ARE LIMITED
~OPPOSITE BEARING - FREQUENCY RESPONSE IS LIMITED
{<10-20 Hy) BY AXLE INERVIA .
(NOT GOOD FOR IMPACTS)
INERTIAL LATERAL ACCELERATION|10- 20% |Low T0 SHORT- |- GOOD FOR NET TRUCK LATERAL
(ACCELERATION)| - CAR BODY MODE RATE MODERATE | FORCE
- TRUCK FRAME (45K - $20K) [U-3 MOS)| _coequENCY RESPONSE IS
~AXLES LIMITED (<10 H;)
INSTRUMENTED | VERTICAL FORCE ~5%  [MODERATE |MODERATE|-USES STANDARD AAR WHEEL PROFILE
WHEELSE T - 2 BRIDGES PER (430K - $60K) 43 MOS) | _yonepATE COST AND LEAD TIME
(STANDARD) WHEEL
- NO THERMAL OR CENTRIFUGAL -
LATERAL FORCE a EFFECTS
- 2 BRIDGES PER
SEEL -SMALL LOAD POINT SENSITIVITY
LONGITUDINAL FORCE
- AXLE TORQUE ONE
10 ¥W0 BRINGES
PER WHEEL
INSTRUMEWTED | VERTICAL FORCE Less | mGH LONG - THERMAL CALIBRATION
‘l"s':,%itgf' LATERAL FORCE THAN ? ? - IMPROVED ACCURACY
LONGITUDINAL FORCE |3™

K.4.1.4 DATA TRANSMISSION

“One of the fundamental design problems of most wheel/rail force measure-
ment systems is the transmission of signals from a rotating frame of reference
to a stationary platform.
ment

This is further complicated by the severe environ-
in which the transmission must take place.
wheelset,

The rotating system,. the
is unsprung and experiences the extreme dynamic inputs from. the
track with vibration levels as high as 50 g¢g's and shocks of the order of
several hundred g's. Furthermore, this environment is contaminated with many

~forms of debris including grease, dust, water, gravé] and other objects with

relatively large kinetic energy content.

In spite of this it is possibTe to accomplish the transmission using off-
the-shelf hardware. 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 optical 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,accompliéhed 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 a background noise of less than 200 microvolts. This is a signal to
noise ratio of 50 which is more than adequate. Slip ?ings 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
corrected. lPerhaps the greatest disadvantage of a slip fing is its finite
life. Depending on the application a slip ring will provide excellent tran-
smission quality for 2000 miles of operation (including non-test movéments)
_and usually acceptable quality for 5000 miles. Fortunately, they may be
éasily replaced at a moderate cost (~$800 .each) or refurbished for less (~$300
each).

Based on these facts, the:slip ring is the current best choice of transmis-
sion device for wheel/rail force measurement systems. There may, however,
arise circumstances that may dictate the use of an alternative technique.
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
proportfonaT to a wheel/rail force. It is necessary to combine in some pre-
scribed manner two of the direct or raw signals to obtain a signal which is
directly proportional to force. '

Given today's state-of-the-art in electronics technology, it is a 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 and some conditioning of
the signals. Basically the wheelset processor provides the following features:

o high-pass filtering of incominé raw signals to eliminate centrifugal
and thermal effects ' ‘

0 scale signal

o perform processing algorithms including squaring, adding, taking square
root, subtracting, and perform logical function of selecting largest
value

o 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 passed filtéred. The scaled lateral signals, L, are then
squared and summed. The square root of the sum represents the raw or uncor-
rected lateral force. The scaled vertical signals are passed through'a cir-
cuit yielding the corresponding abso]uie values which are summed and scaled to-
compensate for ripp]efas explained in Section K;4.i.2). The maximum of 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

crosStaIk and output along with the ratio of lateral to vertical force; L/V.

Scale &
High Pass

~Jilter

| , . :
Slip !
Ring ~ V\:
51 Gy "12 Square
. I Root Corrected
/ l ' . . . lateral

I Force, |,
| I Square f 2” 2 Rew laternl Force
. 4 ‘12
o
|
Il

|\ 2 '
GLZ \H / l.2 . . H
O //// '\(
‘ l l Cn’nw-l‘ 1X ¢ . A
l sulalk Correctian ,

. ] - ) l‘ v
6— M |V1| Ripple Compensat Ion/l\
K Max 4

?

Raw Vertical Force

Absolute
Value

v2 w2 > V/l |"'3|
7

Correcte
Vertical
Force, V

FIGURE K-4.7 WHEELSET PROCESSOR
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The wheelset . processor may be either analog or digital. . Under normal
cifcumstances the signal conditioning, scaling and high pass filtering is
always analog. 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 a digital computer. In the latter case anti-alias
filters are required immediately following the signal conditioning. The choice
of type of wheelset processor will depend on a number of items such as the
number of instrumented wheelsets to be processed, the avai]ability of a digi-
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. (>100 Hz or better). The advan-
tage of an analog processor is that it is stand alone and may become simply a
component of the instrumented wheelset. This makes the display and/or record-
ing of the wheel/rail force measurement much more flexible since the expense
of a digital computer is not necessary. A digital processor offers the advan-
tage of handling more than one wheelset and performing other tasks, such as
statistically summarizing data  in real-time, depending on the capacity and
speed 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, a digita] processor can perform these function's
much more easily. In either case the ability to view in real-time the wheel/
rail forces being measured is invaluable in conducting field experiments and
monitoring pafameters such as L/V for safe operations. |

K.4.2 DISPLACEMENT MEASUREMENT TECHNIQUES AND TRANSDUCERS

Understanding of rail vehicle behavior often requires a precise knowledge
of 1its kinematic behavior, in particular the relative displacements.. In
general, this may be broken down ijnto three categories. The first is
intra-vehicular; that 1is, the relative displacements between the discrete
components of a vehicle. The second is the displacement between the vehicle
and the rail. 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 Tlocation 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. " - - ’

)

K4.2.1 DISPLACEMENT TRANSDUCER SPECIFICATION

Based on the requirements set forth in the preceeding paragraph, Table
K.4.4 summarizes the basip parameter specification for the selection of dis-
placement transducers. Note that such parameters as linearity and cross axis
sensitivity are.not included here. Parameters such as these are more debendent
on the specific application. Those épecifications given in Table K-4.4, how-
ever, are a 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 column specifies the vibration environment which the trans-
ducer must be able to survive. The acceleration levels given are somewhat
conservation and may be mitigatéd by detailed knowledge of the actual environ-
ment to be encountered. This is also the technique of mechanical isolation 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-
accelerometers have been operated for nearly one thousand miles on the narrow
pedestal adaptor of a freight truck with complete success. '

Returning attention to the first three columns of Téb]e K-4.4, it is seen
that the range and resolution requirements are not overly demanding. Typi-
cally the dynamic range (ratio of resolution to range) is 60 dB or 1%. Simi-
larly the frequency response requirements are relatively low. This is a
result of the large inertia of most rail vehicles and their components. The
relatively high specification of frequency response of intravehicular measure-
ments-is related to elastic deformations which are of limited interest. Thus,
for the majority of displacement measurement applications a frequency response
of 10.Hz is adequate. At the other end of the spectrum almost all rail vehi-
cle measurement requirés'the ability to measure static displacements.
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Fortunately, there are currently available a number of transducers which
meet the specifications. These are discussed in the next section.

TABLE K-4.4 DISPLACEMENT TRANSDUCER SPECIFICATIONS

Frequency Dynamic

Requirement Range Resolution Response Environment
(%) (DC to)

Intra-
vehicular .1-10in. .01-.1 10-30Hz 5-10g
Inter- .
vehicular | 10-30in. «1-.25 2-5Hz 5-=10g
Vehicle
Rail 1-2in. 01-.1 5-10Hz 10-50g

TABLE K-4.5 A COMPARISON OF DISPLACEMENT TRANSDUCER CHARACTERISTICS

TRANSDUCER
TYPE RANGE RESOLUTION ACCURACY COMMENTS
Potentiometric 2-20 in. 0.01 in. 3% Easy to Field=Deploy

Linear Variable
Differential .25-15 in. Infinite 1%
Transformer :

Electromagnetic

Eddy Current 2-5 in. 0.01-0.1 in. 3-5%
Strain Gauge .1-1 in. 0.001-0.01 1% Generally Small
. Used for Component

Deflection

Accelerometer N/A Dependent on | Dependent on Inertial Applications

Processing Processing only
No Static Capability
o ] .
Gyroscope 10 0.01 1-3% Direct Apgular

Measurement
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Ke4.4.2 DISPLACEMENT TRANSDUCERS

The discussion of displacement transducers will be conducted on a.generic

basis. Table K-4.5 summarizes the characteristics of the pr1nc1pa1 types of
displacement measuring devices.

K.4.2.2.1 POTENTIOMETRIC.

Potentiometric displacement transducers are a simple kugged and inexpen-
sive device and as a consequence are the most widely used type of displacement
transducer in rail vehicle research. The measurement component of this trans-
ducer is a rotary potentiometer of high Tinearity and good resolution. A
drum-Tike 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 fu]]A scale, the Tlinear range
becomes ten times the circumference of the pully. Infinite resolution is pos-
sible, 0.5% linearity.is common and ranges from one inch to 30 inches are
readily available, with a 1% accuracy. Signal conditioning requirements are

minimal for this type of device and a useful 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
and more expensive than the potentiometric type of transducer.  The LVDT,
however, 1is 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 dev1ce,:however, the LVDT measures dis-

placements wh1ch are an order of inagn1tude sma]]er than the potentiometric
transducer.

Development of the LVDT has prodiuced a vafiety of designs 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 initiated
by the Tinear motion of an axial metal slug that penetrates the transformer
axise. Displacement of the metal slug along the transformer axis produces
predictable outputs for the LVDT.

Kede2.2.3 ELECTROMAGNETIC/EDDY CURRENT DEVICES

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

There are presently available 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 1is never in
physical contact with the target.

Many variations of the eddy current transducer have been fabricated for
the purpose of performing rail test measurements. Linearity is normally a
problem that is contended with by assigning a 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 a difficult problem to solve. Any metal
surface that moves in proximity to the eddy current transducer, whether this
movement represents the intended measurement or not, does modulate the sensor
output.

The lateral position of a rail wheel relative to the railhead 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 close 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
linearity represents a further degree of difficulty
during data processing.

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

Ke4.2.2.4 STRAIN GAUGE TRANSDUCERS .

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

The small physical size of the strain gauge allows measurement access in
situations that often preclude the use of other devices. Measurements of
displacement may“be'performed by vendor-produced -components. The alternative
to this method involves the option of custom-designed transducers using indi-

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

The . frequency response of strain gauge systems extend into the kHz region.
Strain gauge signals are very small, generally in the microvolt range. The
total strain gauge system performs well as a result of highly developed signal-
conditioning apparatus that -produces stable, noise free, high level signals
from low microstrain inputs. ' ‘

K.4.2.2.5 ACCELEROMETERS FOR DISPLACMENT MEASUREMENTS

Theoretically displacement may be derived from measurement.of acceleration
by a 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 as an accumulated error. For example, alignment deviations
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due to motion in the directions normal to that in which the measurement. of
displacement is 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 issue such -as hunting. Generally speaking, however, the
attendant complications 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 transducér for the measurement of abso-
lute angular displacement. Gyroscopes are somewhat expensive but highly
developed and readily available. Furthermore, when quantifying the carbody
roll angle of a rail vehicle during the negotiation of a rock and roll (con-
secutive low joints on tangent track) the gyroscope is absolutely essential.

There are two types of gyroscopes. An absolute gyroscope is capable of

measuring angular displacement with respect to two axes up to 15% about each.
Rate gyroscopes may also be used; however, because this type of transducer

measures the rate of change of angular orientation, absolute angles must be
obtained through processing. Processing of rate gyroscope output is similar
to the processing of acceleration data for displacement in that integration is
involved. - In this instance only single integration is required but the sahe
fundamental problem of drift over the long 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 a rail vehicle through the use of an inertial ref-
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erence frame which for most purposes is a fixed frame of reference. Also a
convenient unit of measure is available which normalizes measurements of
acceleration on the earth's surface. The unit referred to is the gravity,
denoted g, which is nominally 32.2 ft/sec2 (9.81m/sec2). Thus, when a lateral
acceleration at a given 1ocat19n is said to be 0.25 g, it is intuitive that a
lateral force equal to one fourth of a component's weight was generated.

Accelerometers. are required at all mass levels of a rail vehicle from the
sprung mass, -the carbody and side frames, to the unsprung mass, the wheelset
and journal bearings. Although accelerations on the sprung 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 accelerometers at high frequencies 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 Hz 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 g and carbody acceleration less than 2 g and in most cases 1 g.
An added advantage of such an isolator is extended life of the transducer due
to a reduction in vibratory energy absorbed by the transducer itself.

K.4.3.1 ACCELEROMETER SPECIFICATION

The specification of an accelerometer for use as a means of measuring the
dynamic response of a rail vehicle will depend to a rather large extent on
whether the acceleration is to be measured on a sprung (typically the carbody
and truck bolster) or an unsprung (typically the truck sideforms and wheelset)
mass. The acceleration environment of the carbody is fundamenta11y‘different
from that of the truck. Carbody accelerations are generally less than 1 g and
characterized as low frequency. Truck accelerations 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 K-4.6 summarizes a set of nominal specifications for the measurement
of acceleration on both sprung and unsprung masses.

TABLE K-4.6. NOMINAL ACCELEROMETER SPECIFICATIONS

TFrequency

Mass Level Range Resolution Response Linearity‘
Sprung +2g .01 - ,005g  To 30 Hz .1 - .5%
(Carbody and
truck bolster)

Unsprung - +50 g dg To 100 Hz o1 - 1%

(Truck
sideframes and
wheelsets)

The specificationé given 1in Table K-4.6 are somewhat conservative and
could be difficult to meet from a practical standpoint. For example, a
transducer capable of measuriﬁg 50 g with 0.1 g reSo]ution‘requires a dynamic
range of 54 dB. Although such tkansducers exist they are not capable of '
measuring very low (static) accelerations. If, however, the signal of
interest is lower than the environment frequency 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 investigation. That is, hunting is known to be a low frequency (~3 Hz)
phenomenon with associated levels of acceleration of less than 10 g. By using
the mechanibal isolator with the proper characferisticsla 10)g acce]efometer
may be employed with a dynamic range of 40 dB. | -

K.4.3.2 ACCELEROMETERS

"Various types of accelerometers are burrenf]y available on a commercial
basis. Each type of accelerometer is based on a principle of operation which
gives the accelerometer certain characteristics. Thus, depending on the
intended application, a‘given generic type of accelerometer may offer 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 are discussed. Although
the 1list 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 a brief summary of
the characteristics of ‘the accelerometers to be discussed. This table con-
tains ranges or typical values for each type of transducer and not specific
values. Furthermore, it should be kept in mind that power supplies and signal
conditioning will decrease the accuracy and resolutions given. '

TABLE K-4.7 A COMPARISON OF TYPICAL ACCELEROMETER CHARACTERISTICS

Transverse

Ranges Resolution Temperature Frequency Linearity Axis Nolse - Comments
Servo 5 to 100 g .002 g 327 to’ 2500F 0 to 200 Hz t0.02 % .003 g/g 1 mVrms | must he
9 . shock
protected
Plezo- ! . .
elec- #1 to 2105 ¢ es low as -100° to 2509F 1 to 50 kliz 1% T 5% 0.2 mVp/p | no d.c.
tric 0.01 g o(n) - response
Capaci- |t1.to 2101 ¢ Infinite ¢.02% 1s/OF | O to 10 kHz +13 0.01 g/g 2 mVrms .| must be
tive 0 to 150°F 20.1%(H) N - balanced-
\
Strain |2.01 to203 g | Infinite 1 .01% ts/OF 0 to 1 kHz t1% . _ .02 gl Unknown | wust be .
Gauge -65 to 250°F ’ £1%(H) balanced
(H) Hysteresis fs Full scale P/P Peak to Peak

K.4.3.2.1 SERVO-ACCELEROMETERS

Servo or closed-loop type accelerometers offer accuracy, stability and
reliability 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. | - e

When this signal is properly amplified and supplied to a force or a torque
generator acting on the mass, an equilibrium is produced which restores or
maintains the mass' position in the field. -The current used to position the
mass is proportional to the acceleration being experienced. 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 main sources
of inaccuracy in the open-loop accelerometer, the non-linear mechanical spring
and displacement to voltage convertor, are eliminated. The primary .disadvan-
tage of this sytem is its 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 hon—pendu]ous with a flexure mount. The flexure types tend to
perform better in a shock environment such as the rail environment since the
flexures do not degrade with only moderate over-ranging. In contrast the
pendulous types use a pivot, generally a Jjewelled pivot, which tends to
degrade with even minor over-ranging.

Other advantages of the servo accelerometer are its long term stability, a
high level output typically greater than 1 volt per g and its 1ow frequency
response down to d.c. The frequency response is Timited typically to 200 Hz
which is acceptable for almost all rail research applications.

Ke4.3.2.2 PIEZOELECTRIC ACCELEROMETERS

Accelerometers which make use of either crystals or ceramic materials
which exhibit piezoelectric effects are very useful in certain aspects of rail
research. Very simply, this type of accelerometers uses a material which when
compressed generates an electric charge much 1ike static electricity. Thus,
by placing a seismic mass over a 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 into an electric
signal proportional to the acceleration.

“Until récent]y 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 large capaci-
tive effects due to such simple things as bending. Presently hovever, piezo-
electric transducers employ field effect transitors (FET) located in the trans-
ducer immediately adjacent to the crystal which converts the signal -to an
electrical potential.
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The piezoe]ectfic 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 discharge of the excess charge build up. Secondly
piezoelectric accelerometers have the highest response capability of any type
of accelerometer, in some cases as high as 100 kHz. This, however, has
limited value in rail research applications., .

The piezoelectric acce1erqmeter has: two major draw backs. First, it does
not have the ability to measure steady state or constant acceleration. It is
by nature a.c. coupled or a 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 applications. Perhaps the
largest -problem with the piezoelectric transducer is its transverse axis sen-
sitivity. As shown in Table 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 accelerometer in environments where accelera-
“tions in mutually orthogonal directions are of equal magnitude.

K.4.3.2.3 CAPACITIVE ACCELEROMETERS

The capacitive accelerometer offers a reasonable compromise between the
servo and piezoelectric accelerometer in. terms of rangé, accuracy and rugged-
ness. The capacitive accelerometer consists of a one piece 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 to the magnitude of the-acceleration vector perpendicular to the
electrodes. 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‘acce]erométer'is 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
also has much better transverse axis sensitivity characteristics..
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Associated with capacitive accelerometers are certain disadvantages.
First, the transducer is placed in a circuit which must be balanced under spe-
cified conditions. Furthermore, unbalancing can lead to drift in the measured
signa]'as the power supply or other components of the circuit unbalance the
transducer. Second, because of its open-loop characteriétics, its linearity
and hysteresis characteristics can be a limiting factor.

Ke4.3.2.4 STRAIN GAUGE ACCELEROMETERS

Another type of transducer which is both rugged and reasonably accurate is
the strain gauge accelerometer. The principle of operation is similar to
other accelerometers in that a seismic mass is involved. The force or
actually deflection created by the acceleration vector 1is sensed using a
strain gauge.

Strain gauge accelerometers have the advantage of no moving parts and accu-
racy of the order of 1 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 unit acceleration. - This puts increased emphasis on stable
amplifiers. i

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 negotiation and dynamic
curving, inputs from the track should be analyzed. 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 can 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 .specialized equipment
such as the Track Geometry Device (TGSD); and improvising by using the -special
test vehicle. Each of these methods has certain advantages and disadvantages.
which will be examined in this section.

K.4.4.2 AUTOMATED MEASUREMENT VEHICLES

Automated measurement vehicles come in a variety of sizes and capabilities
and provide the results rapidly when track geometry measurements are required.
They range from the hi-rail vehicles similar to that developed under TSC spon-
sorship, through the mid-sized vehicles such as the Plasser EM-80/110 and the
Matissa 422 to the full-sized heavy vehicle 1like T1/T3, T2/T4, T-6 .and T-10
produced by ENSCO for the FRA and similar full-sized vehicles developed by
several railroads. These vehicles are similar in that each has automated
data collection and processing capability. However, measurement capability,
speed, system configuration and reporting capability will 'vary according to
the vehicle. :

Latest design of the FRA full-sized heavy vehicles such as T-6 and T-10
use inertial and noncontact proximity sensors to provide fully Toaded .measure-
ments of gauge, crosslevel, warp, curvature, profile and alignment of each
rail. In addition, support signals such as speed, distance and location are
also generated. :

The gauge and crosslevel signals are point measurements and can be measur-
ed down to zero mph. The gauge system uses noncontact proximity sensors with
a servo feedback system, and the crosslevel system uses a Compensated Accelera-
tion System (CAS) as a measurement technique. Warp is computed from cross-
level as the difference in crosslevel over some specified distance, typically
31 or 62 feet and is provided down to zero 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 two 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 measurement which can be used from zero mph up to 50
mph. Both methods display the data as the mid-chord offset (MCO) from a 62°
chord. Profile on T-10 uses only the inertial method, can operate down to 4
mph, and is displayed as the MCO of a 62 foot chord. "The al ignment systém on
both T-6 and T-10 uses an inertial method and is displayed as the MCO of a 62'
chord. The low speed cutoff for alignment on T-6 is 25 mph, and on T-10 it is
15 mph. T-6 has a 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. |

The data collection and processing systems on T-6 and T-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 to the measurement axles which
have a loading of approximately 20 tons each. This loading ensures a track
geometry measurement made under dynamic load.

The mid-sized measurement vehicles provide gauge, crosslevel, twist or
warp, profile and alignment of each rail. " Contact wheel type sensors are used
to provide gauge, profile, twist and alignment. Crosslevel is measured using
either a gyroséopic pendulum or a compensated accelerometer system depending
on the manufacturer. Gauge and crosslevel are measured and presented as point
measurements. Profile and alignment are measured as three point chords and
presented as the MCO from a pre-selected chord. The typical measured profile
chord is 10 meters and the typical alignment measured. chord is 8.6 or 10
meters depending on the manufacturer. The selected chords used for profile
~and alignment may vary, but each has the capability of calulating a 62' chord
for processing purposes. Wafp is generally measured at a fixed base using two
adjacent axles; however, an option is offered to compute warp at.other base
lengths from the crosslevel signal. Warp can 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 1is accomplished mainly -in the analog
domain but with a trend toward more digital capability with more recent
designs. The typical oUtput from these systems include a strip chart record-
ing, a digital report (their formats vary depending on the manufacthrer) 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, depending on the manufacturer. The three measurement
axles used for sensor locations have different loadings. The running -axles
carry a load of approximately 10 tons while the measurement axles carry loads
of one ton or less again, depending on the manufacturer.  This variance in the
axle loading may, depending on the track conditions, cause a small difference
in the computed parameter. This condition is generally acceptable but not
ideal. '

The smaller, more lightweight automated measurement cars are called
hi-rail vehicles. These highway vehicles are modified to 1incorporate a
Timited ‘capability of operating on railroad track. These hi-rail wvehicles
operate at reduced speeds with the maximum being 25-30 mph and come in a vari-
ety of sizes and weight. Some vehicles in this group are offered by Plasser
(EM-25) and Dapco (TEC-iOO). These hi-rail vehicles use a mechanical wheel
type contact sensor for gauge, a compensated accelerometer system -(CAS) for

crosslevel and a three point contact system (EM-25) or a four point contact
-system (TEC-100) for profile and alignement. Warp is computed from crosslevel
in both systems. In addition, the TEC-100 offers curvature which is a para-
meter derived from alignment. The gauge and- crosslevel measurements are
presented as point measurements. The twist or warp signal is presented ‘at a
fixed base preselected by the user. The profile and alignment signals are
presented as the midchord off-set from one of a preselected set of chords
which include the 62 foot chord.

These 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, a digital exception report and a digital tape containing the raw
sensor data. Also included on the tape are the support signals such as speed
and distance 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
(TTC) 1in Pueblo, CO.

The TGSD measures gauge and crosslevel directly and the (x, y) coordinates
of profile and alignment. The gauge system uses mechanical contact sensors to
provide the gauge measurement. The cross]eve]hsystem uses a pendulum to-pro-
duce the basic crosslevel signal and is the only signal monitored during
normal operation. "

The profile and- alignment (x,Ay) coordjnates,aré generated - from signé]é
derived from a photo-detector which locks on to a laser beam sent from a sepa-
rate track unit at a distance up to 225 feet. These (x, y) coordinate values
are recorded along with the gauge, crosslevel, and other surVey information on
a digital tape which is the only system ohtput. There 1is no 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 ENSCO. The TGSD can oh]y be operated at night and
needs and experienced crew during normal operation.

K.4.4.4 DATA ACQUISITION VEHICLE

A. fourth means of obtaining track geometry measurements is to process
selected signals by instrumeﬁtation on the data 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
geometry can and will change to varying extents with time and use. This
approach would measure track geometry in parallel with the vehicle's response
circumventing this problem.

In order to measure track gedmetry using signals coming from the test
vehicle, a mid-level minicomputer system or maximum capability microcomputer
is required including the software and all algorithms. Special sensors and
analog processing is also a necessity. Today's track geometry measurements

K-59



are complex and require interactive correction terms in addition to a great
deal of special processing. For these reasons a track geometry system would
have to be in addition to the existing capability of a special test vehicle if
they were to require special -test processing and track geometry processing
simultaneously. If they could be run sequentially then the hardware/software
requirements for the track geometry computer configuratioh could be integrated
into. those for spécia1 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 specially adapted for use by the special
test vehicle. All special considerations such as power, environmental, and
work areas must be given in addition to those things indigenous to a track
geometry vehicle such as cable runs, special undercar 1ights 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.

Ke4.4.5 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 crosslevel
using a measurement mounted bar type device which is rolled down the track to
a track analyzer providing gauge, crosslevel, profile and alignment data. The
track analyzef uses sectional tubes inserted end-to-end to create and extend
the measurement chord for profile and alignment. Mdst 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-a log. Manual
chord measurements for profile and alignment can be made using string and a
distance measuring device such as a ruler. This method is very time consum-
ing, heavily Tabor infensive, and is highly dependent on the competency 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 a 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
collection is taken in log form by the test crew. If the data is to be auto-
mated at a later date, the data must be manually entered into 'a processor or
storage device. :

K.4.4.6 SUMMARY

In reviewing the track geometry measurement methods available to support a
test program one must consider the location of the test track, length ofvthe
test track, including the test zone or zones, available equipment, 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 data very quickly. Tests
have been run that demonstrate the repeatability and accuracy of these cars.
Midsized test cars and hi-rail vehicles can also provide data quickly but do
not have the capability of making a fully loaded measurement. All the above
mentioned test cars (full sized, midsized, and hi-rail) can provide the track
geometry measurement data in real time. In addition, these cars also.provide
a threshold-level report with locations of each 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. It is
difficult and time consuming to move from location to location; it requires an
experienced crew and it does not provide real-time data. :

Manual measurements can be used if unloaded static measurements are accept-
able, labor "is available, time is plentiful and a Tow level of accuracy is
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acceptable. Both time and accuracy jn making manual measurements are véry
dependent on the personnel involved. As a result, the repeatability of manual
measurements is generally much poorer than automafed systems. If one uses one
of the more complex devices then the repeatabf]ity and accuracy improves but
is still dependenf on the personnel involved.

~To 1incorporate the qapability of adding track geometry measurement capabil-
ity to an existing test yéh1c1e‘1s expensive and, unlesé implemented using a
comprehensive plan, will not providé the desired ‘capabiljties or results.
Track'geometry measurements utilize digita]1y implemented complex algorithms,
including interactive correction terms between parameters, and special process-
ing techniques. Sensor placement and analog preprocessing are also significant
to the data accuracy and repeatability. As a result, unless the test program
is of sufficient duration to justify an expenditure to add this capability the
use>df~an existing automated track geometry test vehicle is a better solution.
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4.5 PERFORMANCE ISSUE ONBOARD INSTRUMENTATION SELECTION GUIDE

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

are cross referenced.

If the evaluation of specific components is desired, a subset of the
instrumentation defined for the related performance issues may be selected at
the discretion of the user. For example, if the comparison of two lateral
secondary suspension elements .is desired than a measurement of element
deflection and one of 1lateral carbody acceleration above the truck
centerplate may be sufficient.
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TABLE K-4.8 JINSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE - HUNTING

MINIMUM INSTRUMENTATION REQUIREMENT

*] TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE. TYPE COMMENTS
1 |ACCELEROMETER | carBobY - A=ERD LATERAL 2 g 0 - 30 Hz SERVO HARD
MOUNT
2 (ACCELEROMETER | CARBODY B-END LATERAL 2 5 0 - 30 Hz SERVO HARD
: MOUNT
3 |ACCELEROMETER | AXLE LEADING AXLE LATERAL 210 g 0 - 30 Hz  |'SERVO 3UOCK-
TRAILING TRUCK MOUNT
+ |ACCELEROMETER | AXLE TRAILING AXLE LATERAL £10 g T - 30 Hz SERVO SHOCK-
TRAILING TRUCKH VOUNT
S |DISPLACENENT CARBODY TO TRAILING TRUCK LONGITUDINAL :10 in 0 - 30 Hz POTENTIOMETER
TRUCK
6 (ACCCLCROMETER | AXLE LEADING AXLE | LONGITUDINAL £10 g a - 30 N1z SERVO SHOCK-
TPAILING TRUCK MOUNT
* | TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
7 UINSTRUMENTED | TRAILING TRUCIH LEAUING AALE LATERAL s 10 kips no- 100 Hz INSTRUMENTED
IMHEF.LSET RIGUT SIOF WHEELPLATE
4 |INSTRUMENTED | TRAILING TRUUH LEADING AXLE LATERAL s 40 kips 0 - 100 Hz INSTRUMENTED
NHEELSET LEFT SIDC WHEELPLATE
9 [1NSTRUMENTED | TRAILING THUC'] LEALING AXLE VERTICAL n - S0 kips| 7 - 100 Hz INSTRUMENTED
MUFELSET RIGNT SINE WIEELPLATE
10 {INSTRUMENTED | TRAILING TRUCY LEALING AXLE VERTICAL 0 - SO kips| O - 100 Hz INSTRUMENTED
NHEELSET ILEFT SIDC WHEELPLATE

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

AND PROCESSING METHODOLOGY
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TABLE K-4.9 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE -
TWIST AND ROLL

MINIMUM INSTRUMENTATION REQUIREMENT

% | TRANSDUCER -LOCATION ' POSITION ORIENTATION RANGE - | FREQ. RESPONSE TYPE COMMENTS
1 | GYROSCOPE CARBODY C.G. VERTICAL 210° - 0 ~ 10 Hz ABSOLUTE AAR SPEC D-65
. . | REQUIRED
2 | ACCELEROMETER | CARBODY .G, LONGITUDINAL 12 g 0 - 30-Hz igavo HARD |SAME AS ABOVE
' g .- UNT -
3 | ACCELEROMETER | CARBODY A-END LATERAL 12'g 0 ~ 30 Hz :gaxg BARD |SAME AS ABOVE
4 | ACCELEROMETER | : CARBODY B-END LATERAL 12 g 0 - 30 Hz SERVO HARD |[SAME AS ABOVE
. . MOUNT
S | ACCELEROMETER | CARBODY A-END VERTICAL 2 g 0 - 30 Hz SERVO HARD (SAME AS ABOVE
. JON CENTER LINE NOUNT
6 | ACCELEROMETER | CARBODY B-END" RIGHT VERTICAL 22 g 0 - 30 Hz - ig::g HARD [SAME AS ABOVE
7 | ACCELEROMETER | CARBODY B-END LEFT . VERTICAL 22 g 0 - 50 Hz SERVO HARD [SAME AS ABOVE
17 | acceLenoueTsr| caracoy A-END RIGHT VERTICAL 2 g 0 - 30 1z igﬁ;g HARD |SAME AS ABOVE
18 | ACCELEROMETER | CARBODY B-END LEFT VERTICAL 2 g 0 - 30 Mz igg;g HARD | SAME AS ABOVE
% | TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ RESPONSE TYPE COMMENTS
8 |DISPLACEMENT | CARBODY TO RIGHT SIDE VERTICAL 110 1o 0 - 10 Hx  |POTENTIOMETER |CARBODY TO
TRUCK TRUCK ROLL
9 |DISPLACEMENT {CARBODY TO LEFT BIDX VERTICAL 210 in 0 - 10 Hz  POTENTIOMETER [CARBODY TO
TRUCK . TRUCK ROLL
10 |DISPLACEMENT |SPRING GROUP' | RIGET 81D VERTICAL £10 1o 0 - 10 H3  |POTENTIONETER |SPRING GROUP
: DEFLECTION
11 |DISPLACEMENT |[SPRING GROUP | 'LEFT SIDE VERTICAL 10 in 0 -~ 10 Hz  POTENTIOMETER |SPRING GROUP
DEFLECTION
12 |CAMERA LEAD AXLE -AXLE VERTICAL - - VIDEO DETERMINE
CENTERLINE WHEEL LIFT
13 | INSTRUMENTED | TRAILING TRUCNLEADING ‘AXLE LATERAL $40 kips 0 - 100 Hr |INSTRUMENTED
WHEELSET RIGHT SIDE' _ WHEELPLATE
14 |INSTRUMENTED [FRAILING TRUCK LEADING AXLE LATERAL +40 kips 0 - 100 Hx |INSTRUMENTED
WHEELSET LEFT SIDE WHEELPLATE
15 | INSTRUMENTED (TRAILING TRUCK [AXLE VERTICAL 0 - 50 kips | O - 100 Hx |INSTRUMENTED
WHEELSET . RIGIT SIDE WHEELPLATE
16 | INSTRUMENTED |[TRAILING TRUCK |AXLE VERTICAL 0 - 50 kips | 0 - 100 Hz |INSTRUMENTED
WHEELSET LEFT SIDE ’ WHEELPLATE

* GSEE FIGURE K~4.9 AND TABLE K-4.16 FOR INSTALLATION LOCATIONS AND
PROCESSING METHODOLOGY
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A"END DIRECTION OF TRAVEL “B” END
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O - 6YROSCOPE
O - cAMERA
3 - PROXIMITY SENSOR

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 PERFORMANCE ISSUE -
PITCH AND BOUNCE »

MINIMUM INSTRUMENTATION REQUIREMENT

LEFT SIDE

0 - 10 B

* | TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 | ACCELEROMETER | CARBODY A-END ON VERTICAL 1 2g 0 - 30 Hz .| SERVD HARD
CENTERLINE : MOUNT
2 | ACCELEROMETER | CARBODY B-END ON - VERTICAL t2g 0 - 30 Bz | SERVO HARD
; CENTERLINE MOUNT -
OPTIONAL INSTRUMENTATION ‘
% | TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
3 | DISPLACEMENT | SPRING GROUP | RIGMT SIDE VERTICAL £ 10" 0 - 10 Hz  |POTENTIOMETRIC | SPRING
GROUP
.| DEFLECTION
4 | DISPLACEMENT | SPRING GROUP VERTICAL : 10" [POTENTIOMETRIC |

* SEE FIGURE K-4.10 AND TABLE K-4.18 FOR INSTALLATION LOCATIONS AND

PROCESSING METHODOLOGY
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“A”" END DIRECTION OF TRAVEL “B"” END
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] - PROXIMITY SENSOR

FIGURE K-;4.10 INSTRUMENTATION LAYOUT FOR PITCH AND BOUNCE =

* SEE TABLE K-4.10 FOR TRANSDUCER PROPERTIES
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TABLE K-4.ll

INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE
YAW AND SWAY "

MINIMUM INSTRUMENTATION REQUIREMENT

FREQ. ‘RESPONSE

TYPE

% | TRANSDUCER LOCATION POSITION ORIENTATION COMMENTS
ACCELEROMETER CARBODY A-END LATERAL t2g 0 - 30 He SFRYD HARD
. ’ MOUNT )
ACCE!.EROMETER CARBODY B-ENp LATERAL £ 23 0-- 30 Hz SERVO HARD
. o R ", o] wouNT:
DISPLACEMENT CARBODY TO RIGHMT SIDE -VERTICAL s 10" 0 - 10 He ‘NﬁKrIOMETRIC CARBODY TO
TRUCK TRUCK ROLL
DISPLACEMENT CARBODY TO LEFT S1DE VERTICAL t 10" 0 - 10 Hz POTENTIOMETRIC | CARBODY TC
TRUCK ’ TRUCK ROLL
* | TRANSOUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
H INSTRUMENTED |TRAILING TRUCK | LEADING AXLE LATERAL t 40 kips 0 - 100 Hz | INSTRUMENTED
WHEELSET RIGIT SIpE WHEELPLATE
[} {NSTRUMENTED |TRAILING TRUCK | LEADING AXLE LATERAL t 40 kips’ 0 - 100 Hz INSTRUMENTED
WHEELSET LEFT SIDE WHEELPLATE
7 | INSTRUMENTED [TRAILING TRUCK.|  AXLE VERTICAL 0 - 50 kips 0 - 100 Hz [ INSTRUMENTED
WHEELSET RIGHT SIDE WHEELPLATE
8 INSTRUMENTED |TRAILING TRUCK AXLE > VERTICAL 0 - SO kips 0 - 100 Hz INSTRUMENTED
WIHEELSET . LEFT SiDE WHEELPLATE

% SEE FIGURE K-4.11 AND TABLE K-4.17 FOR INSTALLATION LOCATIONS AND
PROCESSING METHODOLOGY
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"B" END

“A” END DIRECTION OF TRAVEL
- ~
TOP VIEW ) ) T
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FIGURE K-4.11
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QO - DISPLACEMENT TRANSDUCER
IWS - INSTRUMENTED WHEELSET -

O - GYROSCOPE
O - cAMERA
(] - PROXIMITY SENSOR

* SEE TABLE K-4.11 FOR TRANSDUCER PROPERTIES
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TABLE K-4.12

INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE
STEADY-STATE CURVING

MINIMUM INSTRUMENTATION REQUIREMENT

AND PROCESSING METHODOLOGY

K-72

% | TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 INSTRUMENTED [TRAILING TRUCK | LEADING A-XLE LATERAL s 40 kips 0 « 100 H2 INSTRUMENTED
WHEELSET - ) RIGIT SIDE . WHEELPLATE
2 INSTRUMENTED |[TRAILING TRUCK | LEADING AXLE LATERAL s 40 kips 0 » 100 Hz lNSTRUNéNTED
WHEELSET LEFT SIDE WHEELPLATE
3 INSTRUMENTED [TRAILING TRUCK | LEADING AXLE VERTICAL 0 - SO kips 0 - 100 Hz INSTRUMENTED
WHEELSET RIGIT SIDE WHEELPLATE
4 INSTRUMENTED [TRAILING TRUCK | LEADING AXLE VERTICAL 0 - 50 kips 0 - 100 H2 INSTRUMENTED
WHEELSET | LEFT SIDE WHEELPLATE
s INSTRUMENTED [TRAILING TRUCK | TRAILING AXLE | LATERAL ¢t 40 kips 0 - 100 Hz | INSTRUMENTED
WHEELSET RIGIT SIDE WIIEELPLATE
[} INSTRUMENTED |TRAILING TRUCK | TRAILING AXLE | LATERAL t 40 kips 0 - 100 Hz | INSTRUMENTED
WHEELSET LEFT SIDE : WHELLPLATE
? INSTRUMENTED - {TRAILING TRUCK | TRAILING AXLE | VERTICAL 0 - S0 kips 0 - 100 H: INSTRUMENTED
WHEELSET RIGHT SIDE WHCELPLATE
] INSTRUMENTED |TRAILING TRUCK | TRAILING AXLE | VERTICAL 0 - 50 kips 0 - 100 M2 INSTRUMENTED
WHEELSET LEFT SIDE WHEELPLATE
9 ACCELEROMETER |CARBODY CENTERLINE LATERAL s 21 p's 0 - 30 Wz SERVO HARD PASSENGER
A- LND MOUNT COMFORT
[ ACCELEROMETER |CARBODY CENTERLINE LATERAL * 2 g's 0 - 30 Hz SERVO HARD
- B-END MOUNT
l L
*Transducers ]1-1¢ are duplicetes of 1-4 and{would be used enly if 3 axle grucks were invoived.
* | TRANSDUCER LOCATION " POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE - COMMENTS
15 | ACCELEROMETER AXLE LEADING AXLE - LATERAL s 10 g 6 - 30 Hz | SERVO SHOCK
. TRAILING TRUCK . |MOUNT
16 | ACCELEROMETER AXLE TRAILING AXLE LATERAL 10 ¢ 0 - 30 Hz SERVO SHOCK
TRAILING TRUCK ) MOUNT
17 | DISPLACEMENT | SECONDARY RIGIT SIDE LATERAL s g 0 - 10 Hz POTENTIOMETRIC
SUSPENSION
18 | DISPLACEMENT | SECONDARY LEFT SIDE LATERAL s 8" 0 - 10 Hz POTENTIOMETRIC
SUSPENSION
19 | DISPLACEMENT | PRIMARY RIGHT SIDE LATERAL s 5 0 - 10 Hz POTENTIOMETRIC
SUSPENSION
20 | DISPLACEMENT | PRIMARY LEFT SIDE LATERAL 1" 0 - 10 Hz POTENTIOMETRIC
SUSPENSION
21 | PROXINITY TRAILING TRUCXI RIGHT SIDE LATERAL z 3" 0 - 20 H2 MAGNETIC TO PROVIDE
LEADING WHEEL WHEEL AOA
'SIDE FRONT
22 | PROXIMITY TRAILING TRUCK RIGHT SIDE LATERAL R 0 - 20 Hz MAGNETIC TO PROVIDE
LEADING WHEEL WHEEL AOA
REAR SIDE
* SEE FIGURE K-4.12 AND TABLE K-4.19 FOR INSTRUMENTATION LOCATION




“A” END DIRECTION OF TRAVEL "“B” END
-
TOP VIEW _ L O
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FIGURE K-4.12 INSTRUMENTATION LAYOUT FOR STEADY-STATE CURVING #*

* SEE TABLE K-4.12 FOR TRANSDUCER PROPERTIES
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TABLE K-4.13

SPIRAL NEGOTIATION

MINIMUM INSTRUMENTATION REQUIREMENT

INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE -

% | TRAMSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
1 |INSTRUMENTED [TRAILING TRUCK | LEADING AXLE LATERAL + 40 kips 0 - 100 Hz INSTRUMENTED
WHEELSET ) RIGHT SIDE WHEELPLATE
? [INSTRUMENTED [TRAILING TRUCK | LEADING AXLE LATERAL t 40 kips 0 - 100 Hz INSTRUMENTED
WHEELSET © | LEFT SIDE WHEELPLATE
3 |INSTRUMENTED [TRAILING TRUCK | LEADING AXLE VERTICAL 0 - 50 kips 0 - 100 Hz INSTRUMENTED
WHEELSET RIGHT SIDE WHEELPLATE
¢ {INSTRUMENTED [TRAILING TRUCK |[LEADING AXLE VERTICAL 0 - SO kips n - 100 Hz INSTRUMENTED
WHEELSET LEFT SIDE . . WHEELPLATE
S |INSTRUMENTED [TRAILING TRUCK | TRAILING AXLE LATERAL : 40 kips 0 - 100 Hz INSTRUMENTED
WHEELSET : RIGHT SIDE ' WHEELPLATE
& [INSTRUMENTED knAIanc TRUCK | TRAILING AXLE LATERAL + 40 kips 0 - 100 Hz INSTRUMENTED
WHEELSET LEFT SIDE WHEELPLATE
7 |INSTRUMENTED [TRAILING TRUCK | TRAILING AXLE VERTICAL 0 - S0 kips 0 - 100 Hz [NSTRUMENTED
IWHEELSET RIGHT SIDE . WHEELPLATE
8 |INSTRUMENTED [TRAILING TRUCX |TRAILING AxLW VERTICAL 0 - S0 kips 0 - 100 Hz INSTRUMENTED
IWHEELSET LEFT SIDE WHEELPLATE
9 |ACCELEROMETER [CARBODY CENTERLINE LATERAL + 2g's 0 - 30 Hz SERVO HARD PASSENGER
A-END MOUNT COMFORT
10 |ACCELEROMETER [CARBODY CENTERLINE LATERAL t2g's @ - 30 He SERVO HARD
. 3- END : MOUNT
11 |
*Transducers 1114 are duplicates of 1-4 and qould be used orly if 3 axle triicks were involfed.
15 | ACCELEROMETER CARBODY C.G. LONGITUDINAL t 23 0 - 30 Nz :gﬁ:g HARD AAR SPEC D-65
16 | ACCELEROMETER CARBODY A-END VERTICAL st 2g 0°- 30 Hz SERVO HARD SAME AS ABOVE
ON CENTERLINE MOUNT
17 | ACCELEROMETER CARBODY B-END RIGHT VERTICAL £ 23 0 - 30 Hz agg:g HARD SAME AS ABOVE
18 | ACCELEROMETER CARBODY A-END LEFT VERTICAL t2g 0 - 30 Hz fgsm HARD SAME AS ABOVE
% | TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQD. RESPONSE TYPE COMMENTS
19 | ACCELEROMETER AXLE LEADING AXLE LATERAL £ 10 g 0 - 30 He SERVO SIOCK
TRAILING TRUCK MOUNT
20 | ACCELERONETER AXLE TRAILING AXLE | LATERAL £ 10 g 0 - 30 Mz SERVO SHOCK
TRAILING TRUCK MOUNT
21 | DISPLACEMENT | SECONDARY RIGHT STDE LATERAL P 0 - 10 H: POTENTIOMETRIC
SUSPENSION -
22 | DISPLACEMENT | SECONDARY LEFT SIDE LATERAL P i 0 - 10 Hs POTENTIOMETRIC
SUSPENSION .
23 | DISPLACEMENT | PRIMARY RIGHT SIDE LATERAL s 1" 0 - 10 Hz POTENTIOMETRIC
SUSPENS 10N b
24 | DISPLACEMENT | PRIMARY LEFT SIDE LATERAL s Q" 0 - 10 Hz POTENTIOMETRIC
SUSPENSION- : :
25 | PrOXIMITY TRAILING TRUCK| RIGHT SIDE LATERAL L 3 0 - 20 HE MAGNETIC TO PROVIDE
LEADING WHEEL WHEEL AOA
FRONT SIDE . : )
26 | PROXIMITY TRAILING TRUCK| RIGHT SIDE LATERAL t 3" 0 - 20 Mz MAGNETIC TO PROVIDE
. kg:glggnzuzsn WHEEL AOA

% SEE FIGURE K-4.13 AND TABLE K-4.20 FOR INSTRUMENTATION LOCATIONS AND
PROCESSING METHODOLOGY
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?'A" END

DIRECTION OF TRAVEL
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FIGURE K-4.13 INSTRUMENTATION LAYOUT FOR SPIRAL NEGOTIATION %

* SEE TABLE K-4.13 FOR TRANSDUCER PROPERTIES
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TABLE K-4.14 INSTRUMENTATION REQUIREMENTS FOR PERFORMANCE ISSUE
DYNAMIC CURVING

MINIMUM INSTRUMENTATION REQUIREMENT

% | TRANSDUCER LOCATION. POSITION ORIENTATION RANGE FREQL RESPONSE TYPE COMMENTS
1 |UNSTRUMENTED TRAILING TRUCK | LEADING AXLE LATERAL ¢ 40 kips 0 - 100 Hz INSTR[MEN‘.I'ED
WHEELSRT RIGHT S1DE WHEELPLATE
2 [INSTRUMENTED [TRATLING TRUCK | LEADING AXLE LATERAL + 40 kips 0 - 100 Hz | INSTRUMENTED
WHEFLSET LEFT St1De WIELLPLATE
3 {INSTRUMENTED [TRAILING TRUCK | LEADING AXLE VERTICAL 0 - S0 kips 0 - 100 Hz | INSTRUMENTED -
WIELLSET ! RINT SIDE WHEELPLATE
t |INSTRUMENTED  [TRALLING TRUCK { LEADING AXLE VERTICAL 0 - SO kips 0 - 100 Hz | INSTRUMENTED
WHIEELSET LEFT SIDE WIEELPLATE
$ |(NSTRUMENTED [TRAILING TRUCK | TRATLING AXLE'| UATERAL + 40 kips 0 - 100 Hz | {NSTRUMENTFD
WHELLSTT RIGHT SIDE WIRELPLATE
6 |INSTRUMENTED ITRAILING TRYCK | TRAILING AXLE LATERAL + 40 kips 0 - 100 Hz | INSTRUMGNTED
WHEELSET LEFY SI1DE WIELLPLATE
7 |INSTRUMCNTED ITRAILING TRUCK ] TRAILING AXLE VERTICAL 9 - 50 kips 0 - 100 H: INSTRUMENTED
WITEFLSCT RIGIT SIDE ) WIEELPLATE
2 |INSTRUMENTED  [TRAILING TRUCK | TRAILING AXLW VERTICAL 0 - S0 kips 0 - 100 Ht | INSTRUMCNTCD
WHEELSET LEFT S108 WHEELPLATE
9 {ACCELEROMETER [CARBOOY CENTCRLIKE LATERAL t2g's 0 - 30 Hz SERVO HARD PASSENGER
A= FND . MOUNT COMFORT
10 |[ACCRLEROMETER [CARSODY CENTERL INB LATERAL t 2¢g's 0 - 30 Hz SERVO HARD
. 8- ND MOUNT -
11 J*
*Transducers ] 14 are duplicates of 1.4 and qould be used orfly if 3 axie triicks were invoifed.
(] ACCELFROMETER CARRODY .G, LONGTTHDENAL, ¢ 28 0 - 30 1z SERVD NARD AAR SPEC D-AS
MOUNT
(L] ACCELFROMETER CARRODY A-IIND VERTICAL t 2 g n 30 Mz SERVO HARD SAME AS ARDVE
] ON CENTERLINE MOINT
17 ACCELEROMETER. CARRODY B-FND RIIIT VERTICAL t 2 g N - 30 Hz STRVO HIARD SAME A5 AROVE
R MOUINT
K] ACCELEROMETFER CARBODY 8-END LEFT VERTICAL LI 1 0 - 30 H SERVO IARD SAME AS ARDVE
. MOLINT
% | TRANSDUCER LOCATION POSITION ORIENTATION RANGE FREQ. RESPONSE TYPE COMMENTS
19 | ACCELEROMETER AXLE LEADING AXLE LATERAL s 10 g 0 - 30 He SERVO SNOCK
TRAILING TRUICK - MOUNT
0 | ACCELEROMETER ATLE TRAILING AXLE | LATERAL *+ 10 g 0 - 30 He SERVD SHOCK
TRAILING TRUCK MOUNT
21 | DISPLACEMENT | SECONDARY RIIIT SINE LATERAL : 5 0 - 10Nz POTENTIOMETRIC
. SUSPENSION
22 | DISPLACEMENT | SECONDARY LEGFT SI0E LATERAL e 5 n - 10 Hz POTENTIOMETRIC
! SUSPENSION
23 | DISPLACEMENT | PRIMARY RIGIT S10E LATERAL Lo 0 - 10 He POTENTIONMETRIC
SUSPENS 10N
21 | DISPLACEMENT | PRIMARY LEFT SIDE LATERAL s " 0 - 10 Hz POTENTIOMRTRIC
SUSPENSION
25 | PROXIMITY TRAILING TRUCK| RIGIT SIDE LATERAL i 0 - 20 Hiz MAGNETIC 70 PROVIDE
LEADING WHEEL WHECL AOA
FRONT SiDE
26 | PROXIMITY TRAILING TRUCK{ RIGHT S1DE LATERAL [ 0 - 20 Hs MAGNETIC TO PROVIDR
LEADING WHEEL : WHEEL AOA
REAR SIDE ’
* SEE FIGURE K-4.14 AND TABLE K-4.21 FOR INSTRUMENTATION LOCATIONS

AND PROCESSING METHODOLOGY
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DIRECTION OF TRAVEL “B"” END
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FIGURE K-4.14 INSTRUMENTATION LAYOUT FOR DYNAMIC CURVING *

* SEE TABLE K-4.14 FOR TRANDUCER PROPERTIES
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TABLE K-4.15 PROCESSING METHODOLOGY - HUNTING

CARBODY SWAY- (a1 + az)/Z

s

CARBODY YAW = (a; - a,)(386/2.)

TRUCK SWAY

(a3 + a4)/2

TRUCK YAW (a. - a4)(386/2c)

S

TRUCK SWIVEL = Sin !X /d = 180 X¢/nd

Right Side Lateral Force, F,
Right Side Vertical Force, Fq

Right Side L/V

Left Side Lateral Force, F8

Left Side Vertical Force, FlO

Left Side L/V

UNITS

g's
oA 2
radians/sec
g's
: 2
radians/sec

degrees’

kips
kips
kips
kips

TABLE K-4.16 PROCESSING METHODOLOGY - TWIST AND ROLL

CARBODY TWIb? = (ad: a7)+ (318.-817) (386/W)

CARBODY SWAY

(33 + ad)/z

e - ()}

(36 - a7)(386/w)

CARBODY BOUNCE

CARBODY ROLL

(ag + a,)

CABBQDY PITCH [as - —2—](386/1c)

CARBODY YAW

(as - ad)(386/1c)
CARBODY TO TRUCK ROLL = (X8 - Xg)/a

Right Side Lateral Force, F13
Right Side Vertical Fprce;zFls
Right Side L/V

Left Side Lateral Forcg, F14
Left Side Vertical Force, F16

Left Side L/V
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UNITS

. 2

radians/sec
g's
g's

. 2
radians/sec

radians/secZ
X 2

radians/sec

radians

kips
kips
kips
kips



TABLE K-4.17 PROCESSING METHODOLOGY - YAW AND SWAY

UNITS

CARBODY SWAY = (a1 + az)/Z g's
CARBODY YAW = (a; - a,)(386/2) radians/sec’
CARBODY TO TRUCK ROLL = (X3 = %4) radians
a
Lateral Force Leading Axle Trailing Truck kips
Right side, F.
Vertical Force Leading Axle Tfailing Truck kips

Right Side, F7
L/V Leading Axle Trailing Truck Right Side

Lateral Force Leading Axle Trailing Truck kips
Left Side, Fe

Vertical Force Leading Axle Trailing Truck kips
Left Side, Fg

L/V Leading Axle Trailing Truck

TABLE K-4.18 PROCESSING METHODOLOGY - PITCH AND BOUNCE

UNITS

. A1 + AZ
CARBODY BOUNCE = _7_> . g's
A, - A - ;
CARBODY PITCH = (LE_Z) (%iﬁ> radians/sec’
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TABLE K-4.19 PROCESSING METHODOLOGY - STEADY-STATE CURVING

UNITS

CARBODY YAW = (a1 + az)/z . g's
3 ijans/s 2

CARBODY SWAY = (a; * 32) (386/2 ) radians/sec
X - X 5

( 18 19) radians/sec

CARBODY TO TRUCK YAW =
orce Right 3ide Leadiﬁg Axle
ling Truck, Fl kips

Yertical Force Right Side Leading Axle
i ruck, F3 - kips

L/V Right Side Leading Axle Trailing Truck, -

Latzral Force Left Side Leading Axle
Traiiling Truck, F, kips
. -

e Left Side Leading Axle
uck, F4 kips

L/V Left Side Leading Axle, Trailing Truck -

Lateral Force RighE Side Trailing Axle

Trailiang Truck, g kips
Vertical rorce Right Side Trailing Axle

Trailing Truck, Fa. kips
L/v Rizht Side Trailing Axle Trailing Truck -

Truek
Lateral Fcrce Letf: Side Trailing Axle

Trailing Truck, F6 xips
¥ertical Force Left Side Trailing Axle

Trailing Truck, FS xips

L/V Lef: Side Trailing Axle Trailing Truck - -

P

Angle of Attack (AOA) = F21 ~ P22 radians
Z
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TABLE K-4.20 PROCESSING METHODOLOGY - SPIRAL NEGOTIATION

UNITS

CARBODY SWAY = (ag + alo)/Z : g's

CARBODY BOUNCE = [ajq + (177 191/, g's

CARBODY ROLL = (aj, - a;4) (386/w) radians/sec’
CARBODY PITCH = [ajq - (a,, * a;4)/21(386/8,)  radians/sec?
CARBODY YAW - (ay - ay,) (386/2) radians/sec’

Lateral Force Right Side Leading Axle
Trailing Truck, Fl kips

Vertical Force Right Side Leading Axle
?railing Truck, F3 ) kips

L/V Right Side Leading Axle Trailing Truck, -

Lateral Force Left Side Leading Axle
Trailing Truck, FZ kips

Vertical Force Left Side Leading Axle
Trailing Truck, F4 - kips

L/V Left Side Leading Axle, Trailing Truck -

Lateral Force Right Side Trailing Axle
Trailing Truck, FS ~ Kkips

Vertical Force Right Side Trailing Axle
Trailing Truck, F7 kips

L/V Right Side Trailing Axle Trailing Truck -

Lateral Force Left Side Trailing Axle
Trailing Truck, F6 kips

Vertical Force Left Side Trailihg Axle
Trailing Truck, Fg kips

L/V Left Side Trailing Axle Trailing Truck -

Angle of Attack (A0A) = Y25 ~ P26 radians
228 _
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TABLE K-4.21 PROCESSING METHODOLOGY - DYNAMIC CURVING

UNITS

CARBODY SWAY = (ag + a;,)/2 g's
CARBODY BOUNCE = [a16 . Efll-;—ilgﬂ/z g's
CARBODY ROLL = (ay, - a;q) (386/w) radians/sec?
CARBODY PITCH = [316 - (a17 + als)/Z](386/zc) radians/sec2
CARBODY YAW = (ajq - a;,) (386/2) radians/sec’

Lateral Force Right Side Leading Axle:
Trailing Truck, Fl kips

Vertical Force Right Side Leading Axle :
Trailing Truck, F3 kips

L/V Right Side Leading Axle Trailing Truck, ' -

Lateral Force Left Side Leading Axle
Trailing Truck, FZ kips

Vertical Force Left Side Leading Axle
Trailing Truck, F4 . kips

L/V Left Side Leading Axle, Trailing Truck -

Lateral Force Right Side Trailing Axle
Trailing Truck, FS kips

Vertical Force Right Side Trailing Axle
Trailing Truck, F7 kips

L/V Right Side Trailing Axle Trailing Truck -

Lateral Force Left Side Trailing Axle

Trailing Truck, Fg " kips
Vertical Force Left Side Trailing Axle

Trailing Truck, FS ’ kips
L/V Left Side Trailing Axle Trailing Truck
Angle of Attack (AOA) = 125 ; P26 | radians
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K.5.0 WAYSIDE INSTRUMENTATION

K.5.1 INTRODUCTION

Wayside measurement of dynamic loads and displaceﬁents provides a funda-
mental basis for the evaluation understanding and design of both vehicle and
track structure components and/or systems. Although wheel/rail load measure-
ment data is conéiderab]y more prevalent than track structure deflection data,
both are required to fully understand the complex vehicle/track structure
interactions which take place. ' ‘

In the past, vehicle/track interaction responses have been assessed
either ana]yticai]y or by testing on available track. Test results from a
variety of different test conditions, Tocations, and procedures have made the
comparison'of)vehicle performance characteristics extremely difficult. Fur-
thermore, meaningful evaluations have been complicated by inconsistencies: in
measurement techniques and instrumentation. | |

It has been generally recognized Ref. [21] 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 large expenditures of manpower, equipment
and other resources associated with setting up test procedures, instrumenta-.
tion,'estab1ishment of logistics, means to éupport data collection, searching
for a representative site, tear down, etc.

Ke5.2 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 parameters were basically derived from
a 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 accuracy requirements. The parameter ranges
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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 V/T IAT tests and test conditions. Likewise
the accuracy requirements shown in Table K-5.2 are considére'd necessary to
satisfy the analysis requirements as presently defined.

TABLE K-5.1 LITERATURE SURVEY TO CHARACTERIZE EXPECTED RANGES
AND REQUIRED ACCURACIES FOR SPECIFIED WAYSIDE MEASUREMENTS

MEASUREMENT TOFNTIFIED MEASUREMENT RANGES AND REFERENCE SOURCE
(references in parenthesis) .
: 24-40 kips 104 kips-impact 90 kips 75 kips 53 kips
1. VERTICAL RAIL FORCE static loads from wheel dynamic dynamic ' dynamic
(11, pg. 8) flats (2, Pg. 4) (13, pa. 24) (7, pg. 44) {5, pg. 560)
2. LATERAL RAIL FORCE 22 kips 25 &ips 20-27.5 kips 55 kips 30 kips
(2, pg. 4) (7, pg. 44) (5, pg. 566) (13, pg. 27) (17, pg. 26)
3. LATERAL RAIL BASE DISPLACEMENT | ¢ .25 {n
{transit ref)
(14, pg. 23)
4. TIE MOTION
- Lateral .25 - .3 .1 - .42 in 4 in
(4, pg. 510-511) {6, pg. €32) (8, pg. 110)
- VYertica) .25 - .5 in .8 in
{6, pg. 57) (6, pg. €31)
= longitudinal 42,25 - skew .01 in typ. accu- .25 in
{7, pg. 96) racy req'd for {10, pg. 323)
creep (7, Pg. 95)
5. LATERAL RAIL HD. DISPLACEMENT RERT) . in .5 in N
(5. pg. 567) (13, pg. 53) (15, pg. 22)
6. VERTICAL RAIL HD. DISPLACEMENT .37 in .06 to .125 fn 4.2 to -.8 in
. {9, pq. 254) (9. pq. 256) (15, pe. 22}
7. "LONGITUDINAL RAIL FORCE - u.oob-:s.ooo 1bs. 60,000 1bs v
{13, pg. 28-11) (16, pg. 3)
8. TRACK MODULUS 500 - 13,000 pst lﬁ.m'psl |
(13, pg. 47) (18, pg. 29)
9. LONGITUDINAL RAIL DISPLACEMENT +.15 in,
[transit ref)
(14, pg. 46)
10. DYNAMIC GAGE WIDENING .02 to .25 in A5 in .75 in 1.0 in )
(quasi-static) _(Lab Tests)
(1, pg. 6) (S, pg. 569) (12, pg. 24) (17, pg. 26) |
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TABLE K-5.2 SUMMARY OF TENTATIVE MEASUREMENT PARAMETERS AND
MEASUREMENT REQUIREMENTS

Measurement Parameter Maximum Range ﬁ:g:i;zg 'pomments/Conditions,
1. Vertical Rail 0 - 100 Kips + 1 Kip
Force (1)
(1) Based upon single axle dynamic load for
perturbed response of locomotive (x50 Kips Static)
total truck loads could be substantially higher
2. Lateral Rail -20K to + 1 Kip but spacial distribution of loads varies.
Force +75K (2) -
(2) Negative loads nominally in range of -1 to
0.1 t + .005 -10 Kips. Peak of +75 Kips based upon locomotive
:0‘15 03 - response. Peak freight car typically in range
¢ 3 of +24 Kips/axle. Again truck loads are signifi-
cant; rail failure related work requires
) simultaneous joint event data superimposed with
3. Rail Lateral Base -.1 to +0.8 * .005 vertical load conditions.
Displacement (4)
(3) Based on nominal, new track stiffness under
4. Tie Motion +.08 in (5) +0,005 single axle response.
a) lateral
translation (4) Based upon stiffness of class 2 track
h 2d ic loads.
b) vertical -0.10 to +0.4 with class 2 dynamic lo
translation 9) (7) Rased on elastic deflection of track
c) longitudinal +,08 in + .005 structure. Up to 1.0 in could be expected
translation - - due to full truck loads.
d) rotation $0.45° (6) *+ .01° (6) Based on considerations of displacements
(vertical axis) as listed below.
: ] L]
) ;:;:;lon (1ateral +0.08 (6)_ hd f005 (7) Based on new track, newly spiked ties,
nominal loads of 20 Kips/axle (Class .4 track)
f) rotation (longi- . .
tudinal axis) +0.7° (6) + ,01° (8{ B?seg onfC]ass 2 track 3o:d1tions, gnder single
. - n axle loads of 20-24 Kips. nder typica
5 Lntgra!xnaxl '0';5 to 8 * 005 freight car truck loads, displacements of 2
Head Displacement -0.2 to 1.5 (8) + .05 to 2.5 inches might occur, -
6. Vertical Rail Head -0.15 to +.001(10) (9) Based on track modulus of 2000 Lb/in/in,
Displacement +0.4 (9) 40K axle loads on 70" truck, 70 ASCE rail
(positive downward)
7. Longitudinal Rail -50K to +100K + 10 Kips (10) Dased on compatibility with load
Force (11) accuracy.
8. Track Modulus 500 to 4,000 (13) (11) Bascd on CWR expansion under AT of 40°F
Lb/in/in (12)
(12) Typical track ranges from 2000-3000
. Lb/in/in; FAST track is extremely stiff at
9. Longitudinal Rail + 0.3 in $0.01 in, 14000 Lb/in/in; concrete tie track has been
Displacement reported at 10,000 Lb/in/in. i i
10. Dynamic gauge +0.05 to 0.5 41.005 in. (13) values are derived from load & dis-

widening

(14)

+0.05 to 2.0
(15)

placement value.

(14) Based on nominal loads on new track
(Class G)

(15) Based on Class 2 track and geometry near
U/R limit.
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K.5.3 DESCRIPTION OF WAYSIDE INSTRUMENTATION

This section provides an overview of .the general instrumentation commonly
used in the railroad industry to meaéure vehic]e/track interactions at wayside
stations.. Load measuring techniques using conventional load cell and strain
gauge instrumentation and discussed. Two types of displacement sensors are
discussed: the conventional LVDT and the eddy-current concepts.

K.5.3.1 Load Measurements

Wayside wheel/rail loads are most common1y measured either directly on the
rail- using strain gauges or ~with thg‘ 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 ]oadsg

K.5.3.1.1 Strain Gauge Load Measurements

Strain gauges are commonly used to determine Tongitudinal, Tlateral and
vertical loads in rails. Strain gauges directly measure the strain induced in’
the rail from which the Toad -can be calculated or determined from a calibra-
tion curve. '

K.5.3.1.1.1 Longitudinal Load Measurement

Longitudinal loads .in rails are commonly determined by measuring the
strain in the Tongitudinal and transverse direction on the web of the rail.
Both two-arm and fouf—arm configurations are used. The four-arm configura-

~tion, shown in Figure.KFS.l, consists of a two-arm configuration- on each side

of the web. The'arrangément has the advantage over the single two-arm con-
figuration in that the circuit compensates for rail bending in the horizontal
plane. In both configurations, the strain gauges are attached to the rail at
the neutral axis which helps to compenséte for bending in the vertical plane.

The strain gauge configuration and electrical arrangement shown in'Figure
K-S.i offer two useful benefits. . First, the scheme compensates for effects of
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Longitudinal Gauges

Gauge Side Field Side

Transverse Gauges

NOTE: The physical gauge Gauge Lead Color Code
‘length is 1/8", Black = B
White = W
Red = R_
a
IR
Excitation d . ) b
V.
c

. FIGURE K-5.1 WIRING FOR LONGITUDINAL LOAD FULL BRIDGE CONNECTION
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thermal expansion caused by temperature changes. If 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 a magnification factor of 2.6 (1.3 for
the two-arm arrangement). The magnification factor for the half and full
bridge weldable strain gauge circuits are determined as follows:

Strain gouge wired in
///’|/2~bridge circuit
/

o | Tﬂ%: ) 4 e P

Assume no axial strain (e) exists in the member. Thus, the element
oriented in the direction of the strain (L in the sketch above) measures the
strain (e). The elemement oriented 90o to the above element (T in the above
sketch) will measure only the strain resulting due to the Poission's effect,
or ne. Since the two elements are wired in a half bridge circuit, the two
strain measurements are added. Thus the output of the circuit is:

e+ep or € (1+pn)

From this, it can be éeen that the quantity 1+ p 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 weldable strain gauge was
(140.3) = 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 is 2(1+pn) = 2 (140.3) =.2.6.

Knowing the strain is a rail, the load (force) can be calculated 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.

Ke5.3.1.1.2 Lateral and Vertical Load Measurement

In tests where Tlateral 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 Tlateral and vertical load measuring techniques. For the lateral 1load
measuring scheme, strain gauges are attached on the base of the rail at two
locations on each side of the rail and connected electrically 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 a
bending moment scheme where strain gauges are attached to the web of the rail
at two locations on each side. This scheme, shown in Figure K-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 rail section using a series of static
loads which cover the range of loads expected in the test. The calibration
procedure generates a linear plot of load verses strain.

Ke5.3.1.2 . Load Cell

Instrumented tie plates (Figure K-5.3) and K-5.4) have also been utilized
to obtain rail/tie loads. If properly designed, installed and calibrated,
instrumented tie plates can accurately measure the reaction forces at the
rail/tie interface. A basic problem with instrumented tie plates is the
potential for affecting the track structure characteristics (e.g., stiffness
and load distribution).

K-89



VERTICAL GAUGES
HBWC—-3%5-125-6-10GP ~TR
{4 PLACES)

N[

@
’
Q@
E
N

1.0 (4 PLACES) VERTICAL CIRCUIT

45° (4 PLACES)

¢

8 _ LATERAL GAUGES
HBW=35-125~-

" 6-10GP (4 PLACES
L—— 5 172" _—.I

I
|
|
|

LATERAL CIRCUIT-

NEUTRAL AXiS
a.(e‘){ Jr ‘ ‘ ‘

- { ) : FARSIDE
1

VIEW A-A

FIGURE K-5.2 TYPICAL IDENTIFICATION OF SPECIAL INSTRUMENTATION
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FIGURE K-5.3 LOAD CELL INSTRUMENTED TIE PLATE
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FIGURE K-5.4 VERTICAL AND LATERAL LOAD MEASURING TIE PLATE
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K.5.3.2 Displacement Measurements

Wayside deflection measurements of the track structure have historica]]y
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, eaf]y measurements
‘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
obtained with such - "instrumentation" only allowed qualitative deflection
measurements to be made -- therefore to infer dynamic track loading from such
measurements, for example, would be nonproductive!

Currently linear variable differential transformers (LVDT's) are most
commonly 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 to which they were subjected. The major problem with
LVDT's results from the methods used to 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 environmental conditions. Typica] LVDT instrumenta-
tion installations are described in Section K.5.3.2.1.

Ke5.3.2.1 LVDT Instrumentation -- Methods for Measuring Static and Dynamic
Track Deflections ‘

Track deflection measurements include absolute deflections of the rail
relative to a fixed reference, and relative deflections between track compo-
nents. These deflections may occur in all six degrees of motion: vertical,
lateral (transverse) and longitudinal translation; and angular motions of rail
in roll (in the transverse plane), pitch (Tongitudinal rocking), or yaw.
Vertical and lateral translation and rail roll angle are of primary interest
for both static strength and dynamic displacement measurements. The Tongitu-
dinal motion known as rail creep is of interest mainly for determining the
ability of the rail anchor system to secure the rail longitudinally. Yaw
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motions of the track are considered of 1little consequence except, perhaps,
under buckling conditions. '

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

(1) Rail vertical absolute displacement--used to define the.track modulus
and dynamic 1oad/def]ect1on characteristics.

(2) Rail head/tie 1lateral displacement--used to measure rail lateral
restraint characteristics under both lateral and vertical loading.

(3) Tie/ground lateral disp]aceméﬁt--data under traffic can document the
occurrence of lateral shift of the tie in the ballast; used to estab-
" 1ish 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 environment on tie/
fastener system.

(6) Rail/tie vertical displacement--used to determine dynamic load/deflec-
tion charactertistics and loéding environment on tie/fastener system.

(7) Rail longitudinal - d1sp1acement--used to determine tie/fastener rail
restraint capab111t1es. '

A major difficulty in measuring displacements is the establishment of
references from which the measurements are to be made. Establishing
"absolute" reference points adjacent to the track structure requires going
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deep enough, or far enough 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 to something less than 3 1b/1'n2 (21 kPa) at a depth of 40
inches (102 cm), both track structure modeling and field experiments have
showh vertical deflections to decrease with depth more slowly. At a 40-inch
depth, typically half the vertical deflection will still be measured..

Past experience has shown that absplute deflection measurements related to
rail joint or rail faétener» performance can be referenced to "ground" by
attaching the transducer to a rod driven down into the subgrade. . In.the con-,
crete tie track study Ref. [23], a 1l-inch diameter steel rod was driven
through a concentric hollow pipe casing through the ballast into the subgrade.
The casing wés about 4-ft long to .isolate the  rod from ballast movements;
while the steel rod was 8 ft long and was driven into the ballast/subgrade
until only about 8 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 casing. Vertical deflections using a
static calibration (viewed through an off-track transit) showed 0.18 inch
deflection under a 30,000 1b. (133 kN) point load. "Ground. stakes" such as
these héve been used quite successfully for establishing reference points for
lateral deflection measurements. When using this type of reference, the rod
must be stiff enough to minimize deflections from any loads imposed by the
measurement trénsducer. This is particularly impqrtanf when dynamic measure
ments are being made which might excite a Vibratory response in the reference
rod. For the measurement of .static lateral displacements,.several programs
have used 3-ft ground'rods driven directly into the rail ballast. Since meas-
urements were to be made at a number of different sites, the shorter rod
allowed the rods to be installed and removed in a minimum.of time.- The errors
1ntroduced 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 diagram of a setup to
measure lateral track displacements is shown in Figure K-5.5. The response of
a section of track to lateral load exerted on the rail by hydraulic cylinders
is shown in Figure K-5.6.
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FIGURE K-5.5 DISPLACEMENT FIXTURE FOR ONE RAIL (SAME FOR OPPOSITE RAIL)
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FIGURE K-5.6 LATERAL LOAD VS. RAIL HEAD AND BASE.DISPLACEMENTS
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Relative measurements must also be isolated from undesirablie displace-
ments. For example, if dynamic track gauge is to be measured and the tie is
used as a 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 a wood tie. A conceptual drawing of this fixture
is shown in Figure'K-5.7 and‘Figure K-5.8 shows the relative displacements
which are measured. In additjon, the fixture provides some degree of shock
and vibration isolation for the transducers and signal conditioning
electronics through elastomeric grommets and lag screws mounting the fixture
to the tie. Acceleration levels on the tie can range typically up to 50 g
under flat wheel impact Tloads. Typical deflection measurements from the
fixture shown in Figure K-5.7 are illustrated in Figure K-5.9. Dynamic track
gauge and rail rollover (of one rail only) under severe lateral impact loads
due to empty freight car truck hunting are seen here, along 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  K-5.10. Here the measured rail-to-tie
displacements, along with ‘fgstener ‘clip strains, were used to. define the
loading environment of rail fastener systems. Data were collected on both
wood and concrete tie track segments containing a variety of fastener systems,
and the results were reproduced in the laboratory to determine the required
level of loading which simulated field conditions. The load lTevels so defined
were then app]iedlin fatigue tests of the fastener systems. o

In an abp]ication of the fixture shown in Figﬁre K-5.10, typical deflec-
tions for concrete and wood tie curved track are il]dStrated in Figures K-5.11
and K-5.12. Measurements were made with both def]ectfon transducers and
strain-gauged fastener clips. 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, a combination curve and grade, the rajl rolled outward and
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the gage c11p rece1ved substant1a1 uplift strain. The wood tie track was
fastened with the same e]ast1c clip attached to a steel tie plate. - Very
l1ittle clip strain developed, but the vertical rail/tie deflection was greater

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

In the fixture shown iﬁ. Figure'_K¥5.10 vertteaT rail deflections are
measured relative to the tie. This measurement is useful in fastener
evaluations,- but 1is-. insufficient when trying to determine overa11 track
vert1ca1 def]ectlons or when track st1ffness calculations are of 1nterest. In
order to obtain absolute vertical deflect1ons a reference measurement point
must be established outside the load influence zone of the ballast and
sub-ballast. For normal stiffness track-this requires a deep1y~driven ground
rod which is. isolated from the ballast movement. Once an .isolated reference

point is established then 5the hethodp]ogy’ used for measuring: the"vertical
~deflections is the same as that used for measuring lateral deflections. A
sketch of a fixture used in a recent field-test 1is -shown schematica]]y in
Figure ' K-5.13. Although it is restricted to- small motions - due to errors

incurred when measuring large def]ect1ons good resu]ts were obta1ned from the
f1xture.

Gt
r{t 9/;21

‘ FIGURE K-5.13 VERTICAL DISPLACEMENT FIXTURE
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K.5.3.3 DISPLACEMENT TRANSDUCERS

A variety of displacement transducers are suitable for making track
deflection measurements. The optimum transducer type and range may vary,
depending on the specific application. Criteria that must be considered in
the choice of transducers are:

(1) Transducer range--track structural deflections may range from less
than 0.25 inch (6.4 mm) to greater than 1 inch, full range (vertical
deflections under load of 1-3/4 inches, 44.5 mm, have been observed
at weak rail joints). Typical expected deflection ranges are shown
in Table K-5.3.

(2) Transducer accuracy--resolution, Tlinearity 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 a 500 g oscillation when at 700
Hz is only 10 mils).

(4) Instrumentation compatibility--power requirements, output voltage-
level and impedance, good signal/noise ratio, etc.

(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 environmenf--the transducer should preferably - by
hermetically sealed against moisture, 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 condition poor condition

Vertical, absolute 0.25 in (6.4 mm) 0.50 in (12.7 mm) 1.0 in (25.4 mm)*
Vertical, rail/tie 0.15 in (3.8 mm) 0.25 in (6.4 mm) - 0.5.in (12.7 mm)
Lateral, rail head 0.25 in (6.4 mm) 0.75 in (19.1 mm) 1.5 in (38.1 mm)
Lateral, rail base 0.10 in (2.5 mm) 0.40 in (10.2 mm) 0.5 in (12.7 mm)
Longitudinal -+ 0,10 in (2.5 mm) , wk *k

* Greater deflections at joints in poor condition. .
** Rail 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 can 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 into these
measurements, or target lighting .has caused problems. An Austrailian firm has
recently introduced a laser tracking system with the detector head mounted to
the rail and a tripod-mounted Tow-power laser set typically 16 ft (5 m) away
from the track. A range of +10 mm (0.4 inch) and a frequency response of 0 to
1 kHz is noted 1in the technical specifications. Other . optical units have
appeared 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 frequency 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 deflection 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 target geometry and material properties as these parame-
ters affect the transducer gain, 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 also increases. This may
cause 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 Differential Trans-
fonnér (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 also
subject to shock and vibration problems in the severe environment presented
during dynamic measurements. Linear Potentiometer type displacement trans-
ducers are superior to the cable actuated potentiometer transducers. Both
units should perform satisfactorily for static measurements, but when using
cable type potentiometers ("string pots") care must be taken to eliminate
cable vibration. which would give measurement errors. Obtaining 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 transformers is less of a
problem because their weight; and consequentially, attachment forces are low.
In the past nonmagnetic 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 means of attaching to the rail 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 sufficient isola-
tion from orthogonal motions of the rail, particularly the rail "running"
motion in the longitudinal direction, yet is reasonably immune to its own
transverse vibrations. ThisVarrangehent-is susceptible to ice, ballast, or
dragging equipment, and for more permanent installations a protective shroud
is recommended. '

Past experience has shown that the Linear Variable Differential Trans-
former (LVDT) offers excellent performance characteristics for measuring
dynamic displacements. The LVDT consists of a primary transformer winding
excited by "a sinusoidal voltage of 3 to 15 'volts rms 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 1is moved relative to the secondary windings,” a larger mutual
inductance (coupling) is induced in one relative to the other, and a net volt-
age increase is produced from the device. The output voltage undergoes a 180
degree phase shift when going through the null (zero) position Ref. [26]. A
fully-integrated version of -the LVDT, 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 DC signal
directly proportional to the relative disp]a;ément of the core to the
transducer body. Output voltage levels range up to +20 volts full scale for
an excitation up to 30 volts DC (older models required both the plus and minus

voltage po]arities). Typical DCDT specifications range as follows ~shown in
Table K-5.4. '
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TABLE K-5.4 TYPICAL DCDT SPECIFICATION RANGES

Frequency Response

Working Range* (-3 dB) Linearity o Ripple

0.050" 300 to 500 Hz 0.025% to 0.5

. 0.10 to G.25" 115 to 500 Hz 0.5% of to 1%
.50 to 2.00" 100 to 110 Hz full -~ of full

3.0 to 10" - 50 to 75 Hz . scale scale

*30% to 50% overrange is typical.

These transducers are extremely rugged, with typical mechanical specifica-
tions allowing a vibration tolerance of 10 g at 2 kHz, .and a survival shock
level of 250 g for 11 milliseconds pulse duration. Therefore, the transducer
can operate satisfactorily in the shock and vibration environment typical of
the railroad tie, but cannot be mounted directly to the rail.

K.5.3.4 Noncontact Displacement Sensqrs

The purpose of this section is to present some preliminary design concepts
which_illustrate the overall system application of noncontact displacement
SENSOrs. It should be emphasized that the drawings presented are concept
drawings only.and should not be considered as pre]iminary design drawings.

K.5.3.4.1 Basic Design Constraints and Guidelines

A properly designed wayside measurement system should not interfere with
routine maintenance operations or noticeably affect track structure character-
istics. Therefore, it is necessary to 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 a crib area 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 to allow W 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 Tloads.

The design constraints which would be imposed by maintenance requirements
are somewhat dependent upon a specific design configuration for a wayside
measurement system and the maintenance policies associated with special way
side equipment. For examplé, if a cross-beam were placed beneath the rails in
the crib area, it would obviously need to be removed during automatic tamping
operations. However, depending upon maintenance policies, it may be permis-
sible to manually maintain or defer maintenance on se]ected'crib areas. If a
cantilevered instrumentation mounting beam were utilized, a relatively small
portion of the outlying crib area would need to be disturbed.

One of the primary tasks which must be addressed in the development of a
wayside measurement system is the optimum design and location of the reference
platform support pedestals. This task was not 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 Pueblo, CO.

The last guideline considered in regard to the instrumentation support
structure is the degree of height adjustment which may be needed. If some
type of semi-permanent 1nstq11at10h is contemplated, it should provide height
adjustment capability. Per discussions with TSC personnel, a total height
adjustment of 2 inches Shou]d accommodate normal subgrade settlement.

K.5.3.4.2 Instrumentation Mounting Beam Concepts

Selection of the best instrumentation mounting beam configuration and
support structure is dependent'ﬁpon the intended application as well as upon
the optimum location, etc., of the support pedestals. If portability is of
primary concern, then a configuration which minimizes installation disturbance
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of the track structure is very important. On the other hand if a measurement

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

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

K.5.3.4.2.1 Single Cross Beam Configuration

‘This approach would utilize a cross beam beneath the rails supported by
two pedestals located in the vicinity of the ballast shoulder. If a metal
beam were used, one end of the beam would be restrained in all three
orthogonal axes and against rotation about the beam longitudinal centerline.
" The opposite end would be allowed to float in the direction of the beams'
lTongitudinal axis to prevent excessive thermal expansion forces from being
transmitted to the pedestal. Height adjustment of the beam could be
accommodated 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 isolate the

cross beam, to aid installation, 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 wdu]d be insignificant such that a
"floating end” could be eliminated. As shown .in Figure K-5.16, four degree of
freedom alignment units (i.e., swivel mount with a vertical lead screw adjust-

ment) would be utilized to facilitate set-up and adjustment of the measurement
system.
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FIGURE K-5.16. SINGLE CROSS.BEAM INSTRUMENTATION MOUNTING CONFIGURATION

Ke5.3.4.2.2 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 area which results.

A second mounting beam configuration is shown in Figure K-5.17.° This
approach would utilize two canti]évered 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 addition, the calibration requirements for this' configuration might be
somewhat more involved. The cantilever approach could, however, lend itself
to a completely pbrtab]e system for short term, dynamic tests in that the
support pedestals could be designed to be portable (e.g., the pedestals
would consist of stackable "dead-weights" installed at grade with minimal site
preparation). '
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K.5.3.4.2.3 - Use of Composife Materials

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

A very promising design approach is to utilize a specié]]y formulated com-
posite material to fabriéate the instrumentation support beams. This rela-
tively new composite has a near-zero coefficient of thermal expansion and a
high modulus of elasticity. The material thus combines exceptional dimen-
sional stability over a wide temperature range with unusually high strength
and stiffness.
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The composite consists of graphite fibers and glass fibers in a plastic
resin matrix. The graphite fibers have a negative coefficient of thermal
expansion, and. the glass fibers and resin matrix have a positive coefficient;
that is, the graphite contracts and the glass and resin expand as the tempera-
ture increases. When the materials are combined in the proper proportion,
they produce a nearly thermally-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 associated with a wayside measurement system and
agree this would be an excellent application for composite materials. Results
of a preliminary engineering study for a 14 ft. composite cross beam as shown
in Figure K-5.16 and an 8 ft. cantilever beam (Figure K-5.17) show that the
weight of the beams themselves would be approximately 35 Tbs. and 20 1bs.
respectively. Due to the high strength to weight ratio of these materials, it
is estimated that the beam natural frequency, including sensor modules, would
be in the neighborhood of 200 Hz or better.

Ke5.3.4.3 Sensor Modules

As discussed in Section 6, three displacement transducers are required
(per rail) to determine rail translation and rotation in a vertical plane
perpendicular to the longitudinal rail akis, and a fourth transducer is needed
to obtain longitudinal rail deflection (per rail). '

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

To. optimize noncontact sensor pérformance, clamp-on aluminum rail targets
would be utilized as discussed in Section K.4.4.4. Therefore, the actual
location 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 a single sensor module which could house up to 4

different transducers. - If properly designed, one "standard" sensor module
could be used at any measurement location. : ‘

Figure K-5.18 is a concept drawing of a candidate -sensor module. Up to 4
individual eddy-current type transducers could be mounted in the module such
that 3 different orthogona1 target surfaces could be monitored. To properly
install the sensor module and align it with the target, six adjustment degrees
of freedom are required. These adjustments would be obtained as indicated in-
Figure K-5.18. Certain coarse aligmment adjustments would be made during the
initial installation of the support beam.

"SENSOR MODULE

INSTRUMENTATION MODULE
SUBBASE MNT'G & .

ADJUSTMENT BOLTS (2) v

(1) &(2)
6 DOF ADJUSTMENT CAPABILITY

SWIVEL SENSOR ~
HEAD (3)

BAACKET
CLAMPING

FIGURE K-5.18 SENSOR MODULE MOUNTING CONCEPT
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K.5.3.4.4 Targets

Although these sensors can certainly operate under a wide variety of
conditions, eliminating certain adverse affects due to target variations has
several distinct advantages. One of these is the potential elimination of
transducer calibration. If identical targets are uti]iied, a 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 target geometry 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, a conceptual rail
target such as shown in Figure K-5.19 would be used. The target would be
designed to accommodate 115RE to 140RE rail. Such a target could be easily
attached or removed from a 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 analysis and possibly some field testing is required to
determine the optimum placement and design of the support pedestals.
BasicaT]y two pedestal configurations can be considered, one for permanent
type installations and another for portable installations. In terms of a
permanent or semi-permanent insta]]étion, the following tradeoffs and design
considerations need to be made:

0 Fabricate ("pour") on site or utilize pre-cast, "drop-in-place"
pedestals " ‘

0 One piece design or a two piece design which could be partially"
removed to accommodate major track maintenance
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0 Design techniques for vibration isolation (e.g., Styrofoam casing,
shock mounts, etc.) '

0 Optimum depth and placement relative to the rails

Figure K-5.21 shows a modular "building-block" approach which would result
in a 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.

INDIVIDUAL PEDESTAL
COMPONENT

FIGURE K-5.21 - PORTABLE PEDESTAL  CONCEPT
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Ke5.3.4.6 Discussion of Installation and Calibration Procedures

Detailed installation and calibration requirements are quite dependent

upon the final design confjguration utilized and thejparticu]ar maintenance
procedures which would be associated with a given test site. However, some

general procedures are discussed below.

K.5.3.4.6.1§‘Supp0rt Beam Installation

Assume a portable 1n§truqentation system as depicted in Figure K-5.21. A

general ,procedure for 1installing the support pedestals and instrumentation

mounting beam would 1né1ude the fo]]oWing:”

1.

2.

3.

Prepare "at-grade" pedestal locations.
Build-up suitable pedestals using interlocking pedestal block modules.
Place instrumentation support beam on pedestals and adjust éiﬁgnment

units to properly position the beam. Align each cantilevered
mounting beam assembly with both the track and each other.

Ke5e3.4.6.2 Sensor Module Installation/Calibration

Having installed and adjusted the  support beams; the necessary sensor
modules would be appropriately mounted and adjusted as follows.

1.

2.

3'..

4.

Loosely 1n§£a11 the_seﬁsor‘modu]e/subbaéexuhits‘
Install SUifabTe sensor targets (i.e., rail or tie)

Insert an insté]]atiOn,gaqge block(s) between the noncontact displace-
ment gauge faces and the cprresponding‘target surface.

Utilizing the 6-DOF adjustment capability obtained by loosening the
sensor module méunting bracket clamping bolts, the subbase mounting
bolts, and the sensor module swivel head (see Figure K-5.18),
position the sensor module tightly against the installation gauge
block(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 be necessary if the units have been previously calibrated
with - the identical electronics and cables being uséd. If it is
necessary or desirable to calibrate the installed sensor modules, a
complete end to end calibration can be quickly performed utilizing a
set of aluminum calibration gauge blocks.

Ke5.3.4.7 Measurement Methodology

In the design of a wayside instrumentation system, it 1is necessary to
consider the measurement methodology which would be used for both short-term
and Tong-term measurements. Basically the question to be addressed concerns
the methods 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 a
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
as‘required. Since these sensors would be used primarily for dynamic test
data, there is no need to reference the sensors to universal survey benchmarks.

K.5.3.4.7.2 Static (Long-Term) Measurements

A 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 either be replaced with a 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. Holes in
the gauge block would provide guides for a dial depth gauge. The depth gauge
would be used 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 coordinate transformation or data reduction scheme developed
for dynamic measurements could be used for the static measurements..-

| 7/ POSITION AFTER LONG-TERM
7 (T SETTLEMENT (ETC)

- i) , j

]

oz az R |
' /—UJ]//I]]] 7 77777772 ORIGINAL POSITION
TARGET ’
-3°°3
]
] .
: . ' INSTRUMENTATION
G HO~- — == === MOUNTING
' ———_I =_-—_: ' BEAM (REF)
I
]
BOLT ON — 1 —tt | -+ —
GAUGE BLOCK -{--
(REPLACES -

SENSOR MODULE)

-DIAL DEPTH GAUGE

FIGURE K-5.22 CONCEPT DWG OF GAUGE BLOCK CONFIGURATION FOR LONG TERM
MEASUREMENTS
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To assure that repeatable long-term measurements can be made even with the
removal and re-installation of the instrumentation mounting beam, suitable
survey benchmarks would be incorporated in the design of the mounting beam or
the sensor modules. If field benchmarks are provided, then survey-to-bench-
mark measurements can be made to provide accurate long-term measurement
capability.

K.5.3.4.8 Conversion of Noncontact Sensor Qutputs to Standardized Rail Measure-
ments :

When wutilizing noncontacting displacement sensors, it is 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 technique
as discussed below utilizes a 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 érrors._ The measurement 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 correlating a 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 a set of "platform" coordinates as denoted by (Z, Y) in
Figure K-5.23. '
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The object or target being measured by the sensor triad shown. in Figure

K-56.23 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 a separate coordinate system (Y, Z) as shown.

The correlation problem can now be stated as follows:

Given a set of 3 displacement measurements in platform coordinates e.g.
(Pa, Pb, Pc), determine the platform coordinates for an arbitrary point P'
given in rail section coordinates.

A technique for monitoring any point on a rail section utilizing 3 noncon-
tacting displacement sensors is presented below. A basic requirement associ-
ated with the sensor triad is that 2 of the 3 sensors be located 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

With reference to Figure K-5.23, rail rotation can be derived as below

-1 A-B

6 = tan 5

Calculate the Perpéndicu]ar Distance Between a Vertical Target Plane and a
Point on a Horizontal Target Surface

From the "point-slope” equation of a straight line:

2=z, = m (y=y,)

(Y.Z) .

(Yo124)

and the slope of the line is:

Z"'Zo

Y=Y,

m=

The equation for a straight line can also be written in
the familiar form below:

Ay + Bz + C =0
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Hence it can be shown that the perpendicular distance
(d) from any given point (y°,~zo) to a line can be

expressed in terms of yo, Z, and the coefficients A, B

and C as given below:

lAy, + Bz + CI

d =

Then in terms of the rail base sensor triad, the following equations can be
written with reference to Figure K-5.23.

The slope of the target vertical surface is:

~
n

A constant (fixed vertical reference - Sensor A)
= constant (fixed vertical reference - Sensor B)

Ki = constant (fixed lateral referenpe - Sensor C)
A = Sensor A output
B = Sensor B out%ut
C = Sensor C output

Taking (yo, zo) as the current target position as seen by Sensor B and
(y,z) as the current target position seen by Sensor A, the equation for a line
passing between the target intersections of Sensors A and B is:
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K,.~K
_ A 7B _
zZ - KB = 2B (y B)
(KA-KB)y + (BfA)z + (KBA-KAB) = 0
S
B-A
KBA—KAB

Now substituting the following constants into the equa-
tion for 4 using

y =

o KC
z, = C
_ |(Ry-Kg)Ko + (B-A)C + (KpA-K,B)|
|2 2
or
4o Ea¥c - KgKo + BC - AC + KA - K,B

d(K -2K K +KB) + (B -2AB+A )

letting K1 = KAKC - KBKC

and K = (K -ZK K,+K

2 B B)

We obtain an expression for d in terms of geometric
constants and sensor outputs:

K, + C(B-A) + AKB - BKA

1

d =

2 2
JKz + (B-A)
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Calculate the Origin of the Rail Section Coordinate System

Let PO denote the origin of the rail section coordinate system as shown in
Figure K-5.23 and Pc the current target location for Sensor C.

By inspection:

PO(YO’ZO) PC(YC+AY’ZC+AZ)

where

AZ

AY

From above

(KL = fixed distance between side of
L = KL - d rail target and vertical & of rail)

then

AY
AZ

Lcos6

Lsing

SO

Po = Pc(Yc + Lcose,Zc +. Lsiné)
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Determine the Location of any -Selected Point on the Rail Section Formation

Once the rail section coordinate system origin is known, any point on the

rail section can be located in platform coordinates by performing a simple
rotation transformation as follows:

Yy cosf§ - sing vy o+ Yo

y/ i + ‘ :
1 sing cosf z4q + Zo
where:
' . :

Pl(Yl,Zl) = Current postion (in platform coordi-
nates) of a- predesignated point on the
rail section

Pi(yl,zl) = Location of_predesignated point on rail

) section (in rail section coordinates).
These would be "geometric constants”
input prior to data processing.

PO(YO,ZO) = Current lbcation of the rail section

coordinate system origin. (Y, = Yc +
Lcosg), (Zo = Zc + Lsing)

The above derivations result 1h easily implemented equations which will
convert the platform mounted noncontacting sensor outputs into platform
related deflection measurements for any pre-selected point on the rail sec-
tion. Having obtained the platform coordinates for selected points on the
rails, standard track displacements can'bg readily obtained either directly 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 a post-processing procedure. Figure K-5.24 shows a
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block diagram of a typical data processing procedure which would be utilized
with -the wayside instrumentaticn concept under study.

K.5.3.4.9 Evaluation of Rail Loads Using Shear and Displacement Measurement

Systens

The approach being taken to eveluate the feasibility of obtaining track
loads from track dfsplacement measurements includes a comparison with the
conventicnal rail strain gauge technique. The problem uncer consideration
therefore involves the prediction of vertical and horizontal rail forces using
a rail shear strain measurement method and/or a rail displacemert measuring
methoed. In order to obtain a feeling for the significance of various track
system variables upon fhese two response parameters, some initial analytic
studies have been undertaken. Two analysis methods have been applied: (1) the
classic beam on elastic foundation solutions, and (2) a linear elastic finite
-element model which includes discontinuous rail support effects.

K.5.3.4.9.1 Technical Discussion

The two measurement systems under consideration rely on two distinct rail

response parameters: (1) rail shear strain, (2) rail displacement.

In the shear strain method, strain gauges are placed on the rail at
locations where bending and torsional responses are either minimum or can be
otherwise accounted for. The resultant shear strain measure, vy, is related to
the rail shear force, Q, by the following linear relation (assuming elastic
response):

Q = aAGy

where o = constant associated with the rail cross-section

area of rail cross section
shear modulus of rail material.

[p R
non

In practice, the @,y relationship is often determined by a field calibra-
tion of the track system subject to known shear forces.
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In the rail displacement method, a series of noncontacting displacement
gauges would be emplaced in suitable proximity to the rail and direct (abso-
lute) measurement of rail deflection would be made. The relations between
rail deflection and applied 1oading may be predicted analytically or.by field
calibration. The accuracy of this technique is of course dependent upon the
gauge reference platform being representative of a ground reference. If it is
not practical to build a reference platform which could. suitably isolate
ground vibrations directly, it may be possible to compensate for these vibra-
tions analytically utilizing accelerometers.

In the following subsections, the sensitivities of both rail shear and
rail displacement to variations in track parameters using both the beam on
elastic foundation solution and a finite element track model are discussed.

Ke5.3.4.9.2 Beam on Elastic Foundation

The vertical deflections and shear response_of a rail foundation system

based upon the classic beam on elastic foundation formulation 1is presented
here for reference. '

_ P, -
zZ = ———%——- e BX (cosfX + sin BX)
88“E1
P _
Q= - —% e BX cospX
where:
g= '4 Uy

4E1

EI = rail stiffness parameter (1b-in2)
Z = vertical deflection of rail at any point (in)
Q = shear response of rail (1bs)

P, = single wheel load on rail (1bs)
X = distance from load point (in)
U = vertical track modulus (1b/in/in)
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Consider first the vertical deflection of a rail subject to a one-wheel
truck 1oad1ng condition. Rail deflection under the wheel as a function of
foundation modulus and rail stiffness is shown in Figure K-5.25. It may be
observed that deflection-is strongly affected by changes in foundation modulus
but is relatively insensitive to changes in rail stiffness. The shear
response in the rail is shown in Figure K-5.26. It can be seen that rail
shear is invariant with both founqation modulus and rail stiffness.

Next consider the more realistic condition of a two-wheel truck loading.
Rail deflection and shear may be obtained by superposition of the solutions
presented above. The conditions studied assumed a constant wheel spacing of
68 inches, and a constant rail stiffness corresponding to a 132 RE rail
(EI=2.65 x 109). The rail deflections and shear as a function of track
modulus are presented in Figures K-5.27 and K-5.28 respectively. Results are
shown for two rail locations:- (1) directly under one wheel, and (2) halfway
between the two wheels. ' : ‘

Figure K-5.27 again indicates a strong sensitivity in rail deflections to
change in track modulus. It is also noted that with vertical track modulus
values less than about 6000 1b/in/in, the maximum rail deflection occurs mid-
way between the wheels. At higher modulus values, the maximum deflection
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 frbm symmetﬁy conditions. In addition, the induced rail shear under
the wheé] is no longer invariant with track modulus but shows a slight 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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Scme initial studies have also been performed for lateral rail loading
condgitions using the beam on elastic foundaticn soclution. The work accom-
plished tc date is limited to sensitivity studies for a single wheel truck
loading. The lateral rail loading mocel includes an additional effect
afforded by rotational restraints from the rail fasteners. We define the rail
tie-down rotational stiffness by the paremeter Ke'

The displacement solutions for lateral loading takes the- following form:

Péax
4EIfa

ggsinBX + BcosPX)

Y =
@? +6%)

u KB

where: °=Hm Y@
u K

= J —L £

3\1 4E1 4ET

Y = lateral rail deflection (in)
P = lateral load (lbs)

X = distance from lateral load point (in)
EI = lateral rail stiffness parameter

(1b-in*)
u = lateral track modulus (1lb/in/in)
K., = rail tie down rotational stiffness

8 (1b/rad)
A corresponding equation for rail shear may alsc be derived.
The system parameters are as defined previously, however it should be

remembered that the lateral track modulus ug will in general have a much lower

numerical value than the vertical track modulus. Similarly, the rail stiff-
ness is in the lateral direction and includes the sum of both rail inertias.
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Figure K-5.29 presents. the lateral track deflection under the wheel for
the one-wheel truck Teading as a function cof :lateral track modulus (uL),
fastener rotational stiffness (Ke)’ and two different rails; 132 RE and 115
RE. It is cbserved that the rail deflection again is strongly dependent uporn
lateral track moaulus but is only weakly dependent upon rail lateral stiff-
ness. In addition, the rail tie down rotational stiffness, Kg, is alsc seen
to have a streng influence on rail deflection. Rail shear is ‘shown in Figure
K-5.30. For .the one-wheel truck leading, rail shear is seen to be invariant
with lateral track modulus, tie down stiffness and rail stiffness. From this
solution, we can draw the same tentative conclusion resched earlier -- rail
shear appears to be & better response parameter than rail deflection since it
shows mnuch Tless sensitivity to the various system parameters. However,
further studies involving two-wheel truck loading for lateral rail response

are required to clarify these results.
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K.6.0 DATA SYNCHRONIZATION AND RECORDING

K.6.1 Introduction

One of the prime requirements for the acquisition of test data is that
sufficient information is recorded so that all recorded méasunements can ‘be
correlated with each other in time and in position relative to the test site.
In order: to properl&-fu]fi]] this -réquirement, ‘special équipment and
implementation schemes must be used. The type of equipment and scheme used
for a part1cu1ar test is dependent many- factors 1nc]ud1ng the speed of the
test vehicles and prec1s1on requ1rements for the data. '

The following section presents several synchronization and data recording
schemes that can be used for a variety of test conditions.

K.6.2 General Method

The method recommended for recording and synchronizing all data recording
instrumentation is based on correlating ground poéitibn_ and time
simultaneously 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- generdted by time génerators. All data,
reference information and measurements, are recorded simultaneously in
real-time on chart paper or magnetic tape. The tape and/or chart paper speed
is run at a constant known speed. The time and position reference data is
-entered on recorder channels dedicated specifically for data synchronization
purposes. Figure K-6.1 shows an example of such a 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
2. 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 instrumentation locations of the
test track is marked using Automatic Location Detectors (ALDs). The location
information generated by the ALDs is used to correlate reference poéition
between wayside and onboard instrumentation. In test where only onboard data
~is recorded, onboard ALD sensors (receivers)- and wayside targets are used.
The passing of fhe vehicle (sensor) over the target attached to the track,
generates a reference signal which is used to_cbrrelate‘datavgenerated onboard
with the ground location. In tests where only wayside data is collected, the
targets are attached to 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 a- target within the same unit.
When two stations pass each other, simultaneous positions reference signals
are generated at both the onboard and wayside recording stations. ‘

In tests where only wheel position is required, wheel locators (counters)
can be substituted for ALDs. In these tests the wheel counters are positioned
at the exact position of the measurement<1ocatioh. The arrival time of thé
measurement data and the -sensor position is then correlated, one to one.

K.6.2.2 Automatic Location Detection DeviCes

Two types of automatic location 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 1in specific type tests.
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K.6.2.2.1 Electromagnetic ALD

The electromagnetic ALD is basically a metal detector. The ALD device is
made up to two basic components, 1) a metal sensor and 2) a metal target.
Conventionally, the sensor is installed on the test vehicle and the target .is
attached to a track location. This arrangement is used on tests where ground
locations are recorded on onboard recording systems. .In wayside'tests where-
position of vehicle relative to ground position the target is attached to the
vehicle and the sensor is attached to the track.

The electromagnetic ALD can also detect certain types-of track structures
such as switches, crossing diamonds, etc. as well as metal test targets. For
tests such as track geometry surveys covering long distances where track

features (structures) provide good ground location marks, the é]ectromagnetic
ALD is commonly used. :

K.6.2.2.2 Optical ALD -

An optical ALD device is made up of an optical transmitter/receiver unit
and a target(s) that reflects 1light. The transmitter and receiver -are -
contained in a single enclosure and occupy 'adjacent locations. Thé basic
method of operation for the device is that the transmitter sends -out a
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 respohse of the technique. Optical ALDs are recommended for'high
speed tests where high time resolution are needed. Also the alignment’ of the
sensor to target requirements is not as critical for optical ALDs.
Electromagnetic units require that the sensor pass within a few inches of the
target. ’
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Ke6.2.3 Time Reference

‘Three methods are - recommended for generating -time references for data
synchonization- and/or -post data analysis. 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.

Ke6.2.3.1 Time Code'Genération

The - use of- time code - generators s 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 a time code generator is
to generate time. reference signals at specified time intervals (frequencies)
varying from functions of seconds to hours or even days. Each time signal is
coded in a way that can be identified at a later 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 a 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. - .

Ke6.2.3.2 Time Clocks

Time-clocks are recommended to provide time reference sfgna]s for medium
to low speed tests (0 to 35 mph). The recorder used for tests cdvergd 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-coming measurement data, on the tape or chart papér. The
time marks are single pulses and are not distinguishable from each other. In
post analysis of data, time/location points are determined by counting the
number of marks from a single reference point and multipiing 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 data 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 to calibrate the recording speed and to know it
corresponds with the time resolution needed for the test. At least one channel
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 utility of all
recording devices. Tape recorders are manufactured by a number of companies
and are available to cover a wide range of performance. In general, tape
recorders can record at a high data rate and as a result have good time
resolution characteristics. Recorders are available to record either analog
or digital data. In most cases, analog data can be recorded directly from the
sensor(s) whereas analog-to-digital converters are needed to make digital
recordings.

One of the major disadvantages of tape recorders is that additional
equipment is need to 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 typically used to monitor tape
recorder operations.
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K.6.3.2 Chart Recorders

Chart recorders are manufactured with a wide range of performance
characteristic and” capabilities. 'In general, chart recorders are Timited 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. - | '

K;6.4 Instrumentation Selection Guide

The fo}]qwing’ 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 K-6.1 is presented for use in
selecting instruments for various types of test performed at a variety of
speeds and conditions. First the appropriate scheme is selected depending
upon the users test requirements from the table. The user then goes to 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

TEST‘RECORDING/ T HIeH ’ "MEDIUM/ MEDIUM MEDIUM LOW STATIC STATIC

SYNCHRONIZATION . SPEED | HIGH SPEED SPEED LOW SPEED SPEED HIGH DATA LOW DATA
MAKE-UP 80-120 MPH 55-80 MPH 55-35 MPH 35-10 MPH . | 0-10 MPH RATE . RATE

WAYSIDE /ONBOARD Scheme Scheme Scheme ° Scheme Scheme N/A N/A

(DATA GENERATED 1 1 1 Yor2 1,2 0or 3

BY VEHICLE/TRACK :

INTERACTION) _ )

WAYSIDE - . I scheme Scheme Scheme " Scheme Scheme N/A N/A

(DATA GENERATED l 4 4 4 dors 4,5 or 6

BY VEHICLE/TRACK

INTERACTION)

HAYSIDE ’ N/A N/A N/A N/A N/A Scheme , 'Scheme

(DATA GENERATED 7 8

BY ENVIRONMENTAL

CONDITIONS)

ONBOARD Scheme Scheme Scheme Scheme Scheme N/A N/A

(DATA GENERATED BY 9 9 1 1 or 3 3

VEHICLE /TRACK

INTERACTIONS)

ONBOARD Scheme Scheme Scheme Scheme Scheme N/l_\ N/A

(TRACK GEOMETRY 9. 9 9 9 9

SURVEY)
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K.6.4.1 Scheme’#l - High Speed Wayside/Onboard

Scheme #1 is a data recording and synchronization design for high speed
tests where data 1is. generated simultaneously at both onboard and wayside
stations.

The time resolution for this scheme 1is in the range of one (1)
millisecond and distance resolution of six (6)Ainches at 120 mph and three (3)
inches at 60 mphs.

The time resolution is Tlimited primarily by the bandwith of the recorder
and the distance resolution is limited by the response of the ALD. The
sensors redommended for measuring dynamic parameters have an upper 1imit
frequency response of 100 Hz. Recorders with a 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. One
complete instrumentation package is needed for both the onboard andAwayside
station. Only one time code reader is need for post-test analysis.

TIME CODE ' u MONITOR
GENERATOR B oMLt ] (oscreLoscope
CHANNEL AND/OR CHART
TAPE RECORDER)
ALD _gp-| RECORDER
ouUTPUTS  p——
TIME  }-3om
.____>.>
gt CODE [P\ SYNCHRONIZED
- 3 reaoer [ DATA
MEASUREMENT  |— gl |
DATA >

FIGURE K-6.3 SCHEME 1 - HIGH SPEED WAYSIDE/ONBOARD
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K.6.4.2 Scheme #2 - Medium Speed Wayside/Onboard

Scheme #2 is designed to record and synchronize data at medium to Tow
speed tests where data is generated simultaneously at both onboard and wayside
stations.

The time resolution for this scheme is approximately ten (10)
milliseconds and the distance resolution is approximately 2 inches using
optical ALDs at 35 mph. :

A schematic of the instrumentation package is shown in Figure K-6.4 One

complete instrumentation package is needed for both the onboard and wayside
station.

TIME CLOCK
MULTI -
CHANNEL
WHEEL SENSOR o g CHART 3 | SYNCHRONIZED
e DATA
RECORDER e
*>
MEASUREMENT 3
DATA
——
\——»

FIGURE K-6.4 SCHEME 2 - MEDIUM SPEED WAYSIDE/ONBOARD

K-150



Ke6.4.3 Scheme 3 - Low Speed Wayside/Onboard

Scheme 3 1is designed to record and synchonize data generated at low
speeds. The time resolution is dependent on the response of the recorder and
the distance resolution on the chart paper speed.

A schemetic of the instrumentation is shown in Figure K-6.5. One
complete instrumentation each package is needed for both the onboard and
wayside stations.

ALD OUTPUT |

——3 \ SYNCHRONIZED .

CHANNEL
—> > DATA
. >
MEASUREMENT f— ] CHART .
DATA P> CECORDER

FIGURE K-6.5 SCHEME 3 - LOW SPEED WAYSIDE/ONBOARD -
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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 #1 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
lTocation resolution are the same as those described for Scheme #1.

TIME CODE ' MONITOR
GENERATOR —> —— (0SCILLOSCOPE
: MULTI- - AND/OR CHART
- RECORDER) -
~— | -CHANNEL .
WHEEL SENSOR TAPE : |
RECORDER TAPE g | SYNCHRONIZED
: P1 READER > DATA
\4 N *
MEASUREMENT | s -
DATA >
] .

FIGURE K-6.6 SCHEME 4 - HIGH SPEED WAYSIDE
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K.6.4.5 Scheme #5 - Medﬁum Speed Wayside

Scheme #5 as shown in Figure K-6.7 s designed for use in tests where
data is collected 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 can be used, but are more difficult to operate and are
more expensive. The time response and distance resolution is the same as that
described in Scheme #2.

TIME CLOCK —

MULTI-
CHANNEL
WHEEL SENSOR P CHART |—— | SYNCHRONIZED
, —— DATA
RECORDER §+— g |
——
MEASUREMENT
DATA —>
e
B g

FIGURE K-6.7 SCHEME 5 - MEDIUM SPEED WAYSIDE
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K.6.4.6 Sechme #6 - Low Speed Wayside

Scheme. 6 as .shown in.Figure K-6.8 is designed for low speed, low data
rate tests where data is recorded at a wayside station. The time resolution
is dependent on the response of the recorder and the distance resolution on
the chart paper speed. .

The design is similar to Scheme #3 but wheel sensors are recommended in place
of ALDs because they are easier to operate and less expensive to procure.
ALDs can be used if it is more convenient.

WHEEL SENSOR » MULTI-
, | » .
CHANNEL —> SYNCHRONIZED
S . DATA BRI
MEASUREMENT - ’ |
DATA ‘ RECORDER
P
4’

FIGURE K-6.8 SCHEME 6 - LOW SPEED WAYSIDE
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K.6.4.7 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 environmental conditions or by applying
forces at stationary points on the track. This instrumentation package is
design to accept data at a high rate or in special condition§ 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.

GENERATOR I
OR 1 wmuTI- _
AND/OR CHART
TIME CLOCK N R ECORDER
CHANNEL :
X 3 TAPE e .
' 2\ syncHRONIZED
MEASUREMENT RECORDER | — g DATA
DATA » A,

FIGURE K-6.9 SCHEME 7 - STATIC,HIGH DATA RATE WAYSIDE
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K.6.4.8 Schéme #8 - Low Data Rate Waysfde

- The instrumentation recommended for Scheme #8 as shown in.Figure K-6.10
is the basic essential for: recordirg and synchronizing of data - which is
generated at slow rates. A time clock can be used as a time reference but  is
not necessary.- ~Approximate time of events 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 into the measured distance. -

TIME cLock | gl

(OPTIONAL). .. > mLti-
(‘ ’ .
CHANNEL 8 g | SYNCHRONIZED
| DATA. -

- — CHART :
MEASUREMENT | o —
DATA " = } RECORDER
> '

»

FIGURE K-6.10 SCHEME 8 - LOW DATA RATE WAYSIDE
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K.6.4.9 Scheme #9 - High Speed Onboard

The instrumentation recommended in Scheme #9 as shown in Figure K-6.11 is
for recording data generated by high data rate tests and track geometry survey
systems. For this type of data recording and synchronization, it is important
that a data event related to natural track geometry or man made anomalies can
be correlated exactly to the track location where the anomaly actually exists.
Elecromagnetic ALD sensors are commonly used to Tocate 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 to 80 mph, the data rates can be high and the time response of the sensors
and data recorder must have a high frequency response.

| MONITOR
N osciLLoscore
g (0PTIONAL)
MULTICHANNEL o
TAPE RECORDER L3  SYNCHRONIZED
[ DATA
>
ME ASUREMENT TIME CLOCK DISTANCE
DATA (OPTIONAL) ROTARY ENCODER
‘.._>
MULTICHANNEL > SYNCB??EIZED
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 railroad industry due to their special application and/or recent
development and, thérefore limited use. Section K.7.1. describes theAdesign
and application of two portable track loading devices which are used to
measure Tateral rail restraint in track. . Section K.7.2 describes a unique
technique used to measure lateral truck forceé indirectly by using intertial
measurements. o '

K.7.1 TRACK LOADING FIXTURES

K.7.1.1 SYSTEM DESCRIPTION TRACK LOADING FIXTURE (TLF)

The Track loading fixture (TLF) is a 1oéd1ng device used to apply
vertical load and a lateral gauge spreading load to the rail heads of track
while measuring the resulting deflections. It 1is attached to a Toaded hopper
car, and load deflection characteristics of the track are measured using the
hopper car to 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 Toading
fixture, (2) the hydrau]ic system and (3) the electrical system. Figure K-7.1
is 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 Tload system has two 2-9/16 inch-diameter 10-1/4 inch stroke vertical
loading 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 loading fixture
is another 2-9/16 inch-diameter cylinder which will also produce up to 51,000
1b of lateral load with the 10,000 psi hydraulic system. The available
lateral stroke is approximately 6 inches.
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The clevis pins at each end of the loading fixture are strain gauge,
pin-type load cells which are used to measure both the vertical and the
lateral forces produced by the loading fixture. The orientation of these load
cells is such that angular misalignment of the vertical cy]indérs does not
cause errors in the indication of either the vertical or the lateral loads.

Ke7.1.1.2 HYDRAULIC SYSTEM

The TLF system can be set up to operate 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 ihoper-
able, the hydraulic system can be reconfigured to operate adequately from a
single pump with reduced performance. The pump #1 unit incorporates and auto-
mobile alternator to supply electric power for the rest of the system and a
manual 2-way valve for flow control. The pump #2 unit has a reservior-moun-
ted, remote-controlled 3-way valve. If pump #2 fails, the system is operable
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 a motor/generator set and battery chérger oxr cable
Jjumpers to an automobile charging system. ‘ '

The dual pump hydraulic circuit includes the 4-way solenoid valve. This
valve unloads the vertical cylinder hydraulic pump (pump #1) when no data are
being takgn and provides fast advance for the vertical cyclinders. The 3-way
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 relief valves are used. Other elements in the
hydraulic system are check valves used for safety purposes to prevent rapid
unloading in case of power failure and needle valves used to control and
balance system flows. |

Simple hose changes within the hydraulic control package allow change over
to the single pﬁmp circuit. In this mode of operation, critical needle valve
adjustments are required to balance sysfem flows between the 1lateral and
vertical cylinders. Since supply flows are reduced, the system speed per-
formance will decrease.
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Ke7.1.1.3 ELECTRICAL SYSTEM

The;'electrical system consists of transducers, signal conditioning .
c1rcu1ts,_contro] c1rcu1ts, 1og1c circuits, and power circuits. Transducers
1nc1uded in the system are four strain gauge load cells to measure vertical
and 1atera1 loads, and five cab]e driven potentiometers to measure rail head,
rail base, and gauge displacements. Signal conditioning for the strain gauge
lToad cells 1is done using commercially available instrumentation amplifiers.
Signal conditioning for the cable driven potentiometersA‘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.;aqtuate the relief valves in the hydraulic systems. Voltages are -
supplied to these motors in such a way that the relief valves operate until
the desired load is obtained. Load commands are generated either manually
with 10-turn potentiometers or automatically with integration circuits.  Logic
is provided so that with either the manual or automatic’ contro],.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
1b lateral Toads can be produced with no vertical loads) an override switch is
provided at the top of the control panel. Integrators and selector switches
are .provided to generate loads which can be increased and decreased in ramp
type manner with loading and unioading rates of approximately 500 1b/per sec.

Other features of the. electrical system are over-travel limits that stop
system loading when.rail motions exceed set 1imits, battery powered operation
with -recharging from the gasoline engine, and two .X-Y-Y plotters to .record .
forces-.and deflections.

The system is placed in shipping containers. To install the -system the
loading fixture is removed from its shipping container and attached to the
hoppek-car. The system should be installed with the TLF mounted teward :the
end of the car with the brake rigging.
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K.7.1.2 LIGHTWEIGHT TRACK LCADING FIXTURE (LTLF)

Ke7.1.2.1 INTRGDUCTION

Rail restraint is a critical factor which affects the safety"or all
vehicles. kith inadequate rail restraint, wheel/rail loads can cause rail
rollover and sudden geuge widening which can result in train derailment. In
order to ensure that the 1lateral track strength is adequate, a means for
measuring the rail lateral rail restraint characteristics is required. o

The feasibility of making these measurements was demonstrated by ‘the
cevelopment and fielc tests with the Track Loading Fixture (TLF). The TLF was
a research tool, and- was not intended for frequert routine use by track
inspectors. A "second Qeneration" device was developed which was lightweight
and more cqhvenieht to use that the TLF for routine track measurements. This
device, callec the LighiWeight Track Loading Fixture (LTLF).

Ke7.1.2.2 GENERAL DESCRIPTICH

The function of the LTLF is to measure the lateral force applied at the
rail shear center (i.e., center of “twist") and the corresponding change in
track gauge. Lateral load is applied hydraulically with a hand pump and
cylinder combination which is mounted-to an aluminum structure. "The load up
to 10,006 prounds is applied to the rails through a pair of clevis-mounted
loading, shoes which are shaped to conform to the web area of the rail type
under test. The magnitude of lateral load is indicated by a pressure gauge
mounted to the pump, and calibrated to measure force. See figure K-7.3 for a
layout of the device niounted between the rails.

Gauge widening and absolute gauge are measured with a telescoping gauge -
bar which is also attached to the aluminum structure. The gauge bar is

spring-]oaded'so that it maintains contact with the rail heads at the gauge
point throughtout the laoding excerise. An electonic gauge measurement system

is included in the LTLF as shown in figure K-7.4.
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The electronic gauge measurement system includes a 1linear potentiometer
mounted on the gauge bar.  The botentibméter is excited by 9V fransistor
batteries, and its output is signal conditioned through an adjustable voltage
regulation circuit. The voltage output of the circuit is disp1ayed on a
digital multimeter which is provided.

. The system includes .a trimpot which can be used. fo ~adjust the output
voltage. to correspond to physical. units (e.g.‘1.75 volts = 1.75 inches). A
convenient physical calibration is provided. by theA gauge bar, which was
designed with a total range of 4.0 inches, and can be extended fully when the
LTLF is not-in-the track by pumping the cylinder.

FIGURE K-7.3 LIGHTWEIGHT TRACK LOADING EIXTURE

. 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 rail 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 is provided for the LTLF. This case is suitable
for safe air-freight transfer of the device.
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Safety features of the LTLF 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.

Coupling nut for zero adjustment
L.P. extension tube

Teflon bearings Linear potentiometer {LP)
' L.P. rod 4" range, 6KQ
, - _
— e

4" max stroke

FIGURE K-7.4 SKETCH OF LTLF GAUGE BAR LAYOUT FOR ELECTRONIC GAUGE

MEASUREMENT
75 -9 volts
in from 2
9V fransistor
batteries
68 KA
INSI4
Regulated 4 volts
O0lut
10K 6K (4" range linear pot)
> "~ Fioke |
80208 =
< |
) ¢
L
) g |
[7J :_]
[ [

FIGURE K-7.5 ELECTRICAL CIRCUITRY FOR GAUGE MEASUREMENT WITH THE LTLF
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Ke7.2 ESTIMATING LATERAL TRUCK FORCE FROM ACCELERATIONS

Ke7.2.1 DESCRIPTION OF TECHNIQUE

An alternative to the direct measurement of lateral truck forces is their
estimation using ‘the inertial measurementg, 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
inertial) forces vpf "éaéh ¢omponent. 1"The 'algebraic -SUm‘ of thé» lateral
component forces yields the net .total truck force. R

A simplified illustration of the approach is shown in Figure K-7.6

ace ' CARBODY
“— INERTIA

— A SECONDARY
SUSPENSION
L — :

TRUCK
INERTIA

PRIMARY
. . SUSPENSION

WHEELSET/
TRACTION
MOTOR
INERTIA

Oy

. TRACK
[ | ceoMETRY

¢ > INPUT
yit)

. TRUCK FORCE =Mcg © Ocg + M1 © 01 + My/7 ® Owv

FIGURE K-7.6 .SCHEMATIC OF BASIC LOCOMOTIVE TRUCK FORCE MODEL
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The major advantage of this technique is of course Tow cost, when compared
with instrumented wheelsets and instrumented track for determining lateral
dynamic truck forces. The technique is also valuable in evaluating suspension
systems by identifying the contributions to lateral dynamic truck force from
the carbody, truck and axle masses. *

TABLE K-7.1 SUMMARY PROCEDURE .FOR LATERAL TRUCK FORCE ESTIMATION

1. Measure and record carbody lateral, carbody yaw, truck lateral and -
axle lateral accelerations (note:. 0-10Hz bandwidth and digital data
acquisition are recommended.) Mechanical isolators for accelero-
.moter mounting are recommended.

2. FFT filter at 10Hz (or equivalent) (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. Sum forces to obtain net lateral 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 wheelsets. '

K.7.2.2 SUMMARY PROCEDURES

The procedures for estimating net 1ateraT truck force are fairly straight
forward. (See Table K-7.1) The rigid body response modes of a typical rail
vehicle are below 10 Hz, between 1g to 5g peak yet the environment on board a
rail vehicle is filled with shock and vibration inputs of higher frequencies
(100Hz 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 noise and must be filtered out. To overcome the noise
~ problem, a 50Hz mechanical filter, or isolator ‘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 output of the accelerometers must
also be filtered. The best choice here is an FFT filter applied at 10Hz to a
minimum of a 4 second time history. An FFT filter is applied by performing a
Fast Fourier Transfer of the -time .series data.  The real and- imaginary
components are retained. The coefficients for all frequencies above the
desired cutoff are set to Zero. An inverse FFT is performed using the re-
maining components. The result is an "ideally" filtered time series. An
“inverse FFT is performed using the rehaihing components. The result is ‘an
“Ideally" filtered time series. An FFT filter closely approximates an ideal
filter in that it has no phase shift, .it is flat in the pass band and Zero

everywhere else (nearly). (Alternative Afi]tering shdu]d have about 25 db
attenuation above 15 Hz, and have a flat kesponse with little or no phase
shift below 10Hz, to provide an acceptable signal to noise ratio). The
interia forces are then calculated by multiplying the measured accelerations

of the carbody, truck frame and axles by their respective masses and "inertias
as shown in Equation.

Net Truck Lateral Force--Equation

n . L. M +1I6.
F, = M% Xa, * MpXp * €C ¢ ’l'rcc»c
where: _

F, .= Net Truck_LaLepal Force (1b)

M, = Mass of,ohe‘axle (1b-sec?/in)

iai = Axle "i" lateral acceleration (in/secz)

n = Number of axles in truck

MT. = Truck frame mass (1b-sec?/jn) ‘

Xp = Truck frame lateral acceleration (in/secz) ‘
Log = Distance f;om carbody yaw center to truck center (ft)
Lpc = Truck center spacing (feet)

M, = Carbody mass (lb-sec2/in)

ic = Carbody lateral acceleration (in/secz)

I, = Carbody yaw inertia (lb-in—secz)

§ = Carbody yaw acceleration (rad/sec?)
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The resultant forces are summed to obtain total net truck lateral force.
Plots of the time histories of the total and component forces should be
produced as an aid to analysis of the suspension system. The contributions of
axle, truck and carbody inertia to peak truck force values cah be readily
identified from the plots. Calculations of the RMS values for each component
inertia force and the‘tota1 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 réquirements are summarized in Table K-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 affected by creep forces and center plate friction whereas
these effects are largely cancelled out when considering tota} truck forces.

Significant attention must be given to filtering to obtain the low-level
Tow-frequency rigid body accelerations from the relatively high level-high
fréquency noise environment of a rail vehicle. For best results shock mounts
with a flat response to 50Hz are recommended for the accelerometers .and 10Hz
FFT filtering is recommended in processing the data. As a result of the 10 Hz
filtering, forces generated by wheel impact at misaligned joints are under-
estimated. However these forces are of very short duration and rare]y-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, Digital data acquisition and procéssing is recommended.
5. FFT filtering is recommended.

6. Impact forces are underestimated.
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KeZ.2.4 EXAMPLE. -

An application :of this technique was performed during the perturbed track
tests in.1978.- The prescribed suite of acceleratometers, with isolators, was
installed.on -the carbody, truck and axles of an SDP-40F six axle locomotive.
(See Figure K-7.7). The data was filtered and digitally recorded along with
force cata from three instrumented wheelsets in the same truck. (See Figure
K-7.8). This direct measurement of net tru;k force enab]ed anxeya1uation of
the eaccuracy of the estimation‘ technique.  Overall the results showed the
technique to .be up to 90% accurate in estimating filtered peak force levels.
Also. 4 second time histories of the estimated total truck force, from the
pertu}bed track test zones, showed géod agreement with those.from the wheelset
neasurements. (See Figure K-7.5) the results are shown for several cycles of
tvio alignment perturbations, one with a 78 foot fundamental wavelength-and a
second with a 3¢ foot fundamental wavelength. )

~-bne of the test objectives was tc identify the factors contributing to
excessive “lateral truck forces which. had resulted in. a number of SDP-4CF
derailments. .Figure K-7.10 shows the relative contributions. of the'carbody,
axle and truck frame inertia forces to peak and RMS net lateral truck: force.
Within the test section, the carbody inertia force (as the result of carbody
yaw activity) was found to significantly dominate the overall response. These
results led to further -investigation of the dynamic characteristics .of the
secondary suspension 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 requirements for an overall data managément
concept for Vehicle/Track 1Interaction Assessment Techniques
(IAT). This annotated outline will highlight the- points needed
for the wuser .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 into account from the earliest 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 long
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 tests . 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 a 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, machines
(i.e., computer hardware), and programs (i.e., computer software)
in the execution stages of a test. The combination of machines
and programs, as put to use by a human operatot, 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 petformed~ often on one-time facilities by
different users who have different computer equipment and
facilities available to them. Each user must assemble a 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
little 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 Subsystem.

L.2 OBJECTIVES OF A DATA MANAGEMENT SYSTEM FOR IAT

The objectives of a data management system for IAT may be
divided into three categories: user objectives, operational
objectives, and analysis objectives. - ’

L.2.1 User Objectives

These are key objectives important to a 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 .system must be able to
be wused by relatively‘inekperienced personnel without
extensive training. :

B. Rapid Results. The high value of equipment and
personnel involved in testing, and time constraints on
their availabilify, often will dictate that test results
be available quickly. '

l. 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 -usually. need test results promptly
. 1f those results are to be of use.

C. -Multiple 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,longfterm tesf
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. . Output formats should be
. .provided - .which are convenient to wusers at multiple
levels of expertise.

F. User-Supplied Personnel and Equipment. 'Usersv of a
long~term test facility should be able'to conduct tests
and process the data with their own people and . computer
facilities. | ’

G, - Cogt.Effeqtiveness.' The data management system chosen
should. provide .the  most performance above the minimum
_requirements ﬁo;'the lowest 1life-cycle .cost. Maximum
use of existing and off—the—shelf hardware and software
should be wused wherever practical, consistent with
minimizing .costs.

L22 Qperational Objectives

The objeétives listed below are important to the safety of
tests, the security of test data, and the operational efficiency
of the IAT process.



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 sysﬁem ‘should
monitor the validity 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 recordéd 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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input to relevant - (computerized) analytical models.

.. Flexible 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.

- These objectives are important to assure that the analysis

of test data can be performed with correct results.

A.

Comparative Analyses. Test data should be maintained in
a format which will permit various comparative analyses
of performance of two or more vehicles to be made at any

time after testing is completed on them.

~Dbata 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 Formats. The data
management system must include the- capability for
permanent storage and retrieval of data in a form or
forms which will allow:



1. Comparative Analysis. Comparison of results of
similar tests on different vehicles or components.

2. Specialized Analyses. Analyses by a researcher
. which would not normally be done as part of IAT
testing.

3. Statistical Extracts. For 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. Validation of Original Assumptions. Determination that
original test assumptions, tolerances, errorAanalyses,
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 Onboard Data Requirements

Onboard data handling requirements are summarized in Tables
L-1, L-2, and L-3. Minimum number of channels, frequency range,
and sampling rate are shown for each performance issue.



L.3.1.1 Real Time Data (Quick-Look & Safety) - 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 IAT 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 handling require-
“ments - are summarized in the tables. The data management system
should perform thé bdlk 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~t6'reduce costs and reduce processing time.:

L.3.2 Hayside Data Requirements

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. . The tdble is
organized as for onboard data and contains the same categories of
information - for real time and post—proceSSing‘reqUirements;‘ Many
real time- chahnels 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.



TABLE L-1.

ONBOARD DATA HANDLING REQUIREMENTS
FOR PROOF TEST

PERFORMANCE ISSUES*
SBD

100

200

-H T&R P&B Y&S SSC SN DC
DATA CHANNELS:

Speed 1 1 1 1 1 1 1
ALD , 1 1 1 1 1 1 1
Environmental . 3 3 3 3 3 3 3
Test Data 2 3 6 4 6 4 7
Total for Data _ -7 8 11 9 11 .9 12
- Quick-Look 4 3 5 5 4 3 6
Total Channels 11 .11 16 14 15 12 18
FREQUENCY RANGE: v
Minimum (Hz) 0 0 0 0 0 0 0
Maximum (Hz) 50 10 10 10 100 100 100
Sampling Rate (Hz) . 100 20 20 20 200 200 200

TABLE L-2

ONBOARD DATA  HANDLING REQUIREMENTS
- FOR DIAGNOSTIC TEST

H
DATA CHANNELS:
Speed -1
ALD- 1
Environmental -3
Test Data 14
Total for Data 19
Quick-Look : 8
Total Channels | 27
FREQUENCY RANGE:
Minimum (Hz) , 0
Maximum (Hz) 100
Sampling Rate (Hz) | 200

* Symbols are described below

P&B

20

Y&S

100
200

PERFORMANCE ISSUES*

SSC SN DC SBD

100
200

Table I.-4, next

L-9

1 1
1 1
3 3
21 17
26 22
7 8
33 30
0 0
100 100
200 200
page;!

100
200

100
200

100



TABLE L-

3

ONBOARD DATA HANDLING: REQUIREMENTS
FOR SERVICE ENVIRONMENT TEST

DATA CHANNELS:
Speed-
ALD
Environmental
Structural .Data
Test Data

Total for Data
Quick-Look

Total Channels
FREQUENCY RANGE:

Minimum (Hz)

Maximum (Hz)

Sampling Rate (Hz)-

—— et e = e e e
===

PERFORMANCE ISSUES

H T&R P
1 1
1 1
3 3.
0 O
17 10
22 15
8 5
30 20
0 0
100 100
1200 200
TABLE L-

WAYSIDE DATA HANDLING REQUIREMENTS

FOR SERVICE ENVIRONMENT TEST

DATA CHANNELS:
"Test Data
Quick- Look

Total Channels
FREQUENCY RANGE:"

Minimum (Hz) .

Maximum (Hz)

Sampling Rate (Hz)

100
200

&B Y&S SSC SN DC SBD LTA LI
1 1 1 1 1 ‘1 1 1
1 1 1 1 1 1 1 1
3 3 3 3 3 3 3 3
0O 0 0 0 0 O0 0 10
7 16 13 25 26 16 17 22
12 21 18 30 31 21 22 37
5 7 6 7 8 6 6 8
17 28 24 37 39 27 28 45
0 0 0 0 0 0.0 0
10 100 100 100 100 100 100 50
20 200 200 200 200 200.200 100
4
==== PERFORMANCE ISSUES ======
PsB Y&S SSC SN DC SBD
16 10 4 4 20 4
6 6 4 4 8 4
16 16 8 -8 28, 8
0 0 0o 0 0 0
100 100 100 100 100 100
200 200 200 200 200

H = Hunting

T&R = Twist and Roll

P&B = Pitch and Bounce

Y&S = Yaw and Sway _
SSC = Steady State Curv1ng

SN
DC
SBD
LTA
LI

Spiral Negotiation
Dynamic Curving ‘
"Steady State Buff and Draft
Longitudinal Train Action
Longitudinal Impact -



L.4 FUNCTIONS OF A DATA MANAGEMENT SYSTEM FOR IAT

'Based upon preliminary assessment of the test requirements
for IAT, the data management system, both hardware and software,
is described in terms of its 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 is shown in Figure
L-1.

L.4.1 Data Standardization

All test data should be formatted and transferred in a
standardized manner to ensure proper cataloging and repeatability
of analysis. Some of the issues to be resolved are:

A. Standard ChannellAssignments (Analog) . Channel assign-
ments for raw analog data received from sensors should
be consistent from test to test whenever possible.
Assignments to be standardized are:

1. Unique Logical Channel Assignment.
2., Physical Channel Assignment.

B. Standard Record Formats (Digital). The format of data
- stored on magnetic or other machine-readable media
should be carefully planned. Format may be different

for data at various processing stages:

1. Unprocessed Data.
2. Processed Data.



Record Types to be Standardized.

l.

‘Trailing Records.. Trailing records signal the end

Header Records. Information in text form concerning

- . basic test - parameters. (e,g.,;dgsqription 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.

“Some factors to. be considered are:

a.. Record Length‘(infotes ot Bits) ..
b. Word Length (in Bytes or Bits).

" .:Cs.- Resolution and Range of Values.. Large range oOr

- large values may require more than one word for
-*storage. |

d. Sign Convention.

e. Bit Padding Convention.

f. Multiplexing Technique. .

g. Number of Channels.

h. Sample Rate. ,

i. Characteristics of any Non-Standard Channels."

of a file of data and also may contain:

a. Post-Test Calibration Data.

‘b. Comments. These may describe unusual events

during the test.
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Figure L-1
Typical Data Management System for IAT
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L.4.2 Data Acguisition

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,'_suqh 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—readéble»media

~for. later retrieval. Data from all channels ‘for each
sample: will be placed in a single record and placed

serially onto the medium. Some multiplexing may occur),
for efficiency of storage or speed of transfer, but
distinct chanhel identification must be recoverable.

-Output- from models may be required as well ‘as from

actual tests.
Functions to be Supported.

1. Quick-Look. vConversion‘of quick—look parameters to
“‘eéngineering units will be required. o

2. Data Conversion (optional). 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 to permit simplified
synchronization later.
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4, Pre-Test/Post—Test Acquisition. Pre-test and post-
test acquisition of track geometry data will be
necessary under some conditions.

5. Remote-Site Testing. The data acquisition subsystem
may be required to function at a variety of test
sites when special track geometry or operating
conditions are required.

Typical data rate and capacity requirements are shown in
Table L-5. Block diagrams of typical data acquisition systems

are shown in
analog-based

and Figure L-

Figures L-2 through L-4: Figure L-2 shows an
system; Figure L-3 shows a computer-based system;

4 shows a PCM system.

TABLE L-5

Minimum
Average
Maximum

TYPICAL DATA ACQUISITION DATA REQUIREMENTS

SAMPLES MEGABYTES OF DATA

CHANNELS PER SEC RUN TIME RAW SIG ENG UNITS
12 20 2 min. 0.6 1.2
30 100 3 min. 1.1 2.2
50 200 15 min. 20.0 40.0
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Figure L-2

Typical Analog-Based Data Acquisition System
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Figure L-3

Typical Computer-Based Data Acquisition System
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‘L.4.3 Data Conversion

If 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:

A. Digital to Analog.
B. Analog to Digital.
‘C. Raw Digital to Engineering Units.

L.4.4 Data Reduction/Analysis

A. Test Analysis. A block diagram of the data  management
system configured for test analysis is shown 1in
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 anélysis is
shown in Figure L-~6. Typical functions required are:

l. Statistical Analysis.

2. Analytical Models. Use of previously validated
models for comparison of different, but possibly
untested, conditions or use of unvalidated models as
‘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 are
available to run on virtually any computer. They will

perform - many = general-purpose mathematical and

... ;statistical procedures on data properly formatted for

..-them... A partial listing appears in the Bibliography of
~-this Section L. However, the IAT analyses also require
‘some very:.specialized mathematical procedures for which
programs must be written. 1In either case, programs must

format the data to be compatible with each analysis
program. For a more thorough discussion of analysis
programs see IAT Section C, Literature Search, and IAT
Section D, Model Validation.

1. IAT-Specific. Programs written for IAT use and
probably not usable for any other purpose.

2. _Pre-Packaged Programs. Special-purpose prog;amsAand
subroutines available for lease or éurchase;

.. -3. -General-Purpose Packages. Large .. packages .(e.g.,

statistical, data  management, and analysis)
Lavailﬁble for lease or purchase. One or more of
these may already reside on the user's computer
system. : —

4, Utilities. Programs likely to be already available
-on the wuser's computer system to perform editing,
file management, etc. These are often designed for
specific models of computer system.
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Typical Data Management System
Configured for Test Analysis
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L.4.5 Data Storage/Retrieval

All test data should be stored on some media as it 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 1is stored in processed form and validated. This
usually means at least until a test series 1is 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.
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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 simultaneously.. 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 to the
location of the data. Header information should be
included to permit complete analysis without therneed to
get these data from other sources. Some characteristics
of processed data are:

Include All Tests.
Data Base Management System Probably Required.

. Updated Frequently.
Allow for Future Additions and Modlflcatlons.
~.Availability of Track Geometry Data.

Backup Capability.
.Accessible to Researchers.

9 oUW
[ ]

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
retrieved for use with various tests from time to time.
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Track Data Library. Track characteristics, including
geometry, modulus, and location identifiers, for all
segmenfs of -the test track should be stored and
cataloged for . frequent retrieval for comparison with
pre-~test and. post-test calibration measurements.

Model Library. All analytical models useful to IAT
should be . cataloged for use by the test planner and

~analyst.  Update capabilities should be  provided. . See

IAT - Section-- C for listing .and characteristics of
available models.

l. 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. Some
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 should be made with the organizations
presently maintaining custody of them. A system to
transfer test- data in machine-readable form for
input to the models should be designed as part of
the IAT data analysis subsystem.

2. New Aﬁalytical 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

.Govérnment/Industry Research Program on Track Train
Dynamics (TTD) and other researchers will continue
to be the major source of new models for use by the
railroad industry. vAn arrangement for exchange of
information between researchers and TTD modeling
personnel for IAT users will probably be required.

/
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L.4.7 Model Validation

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. or both. For the
latter, -onboard and wayside data must be synchronized with each
other and with track geometry and track characte;istids data.

A. Accurate and Complete Data Required.
B. Significant (and costly) Processing Required.
. Reformatting of Data.
2. Ensuring Compatibility Among Computers.
3. - Synchronizing Onboard, Wayside, and Track Data.
4. Interpolating Synchronized Data.
C. Maximum Mechanization to Avoid Duplicate Effort.

D. Cannot Be Fully Mechanized.

E. Analyst Judgement Critical Throughout.
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L.4.8 Data Verification

IAT testing will collect a 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 verifie@ ﬁﬁhéﬁeVgr & :Eransfer 'between media and/or systems
takes placé.'T‘This verification ;shduld¥3béJ as éﬁtbmatic ‘as
possible, ﬁtilizing’ verification data built 'in to every file or
set of data. Some of the verification will be partly visual
(e.g., verifying 'that a tape label 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, ﬁiék packs, etc.) ' ‘“i ’ '

B. Automatic Label Cross—Referencing.; (for data séored on

~ “more than one tape or disk, etc.) ' |

C. Record Counts.

D. Channel Assignment Exceptions.

E.*Jcéiib;ation Constants.

F. - Rangevéhd‘Limit Check.

G. ' Check Sums.

H. éarity Checks.

L.4.9 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
results should be presented at a number of levels of technical
detail and in a set of formats matched to the various 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 so that
a quick visual 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 Conclusions.
C. Graphical Output.

D. Threshold Overlays.

E. Multi-Level Technical Detail.

F. Optional Outputs for Special Use.
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I. Sheikh, Arthur D. Little, Inc., September, 1980 (ADL
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3. "Facility for Accelerated Service Testing Initial Data
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Tests - Wayside Test Data Summary", D.R. Ahlbeck,
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L.5.2 Computer Software

A small sampling of available software packages 1is 1listed
below. Not all packages will run on all computer systems. A
current catalog should be consulted for an up-to-date 1list and
applicability information.

A. Cataldgs and Comparisons.
1. "A Comparative Review of Statistical Software", I.

Francis (ed), The International Association for
Statistical Computing, Voorburg, Netherlands, 1977.
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3.

1.

2. .

7.
8.
9.

- 10.
11.

12.

13.

14.

"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,'¢§neral-Purpose Packages.

BMD "BMD Biomedical Computer 'Programs", University
of California Press, 1973..

BMDP:77f "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.F. Ryan, Duxbury Press, No.

Scituate, MA, 1976.

OMNITAB 78 "OMNITAB Users Reference Manual",
National Bureau of Standards, US Govt. Printing

‘Office, 1971.

'OSIRIS III

PSTAT

SAS 76.5 "A User's Guide to SAS 76", A.J.. Barr, et

al, SAS Institute, Inc., Raleigh, NC 1976.

SCSS

SPSS "SPSS - Statistical Package for the Social
Sciences", N.H. Nie, C.H. Hull, J.G. Jenkins, 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, MI, 1974.
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Data Management Packages.

l.

BANK "BANK Data Management Package", Lib. Progqg.
3.9.1, R. Houchard, Western Michigan University
Computer Center, Kalamazoo, MI, 1974.

LEDA

SIR

WRAPS

Subroutine Libraries for Statistics.

1.

2.

IMSL, FORTRAN Subroutines. Manual available from
International Mathematics and Statistical Libraries,
Inc.

NAG

Survey Analysis Packages.

1.

" RGSP

Signal Filtering and Processing Packdges.

1.

"Programs for Digital Signal Processing", Digital
Signal Processing Committee, IEEE Acoustics, Speech,
and Signal Processing Society, New York, NY, 1979.

ILS (Interactive Laboratory System). - Signal
technology, Inc., Goleta, CA. :

L-33/L-34



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
espec1a11y 1mportant that specific test obJectives be well founded. If an
efficient test program is to be carried dut, it is then essential that the
“defined test objectives be systematically converted into appropriate test
plans, track designs and test procedures. The primary 'pdrpOse of " this
section is to provide the user with a methodology for effectively re]ating
overall test objectives to specific field test design parameteré and test
procedures.

This section provides a detailed and systematic plan for designing and
impiementing ‘vehicle/track 1nteraction field test programs. The basic
approach is to provide the user with a progre551ve1y detailed breakdown of
constitqent subtasks or test planning activities (i.e. starting with an
overall flow diagram, the user will be able to quickly access the appropriate
planning area and planning detail neceséary). Where appropriate, specific
examples of the type of information required for each planning stage are
included. ' S ' ' '



M.2 USE OF FIELD TEST PLANNING SECTION

This section 1is intended to 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 .outline. of activities or tasks’to be considered when developing test
 p1ans and«ppenaﬁions support fbr néw teét progréms.

The primary pdfpoée of . this section is to enable a user to develop an
. overall planning structure needed to fulfill a set of test objectives. It is
not proposed, however,. that this document necessarily proVides all the
specific detai]s needed to implement each planning task. Additional design
details are covered in part one on "Vehicle/Track Interaction Assessment
Techniques". |

Use of this section should begin with the overall planning f1dw diagram
as shown in Figure M-1. This flowchart (which is also provided at the end of
the report for ;onyenience) provides an overview of all thé majoﬁ.p]anning
tasks to be considered. The pUrpose of the overall planning diagfam is to
. show the primary  intekre1at1onsh1ps between bdsic' elements or activifies.
This procedure permits factoring out common elements, . aids in assessing
resource requirements, allows critical paths and decision' points to be
identified, andla]so provides the étructurevfor<a management plén through
illumination of the major coordination requiremehts.

As part of the approach to developing a systematic plan for addressing
vehicle/track interaction field testing, each of the Tlarger tasks or basic
blocks of the planning diagram are broken down into constituent subtasks
(activities) which are more amenable to precise definition. Each block has
been assigned a reference number which provides a mechanism for defining the
interre]dtionshﬁps between subtasks. The detailed subtask breakdowns are
presented in réspective sections.

For each prfhary task, examples of the type of information to be
developed or obtained are included as "planning aids" (where appropriate).
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R OVERALL GENERIC

FLOW DIAGRAM FOR THE PREPARATION AND CONDUCT OF FIELD TEST PROGRAMS

1.0 DEFINE OVERALL TEST OBJ

ECTIVES

P

roblems(s)‘to be Solved

Anticipated Approach
Expected Results
Rala:e'Previous Test Programs to Current Problems..

2.0 PRELIMINARY TEST PLANNING

Identify Performance Regimes

Identify Response & Control Variables and Test Safaty Anllysil
Identify Excitation Inputs (e.g. track geometry & perturbations, train action)

Site Se

lection Criteria

Identify Data Requirements

Develop
Develop

Data Base Format
Standard Nomenclature

r

L

3.0 ANALYSIS, MODELING, SIMULATION

4.0 DETAILED TEST PLANNING

Track Structure
Vehicle

Track/Vehicle Interaction .
Parameter Sensitivity Studies

Variables (Wayside and Onboard)

Sections to be Used)

Develop a Test Operations Plan
Develop a Data Management Plan

e Define Track Performance Characteristics Required
(or Define Existing Track Characteristics to be measured)
Define Ranges for Response, Control & Excitation

e Develop Detailed Track Geometry & Track Perturba-
tion Specifications (or Characterize Test Track

Identify Safety Considerations & Contingency Plans
Develop Preliminary Schedules/Costing & Logistics
Identify Pre~test and Post-test Requirements

. T
: \

5.0 SPECIAL STUDIES

6.0 TEST DESIGN

7.0 SPECIAL DEVELOPMENT TASKS

Track Modulus Effects

Fasteners

Longitudinal Rail Force Effects
Design, Construction & Mainte-
nance Techniques

Measurement of Track Geometry

Detailed Track Structure Design or
Modification

Wayside Instrumentation

On-Board Instrumentation.

Data Acquisition & Synchronization
Data Requirements, Formats, Coxr-
relation .
Vehicle Configuration/Re-Configura—
tion

Design Test Fixtures

Develop Test Procedures

o Develop Innovative Measurement Techniques
e Develop Calibration’ Techniques and/or Equipment
¢ Instrumentation Development (as needed)

]
[

o Error Analysis

e Perform Hazard Anslysis

8.0 TEST PREPARATION

Track Structure Construction/Modification B -
Contractor/Government /Industry Coordination

Prepare Test Schedules & Test Matrix

Build Test Fixtures

Prepare Calibration Procedures

Conduct Preparatory Laboratory Tests and ‘Field Tests
Perform Operations Safety Analysis

{

9.0 TEST EXECUTION

@ Pre-Test & Post-Test Calibration
e Schedule/Coordinate/Implement
o Quick-Look Data Analysis/Verification

10.0 DATA REDUCTION/ANALYSIS

Speeial Analysis

Additional Testimg Required

Basic Reduction

Build Data Base

Basic Data Analysis and Data Presentation

Overall Test Analysis (relative to test
objectives)

Perform Safety Effectiveness Review

FIGURE M-1
M-3




Sections M.2.1 through M.2.10 of this report discuss each primary planning
activity in detail and correspond to the block number identification used on
the overall planning diagram (Figure M-1). This enables the user to quickly
access a particular planning task as needed.

-Sections M.3 and M.4 provide recommended sigﬁ‘conventions and consist
-configuration identification . procedures -to -be used. It 1is strongly
recommended that thé suggested conventions be adhered to fdr the purpose of
promoting a greater degree of standardization between test programs and test

. results.
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M.2.1 DEFINE OVERALL TEST OBJECTIVES

The first step in planning a field test program is to;é]ear]y identify
all of the objectives involved. These should include the overall program
objectives associated with the basic Engineering/resechh which establishes
the need for testing. Once the basic program objectives havé'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
associated support activities 1into cohesive and comprehensive solutions.
Therefore it is essential that the problems or questions to 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 OBJECTIVES

\

1.1 IDENTIFY PROBLEM(S)‘TO BE SOLVED e.g.

Investigate Vehicle Performance Characteristics
Evaluate New Equipment:Designs
Conduct Acceptance Tests
. Evaluate Safety Standards (Vehicle & Track)
‘Evaluate Vehicle/Ttack Interaction (1i.e. ‘Assess aliowable
maximum levels of dynamic response to assure vehicle
safety and minimize track deterioration)
..Diagnose Known or Observed Problems
- Provide Basis for’ Equipment Re—Design
.Evaluate Advanced Designs.
Model Validation
Conduct Comparative Characterizations of Vehicle
Performance
e Predict Potential for..Undesirable Dynamic Performance
in Revenue Service

; . -

1.2" DEFINE SPECIFIC TEST OBJECTIVES AND THE ANTICIPATED APPROACH

e Conduct Pre-Test Analysis and Modeling
e Conduct Component Laboratory Tests (Vehicle and Track
Structure)
e Conduct-Field Tests
.= Single test, single site
"~ Multiple-tests, single site
- Single test, multiple sites
- Multiple tests, multiple sites
e Combinations of Above

]

1.3 EXPECTED RESULTS

1.3.1 ‘Quantitative Results

e Observe if certain phenomenon occur under a specific set
of conditions (e.g. hunting, pitch, bounce, yaw, sway, etc.)
e Observe (record) peak vehicle and/or track response levels
for a specific set of conditions
e Establish Trends '

1.3.2 Qualitative Results

e Record comprehensive test data for.detailed data processing

and analysis
e Obtain sufficient data to allow a statistical description of
designated response parameters to be made

‘ Ny

1.4 REVIEW PAST TEST PROGRAMS WITH REGARD TO
PLANNED TEST ACTIVITY

e Have similar tests been conducted
e Identify test programs and available test re-
sults which would be useful- for this program

FIGURE . M-2
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M.2.2 PRELIMINARY TEST PLANNING

During the pre1im1nary test p1anning activity'specifﬁé test objectives
are transformed into basic test requirements.' For:example,‘given a specific
test objective (i.e. investigate the derajlment 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 inputé; respdnse ahd'cbntro] variables, type
of track and track perturbations needed, etc.

Preliminary test planning identifies theAengineehing approach to be used
in the test program. The }esults 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 planning-act{vities or kequire long lead
times be identified at this pofnt. The flowchart shown in Figure M-3 outlines
the preliminary planning activities which need to be'addressed;

Planning Aids For Preliminary Test P]anning

Table M-1 provides an -example of the type of information which is 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 1is then necessary to
identify the associated excitation inputs, response variables and control
variables as 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>f0r the required'excﬁtation levels, control
variables and expected response levels will be developed during the detailed
test planning and test desﬁgn activities.

Performance of the Pre]iminary Test Safety Analysis will aid in
establishing preliminary estimates thrdugh “evaluation of associated risks.
Table M-2 presents a format for the preliminary Safety Assessment information
to be developed. M_% ‘ '



I 2.0 PRELIMINARY TEST PLANNING

2.1 TIDENTIFY PERFORMANCE REGIMES TO BE ADDRESSED
o Hunting . Spiral Négotiation
e Twist and Rell . Dynamic Curving
e Pitch and Bounce ] Steady Buff and Draft
e Yaw and Sway . Longitudinal Train Action
e Steady State Curving ° Longitudinal Impact
2.2 IDﬁNTIFY LEVEL OF ASSESSMENT REQUIRED TO MEET TEST OBJECTIVES
2.2.1 Limited Assessment:

C

ompare the response characteristics of a vehicle with a perfor-

mance .reference or with the characteristics of another vehicle.

2.2.2 L

imited Assessment With Diagnosis:

Observe and compare response variables and if a problem exists,

d

2.2.3 ©

etermine why, and what can be done about it.

omprehensive Assessment With Diagnosis:

.E
‘r

valuate and compare test response, predict .response in
evenue service, diagnose and solve any identified problems.

2.3 TIDENTIFY GENERAL RESPONSE VARIABLES

- ‘Define .the response variables (both vehicle and track) which’

to be addressed for a desired assessment level,

are required to adequately investigate the performance regimes

- displacements (relative, absolutej - accelerations
- forces - pressures

2.4 IDENTIFY EXCITATION INPUTS AND CONTROL PARAMETERS

to

o Define the track structure excitation & control variables required
to investigate the performance regimes of interest

o Define vehicle excitation & control variables required

Perturbation chéracteristics - Rail friction
Track geometry characteristics - Rail size and type

investigate the performance regimes of interest

Operational parameters (speed, buff, draft)

Physical parameters (lading conditions, spring rates,
damping coefficients, design parameters, wheel pro-
files, truck types, car body type, etc.)

2.5 DEFINE TEST SITE SELECTION CRITERIA

Track construction e Track geometry
Track condition e Track class
Revenue -traffic conditions and density

Accessibility (both wayside and track access for special train consists)
Train operating characteristics (speed,.weather & terrain conditioms,
site logistics):

f

2.6 TEST SAFETY

Perform Preliminary Test Safety Analysis

2.. DEFINE PRELIMINARY DATA REQUIREMENTS

Identify approximate number of data channels expected

Define real time data monitoring requirements

Define Quick-Look requirements R

Identify which critical safery issues must be carefully monitored
Identify basic data base format

Establish standard nomenclature as appropriate

2.8 DEVELOP PRELIMINARY LOGISTICS.

. -Ptepare a preliminary test planning and preparation schedule
. showing-major activities, procuresments, critical coordination
points and delegation of responsibilities.
e Prepare a preliminary table of major events and activities
chronologically sequenced. Delegate areas of -responsibility

as appropriate

FIGURE.M-3
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TABLE M-1

CANDIDATE. PERFORMANCE. REGIMES AND TEST.

PARAMETERS TO BE ADDRESSED

PERFORMANCE REQUIRED REQUIRED CONTROL * ANTICIPATED RANGES
REGIMES EXCITATION INPUTS RESPONSE VARTABLES VARTABLES OF CONTROL VARIABLES
1. Hunting Tangent L/V; Wheel, ] Speed
! *  Lateral Truck and Body Lateral Displacement Amplitude;
Transient Motions Rail Friction
2. Twist and Roll Tangent Vertical Wheel Force; Wavelength of Perturbations;
Crosslevel Roll Motion of Truck Amplitude of Perturbations;
Perturbations and Body Phase of Perturbations;
Speed
3. Pitch and Bounce Tangent Vertical Vertical Wheel Force; Wavelength of Perturbations;
Perturbations Pitch and Bounce Motion Amplitude of Perturbations;
of Truck and Body Phase of Perturbations;
Speed .
4, Yaw and Sway Tangent Lateral L/V; Yaw and Sway Wavelength of Perturbations;
- Perturbations Motion of Truck Amplitude of Perturbations;
and Bqdy Phase of Perturbations;
’ Speed
5. . Steady State Uniform L/v Curvature;
Curving Curves Superelevation;
Speed;
Rail Frictiomn
6. Spiral Uniform L/V; Truck Rate of Change of Curvature;
Negotiation Spirals and Body Motions Rate of Change of Superelevation;
Speed;
Rail Friction
7. Dynamic CurQing Curves With L/V; Truck Curvature;
Lateral and and Body Motions Superelevation;
Crosslevel B Type of Perturbationsi
Perturbations . Wavelength of Perturbations;
: Amplitude of Perturbations;
. Phase of Perturbatious;
' ‘Speed;
Rail Friction
8. Steady Buff Uniform Curves L/V; Coupler Curvature;
and Draft and Steady Angles Coupler Force Magnitude;
Coupler Force Speed
7
9. Longitudinal Uniform Tangent L/V; Coupler Forces Curvature;
Train Action and Curves and and Angles; Longitudinal Locomotive Acceleration
Dynamic Coupler Force and Lateral Motion of Body and Deceleration Rates
10. Longitudinal Tangent Coupler Forces; Impact Momentum
Impact Impact Force Structural Stresses

and Deformation; Body
Longitudinal Motion

"% Will be developed during the detailed test planning

)

activity
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TABLE M-2

Performance
Issue

Activity

PRELIMINARY TEST SAFETY MATRIX

Item/

Mode Hazardous Hazard Safety Provisiqns Action
Function Aspect Category Needed ' Priority
By
Date Page




M.2.3 ANALYSIS, MODELING, SIMULATION

'The analysis, modeling and simutation task addresses the steps necessary
to utilize mathematical tools for the purpose of so]v1ng prob]ems encountered
in either the planning stages or as a result of data reduction and analysis.
For example, during one of the planning stages it may be. necessary to quantify
the range and sens1t1v1ty of spec1f1ed transducers ‘Assuming:an ébsence of
pr1or emp1r1ca1 data, the ana]ys1s, mode11ng and s1mu1at1on phase would be
used to describe thé activities required to obtain transducer range -and
sensitivity estimates. ' ' L 7

As can be seen in the overall p1annfng flow diagrem‘ (Figure' M-1)
Analysis, Modeling and Simulation should really be considered as a support
activity for many of the pre-test preparation tasks as we11 as for post -test
ana]ys1s and data reduction. o

The main objective of this tesk is\td identify theAbasic analys}s tools
which will be requ1red to resolve prob1ems or prov1de supportive’ 1nformat1on
for tests. Having 1dent1f1ed the needs, an assessment of available tools must
be made to determ1ne whether suitable capabilities’ are available and
operatioﬁa]. 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 deve1oped within the railroad commun1ty are included in the
: p]ann1ng aids. ‘ '

" Planning Aids For Analysis, Modeling, Simulation

Tables M-3 through M-11 present a parttaT compﬂatioﬁ~ of "ané]ytica]
tools" or mathematical- models which can be considered when planning the
: ana]yt1ca1 support activities required for a spec1f1c test program.. A more

comprehensive compend1um of veh1c1e/track simulation mode1s is presented in
Section C, Part II of this document,_



3.0 ANALYSIS, MODELING, SIMULATION

3.1 DEFINE THE TYPE OF ANALYSIS FUNCTIONS WHICH WILL BE NEEDED

'l @ Parameter Sensitivity Studies ‘ s ‘
o Predictive analysis. (e.g. estimate expected parameter response _
‘levels, catastrophic d1sturbance 1evels i.e. derailment cond1t1ons;
© - safety limit, etc.) - :
9..Design ana]ys1s (track structure, veh1c1e components, yeh1c1e/track
. - interaction) .. ‘
e Establish accuracy requ1rements for instrumentation and data ac-

quisition

3.2 ESTABLISH ANALYSIS REQUIREMENTS CONSIDERED NECESSARY TO
: SUPPORT DEFINED TEST OBJECTIVES

e Simple ana]yt1ca1 computat1ons and qualitative eng1neer1ng
models™
Combinations of s1mp1e ana]yt1c models
Linearized models of track structure and vehicles
Detailed nonlinear subsystem models. (track and vehicle)
- Complete. "system" models ' 4

3.3 SELECT OR. DEVELOP APPROPRIATE SOFTWARE AS NEEﬁED

1

3.4 ASSEMBLE DATA BASE AS APPROPRIATE FOR DEFINED TEST'OBJECTIVES

e Track Parameters
o Vehicle Parameters
° Specia] Site Conditions

3.5 PERFORM ANALYSIS UTILIZING'SOFTHARE AS NEEDED FOR TEST PLANNING AND DESIGN

'

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 ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS
(REFERENCE 1)

NAME/DESCRIPTION

”COMMENTS

NO. SOURCE TYPE |
1 AAR Steady:"| 2, 3, 4 Axle Rigid Truck- _Program 'designed" for rigid
‘ State | Curve Negotiation Model - | Tlocomotive truck analysis.

- : "{ Not suitable for the more
flexible freight car trucks,
especially Type II. Does
not model wheel conicity or
gravitational effects.

2 AAR Dynamic | Nonlinear Time Domain Modified version of Smith's

Time Curving Program I1Tinois Institute of Tech-
Domain S nology Masters Thesis Pro-
gram.

3 | Battelle 'Steady SSCUR2-2 ‘Ax1e 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 -
5 | Battelle | Dynamic Noh11near Curve Entry Similar to a Law and Cooper-
Time for 9 degrees-of freedom | rider program. Models
Domain (dof)Half Car Model Metroliner.
6 |Battelle | Dynamic { Full Car Curving Model Same as Law and Cboperrider
Time - : program. Models Metro11neru
{ Domain

7 | Law/ Steady Non]inear Steady State Su1tab1e for Type I fre1ght
Cooper- State Curving of a9 dof | car trucks v ,
rider "Rail Vehicle '

8 |Law/ Steady Nonlinear Steady State Suitdb]e*for Type I and some
Cooper- State Curving of a 17 dof Type IT freight car trucks.
rider Rail Vehicle Similar to the 9 dof with

the addition of primary sus-
pension elements.

9 [Law/ Dynamic | Nonlinear Curve Entry Same as 6. * Models Metro]inef.
Cooper- Time for 11 dof Half Car : :
rider Domain

Model




TABLE M-3 (Continued)

COMPILATEON OF EXISTING ANALYTICAL. MODELS FOR INVESTIGATING.

“VEHICLE DYNAMICS
(REFERENCE 1)

_NO. | _SOURCE j_ TYPE | . NAME/DESCRIPTION COMMENTS.

10 | Law/ . HTHD&ﬁ&ﬁic“i'Non11near Curve Entr&A Same as 7.. Presently. models
- . | Cooper- |.Time_ ... | for.9 dof.Full Car Metroliner. Is being modi-
| rider .. meaiq uﬁ>Mode1 fied at Clemson to Model

L oo , freight car.
11 |Law/ | Dynamic | CURVELOCO - 27 dof
Cooper-. | Time . [ Nonlinear 6 Axle
r1der Domain_ - | Locomotive on Tangent,
o Spiral, Curved Track
12| AAR. ATDyhémic;T,Dynam1c Curv1ng ModeT
I ‘Time | of 6 Axle Locomotive
Domain. ..
13 .Japanese‘ Steady . | Side Thrust of Curving.
| Rail '.Statenﬁ,_ Wheels .
14 | British | Steady | Steady State Curving,
Rail State Flexible Trucks.
15 Nichio- | Steady | Steady State Curving
Japan State ‘
16 | AAR-TTD |.Eigen- | Freight Car Hunting
' ya]ue“ . 1 Model
17 .| AAR-TTD | Non=_ Lateral-Vertical. Model Detailed modeling-of truck
i .. ., |Linear ' masses, wheéel and rail pro-
Time files defined mathematically,
Domain 2 dof reserved for carbody.
fSiﬂ' AAR:TfD }Time?%'_"fN0n11neaf Hunting~' Similar to 1ateral§vertica1
‘Domain | Model .model with more comp]ex1ty
Solution, and degrees of freedom in
|-Numericall the math, mode]
| Integra-
: .. | tion
19 ”AARJTfDﬁ,nForce'iff-Quasi-Statié Lateral Cannot be used to directly
"~ "I'Balance | Train Stability evaluate truck performance.
1 at . : . .Ignores -all internal forces.
Equi- . - :
Tibrium




TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING.

VEHICLE DYNAMICS
(REFERENCE 1)

“COMMENTS

NO. SOURCE TYPE NAME/DESCRIPTION
20 Arizonaj Sub- .- WHRAIL, a Wheel/Rail 1 Utilized in HUNTCT. One of-
1 State routine . | Contact Geometric Con- the best available subrou-
to Sup- | straint Subroutine tines for calculating wheel/
port ‘rail interaction effects.
Time
Domain
Lateral
~Stability
Program
21 SPTCo. | Frequency | Graphical Output Documentation indicates some
TDOP ‘Domain, Oriented Computer Model unconventional trucks cannot
Phase 1 | Time Do- | (Frequency Domain Model) | be modeled. Limited to linear
.o main . analysis with describing
Optional. function techniques used to
handle Coulomb friction.
22 |Clemson | Time Nonlinear Wheelset Dy- "Good for studying the non-
u. Domain namic Response to Ran- linear dynamics of a single
Solution, | dom Lateral Rail Irre- wheelset.
Numerical | gularities
Integra-
tion
23 TSC 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 HUNTCT Truck hunting program which
o Domain includes detailed.carbody/
Solution’ Tading modeling. Many non-

linear capabilities. Easily
adaptable to Type II trucks.
Some validation with Phase I
data performed by comparing
calculated and observed kine-
matic frequency.




TABLE M- 3 (Continued)

COMPILATION: OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE. DYNAMICS
(REFERENCE 1)

.'SOURCE

. TYPE

COMMENTS.

rider

NO. NAME/DESCRIPTION" .
~25. 1 AAR: jT1me . | Detailed Lateral Overall train models cannot be
. | Bomain Stability Model for - used directly to evaluate
.Solution, | a Consist truck performance.
Numerical . :
Integra-
tion _

26 Law/ Eigenvalue | Linear 9 dof Freight Linear 9 dof (lateral, yaw,
Cooper- Car 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.

27 Law/- Eigenvalue { Linear 17 dof Rail Car Lateral and yaw of each
Cooper- : wheelset; lateral, warp, and

-rider -"yaw of each truck, :and

' lateral, yaw, and. roll of
body. Provides for modeling
- radial trucks. Spin creep
and gyroscopic terms in-
cluded. ‘Allows for wheel-
set and suspens1on asym-
metries.

28 Law/ . - |Eigenvalue |Linear 19 dof Rail Car Modification of 17 dof model

: 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

of freedom representing

torsional flexibility of each
wheelset.




TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING

VEHICLE DYNAMICS

(REFERENCE 1)

NAME/DESCRIPTION

NO. SOURCE TYPE COMMENTS
30 Law/ Describing | Quasi-Linear 9 dof Model of linear 9 dof freight
Cooper-| Function Freight Car car model with nonlinéar .
rider Analysis : ‘ wheel/rail geometry and °
with Coulomb friction at wear
Iterative plate, center plate, and"
Search for bearing ddapters.
Limit o
Cycle
Conditions
31 J. H. Eigenvalue’| DYNALIST II General linear systems model-
‘Wiggins ing capability. Allows up to
- 50 degrees of freedom and 25
system components. Response
to sinusoidal or stationary
Time random rail irregularities.
Domain Limited to linear system
Response analysis. Readily adaptable:
to to Type II trucks.
Periodic ‘
Input
32 MELPAR | Time Dynamic Rail Car - Variable degrees of .freedom,
- Domain Simulation Program “nonlinear analysis. High run
Numerical : costs and great complexity
-Integra- makes use and va11dat1on
tion 1mpract1ca1
33 IIT Time Dynamics of a Freight Other models which operate
Domain Element in a Railroad with similar capability are
Solution Freight Car available. 4Adaptability to
Includes to Type II trucks is diffi-
Non- cult due to- Lagrang1an de-
linear r1vat10n
Effects
34 | MITRE. Time FRATE Program is based on FRATE
Domain 11 with improved input-out-
SimuTation put capabilities. Currently

set up for modeling the 89-
foot flat car, but can be
used for other vehicles as
well by changing input
parameters.




TABLE M- 3 (Cont1nued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING ’

VEHICLE DYNAMICS
- (REFERENCE 1)

NO. .

SOURCE |

LTYRE )

“NAME/DESCRIPTION

COMMENTS
35 |AAR-TTD | Time Flexible Body Railroad 20 dof. Not eas11y mod1ified
7 Domain =} Freight Car Model to simulate Type II trucks.
Simulation Some validation in terms of
wheel Tift-off test data.
36 MIT Combina- Response to Track Cross | Nonlinear capabilities.
tion of . |Level Variations Adaptability to Type II
Numerical trucks unknown. Alternative
Integra- models for the same purpose
tion and available.
Force
Balance at
Equilibri-
um
37 MIT Time ° | General Vehicle Dynamic
Domain Model
Solution
| Numerical
- |.Integra-
{tion.
38 |Battelle | Frequency | TRKVEH Limited to Tinear analysis.
Domain Lateral model has only
Solution . partial representation of
L wheel rail kinematics. No
evidence of prior valida-
tion.
39 |Battelle |Frequency | TRKVPSD Limited to linear 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.

M-18




TABLE M-3 (Continued)

COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING -

VEHICLE DYNAMICS
(REFERENCE 1)

NO. SOURCE TYPE NAME/DESCRIPTION -~ COMMENTS
40 | wyle |Time -~ | FRATE 11 | Nonlinear 11 dof. Easily
: Domain S adaptable to Type II trucks.
Solution - Evidence of prior validation
_ exists. ‘ ’ '
41 Wyle Time - FRATE 17 | NonTinear-17 dof. Easily
Domain adaptable to Type II trucks.
Solution . Evidence_of prior validation
: exists. - L .
42 |Battelle | Eigenvalue | CARHNT -Calculates eigenva]ueé and
SRR ’ - | eigenvectors of the charac-
teristic equations in later-
al stabi]ity regime.
43. | Battelle | Eigenvalue | TRKHNT “Similar to #6 except empha-
' : - sizes truck as opposed to
entire vehicle.
44 TSC Frequency | FULL Linear mode1 for vehicle
: : Domain : pitch and vertical
responses..
45 | TSC Frequency | HALF Linear model for rock and
: Domain roll responses. Includes
: compliant track structure.
46 TSC . Frequeﬁcy FLEX “Linear mode] for rock and
. Domain - - .roll responses. Includes
: N one mode for car flexi-
bility. ‘
47 | Japanese‘| Unknown o Vehicle on a Bridge
‘Railways ‘ o '
48 |British | Numerical |Wheel-Rail Force " Investigates interaction
Rail Integra- . between wheel and rail in
: tion "vertical plane in detail.
49 [Japanese | Unknown | Variation of Wheel Load Investigates wheel/rail
Rail forces at rail disconti-

nuities.




TABLE M=3 (Continued)

COMPILATION ‘OF .EXISTING ‘ANALYTICAL MODELS FOR INVESTIGATING -

VEHICLE DYNAMICS
(REFERENCE 1)

SOURCE

tion

NO.  TYPE  .|. NAME/DESCRIPTION | COMMENTS .
50 British",Unkhbwn~ff'nynamic Loading of Rail : Invesfdgétes rail ‘forces
- | Rail. . - -, |Jdoints : at rail discontinuities.
51 Batte]]é So]vés Rail on Elastic Founda- Investigafes rail founda-
- |'Beam - |tion . - {tion (ballast) forces.
Equation: - ‘ ‘ 4
52 | AAR/TTDA Eigehva]ue< Locomotive Hunting Model | Generates critical speeds
. : of locomotives. )
53 |Chang.. |[Time 6 Axle Locomotive Written specifically for
- {Carg _|Domain 1 Response 6-axle 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 TRW ©  |Frequency |Rail Vehicle Roadbed Developed for hidh speed,.
| Domain Study mass transit application.
Apparently has not ‘been
‘ used for some time.
56‘ MITRE EigénValue MITRE Random Process Per]man(4) calls program
_ "unsuitable for dynamic
stability analysis".
Primary applications else-
where.
57 |Battelle | Time ‘Nonlinear Freight Car Emphasis on rail founda-
Domain Model tion stresses, rail dis-
Numerical continuities, wheel/rail
Integra- forces.
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TABLE M-3 (Continued)
COMPILATION OF EXISTING ANALYTICAL MODELS FOR INVESTIGATING
VEHICLE DYNAMICS

(REFERENCE 1)

NO. SOURCE TYPE NAME/DESCRIPTION COMMENTS
58 | United Critical UAC-4 . Written specifically for
Aircraft |Speed the single turbotrain
application.
59 | United Critical UAC-6 ' Per]man(4) notes "not docu-
Aircraft |Speed ~mented in any detail”.
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. TABLE M-4_
~.:GENERAL. TYPE .OF ANALYTICAL MODELS .AVAILABLE FOR. -

INVESTIGATING TRACK STRUCTURE
. . (Reference 2)

'AVgrtica]“Track Models

'riiiiu~ Beam on EfésfichdUndétfon

7 @’ Finite Element Model

.. Lateral Track Models

| Hrudfiwﬁsgém on Elastic Foundation

. Finite Element Model

Tie Models
° Classical Simple Beam

. Finite Element Model -
Rai]-Fa;teher Model

Ba]]ast—Subgrade Models

Talbot's Equation
Pyramid of Stress
Boussinesq's Equations
Westergaard's Equations
Cerruti's Equations

Burmister's Multi-Layer Elastic
System
Three-Dimensional Track Models

° Finite Element Model With Prismatic
Elements ‘

® . Finite Element Model With Member
Representation
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TABLE M-5
ﬂAPPLICATION OF TRACK MODELS FOR

INVESTIGATING VERTICAL TRACK SETTLEMENT
' (Reference 2)

Intended Use -
Model = 21 o 2
Type 7] - Q—-g -S
s | 2! ow- | &
o < (1 (@]
] r— v Ly -,
= @ 8+n"“L
E’ : = — = g
o R
(&5 D
: ‘Beam on Elastic
Vertical Track Foundation Model X X
Models Finite E]ement Mode1 X X X
Classical Simple X X X
Beam Model
Tie Models - .
Finite Element Model X X X
Talbot's Equation X X ] x
Pyramid of Stress Model X x| x
Ballast-Subgrade o -
_Boussinesqg's Equations ‘ X X X
Models ‘ .
Westergaard's Equations x| x| x
Burmister's Multi-layer x | x| x°
Elastic System -
: Finite Element Model R N S
Three-Dimensional . With Prismatic Elements x |
Track Models :
Finite Element Model
with _
Member Representation , X .

X ‘indicates intended use
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TABLE M-6

- COMPARISON OF VERTICAL
TRACK MODEL CAPABILITIES

(Reference 2)

CAPABILITIES

MODELS

Beam on Elastic
Foundation Model

Finite
Element Model

Multiple Wheel Loads X X
_RaiI“Bending“éhd L
Shear Stresses. . : X X
| Rai1 Deflections X X
Rail-Tie Reactjons X X
Joint Incorporation X X
Missing Ties
~and Fasteners X
‘NonfLineariFoundation' . X
T X indicates capability -
B TABLE M-7
COMPARISON OF LATERAL
TRACK MODEL CAPABILITIES
(Reference 2)
CAPABILITIES ~ 'MODELS
~ Beam on Elastic Finite

Element ‘Model

Multiple Wheel Loads.

Foundation Model

X - X -
Rail Bending and -
 Shear Strésses X X
;Ra11 Deflections ‘ X X
‘Rail-Tie Reactions - X X
Joint Incorporation X X
| Missing Ties
.and Fasteners X
Non-Lineér Foundation X

- indicates capability
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| TABLE M-8
- COMPARISON OF TIE MODEL CAPABILITIES
(Reference 2)

CAPABILITIES | 7 MODELS

Classical Simple

Finite

Beam Model Element Model
Tie Bending Stresses - X X
Tie Deflections X
Tie-Ballast , o ~
Reactions : , X X
0ff-Loading x]
_ Non-Linear
Ballast-Subgrade X

x indicates capability
1 indicated rail-tie loads to be obtain
from three-dimensional track models
TABLE M-9
COMPARISON OF RAIL
FASTENER MODEL CAPABILITIES
(Reference 2)

ed

CAPABILITIES RAIL FASTENER

MODEL .
Fastener Loads X
Fastener Deflections ' X
Joint Incorporation X
Missing Ties and
Fasteners X
0ff-Loading X
’Staggered Joints ’ X
Multiple Wheel Loads X

Non-Linear Fastener
and Foundation X

X indicates capability
M-25




CTABLE'M-10°
COMPARISON OF -BALLAST AND
'SUBGRADE MODEL CAPABILITIES
(Reference 2)

MODELS

y . 4~ Q@ = - N7, I S
CAPABILITIES " & 5% | o | Tu | we | Y80
ST -5 o 0 £ s - = S > >
: e o= < o S 5o S22
2% E 4 o+ C= N P A S
T 3 se| 9SS | &3 | £5 | ETo
o o ) =
=t a5 oL g SO | 558
" 0 o o0n=Er—
: , = i
Stresses~ 7 f - x| x - x | x
Deflections X
O0ff-Loading _ R oo X X
- Multi-Layers IR X -
Vertical Load X X X .X
Lateral Load @ .-

X indicétes capébjli@y
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TABLE M-11

COMPARISON OF THREE-DIMENSIONAL TRACK MODEL CAPABILITIES

(Reference 2)

CAPABILITIES

* Member
Representation -

"~ Prismatic
 Elements- -

Vertica} Load

X

X

Lateral Load -

bad

toading

Multiple
Wheel Loads

, 0ff-Loading

-Bending and
Shear Stresses

-DefTections

Rail-Tie
Reactions

Rail

‘Joint .
Incorporation

Staggered
Joints

Missing
Fasteners

Bending Stresses

Deflections

Tie

Tie-Ballast
Reactions

O s o e L I L = = i R g O Py R

IS o> > > s> > <> |>]>]x|>]|x]|x

Missing Ties

-

x

‘Stresses

Multi-Layers

Subgrade

Material Non-

‘;Ba]1ast-

Linéaritx

x indicates capability
V indicates vertical .direction’
L indicates lateral direction
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M.2.4  DETAILED TEST PLANNING

The'primary purpose of this planning task is to convert the previously
1dent1f1ed test obJect1ves 1nto detailed test requirements. Therefore both
i'plann1ng tasks 1 and 2 (DEFINE OVERALL TEST OBJECTIVES, PREL IMINARY TEST
' PLANNING) should : be essent1a11y comp1ete before 1n1t1at1ng the deta11ed test
: p]ann1ng act1v1ty as outlined here. - SR

. The Tevel. of.deta11'to be deve]oped during this task should be:sufficient
to allow the test des1gn task to proceed For examp1e before suitable ways1de
- or onboard 1nstrumentat1on can be selected or deve]oped test parameter ‘ranges
_must be known. - In ‘the . absence of suitable . emp1r1ca1 data, it.will be
~'necessary to prov1de estimates of expected test parameter ranqes and cr1t1ca1
. Timits .of risk. The. degree of confidence associated with various parameter
" response Tevels w111 be somewhat _dependent upon the Tlevel of analytical
’Lsupport expended ‘ | | | '

~ As shown on.the f]ow chart in F1gure M- 5, it 1s ant1c1pated that some
'\1eve1 of analyt1ca1 support act1v1ty will typ1ca11y be necessary to" comp]ete
" task 4.0. ' : B

:'ﬁ1ann1ng.Aids“ﬁor3Detai1ed:Test‘P1ann1ngﬂ

Several _p1anning aids are ,presented as an example of  the 'type of
“information to~"be developed for ‘test operationS" Figure M-6 shows a typical
- “test” organ1zat1on chart. Depend1ng upon’ the s1ze and comp]ex1ty of the
‘ spec1f1c test program being addressed, it may be des1rab1e to expand or
" condense such an organization chart. However it should be suff1c1ent1y
detailed to enable all participants~vinvo1ved to clearly didentify their
respective areas ofaresponsibflity;and authority.

Table M-12 provides an example of the type of detail to be ‘considered
when addressing cont1ngency plans.
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4.0 DETAILED TEST PLANNING

!

4,1 ESTABLISH RISK CkITERIA FOR TEST

e Identify key performance parameters associated with
each performance issue to be addressed (vehicle
characteristics and consist characteristics)

e Define "quantitative" risk levels for key parameters
or indices

e Establish track perturbation extremes which are
compatible with established levels of risk

4.2 DEFINE (OR CHARACTERIZE) BASIC TRACK GEOMETRQ
PARAMETERS & TRACKWORK ;

Geometric Track Class

Curvature & Superelevation

Grade

Special Trackwork (turnouts, switches, etc.)
Perturbation Type

- crosslevel

-~ profile

- alignment

- gauge

e Perturbation Shape

- cusp

- rectified sine

Perturbation Amplitude

Perturbation Wavelength

PePturbation Phase

Perturbation Cycles

Transition lengths between perturbations
Prepare a table which identifies specific
track section details needed (new track

or existing) to accommodate defined performance
issues.

e Convert Track section details into preliminary cost,
construction, and schedule estimates. =

4.3 DEFINE (OR CHARACTERIZE) TRACK PERFORMANCE PARAMETERS

Track Modulus (Vertical Stiffness)

Track Lateral Stiffness

Dynamic Strength/Compliance

Track Resistance to Transverse and Longitudinal
Displacement

Allowable Track- Displacement

Allowable Rail Bending Stress

Allowable Tie Bending Stress

Allowable Ballast/Subgrade Pressure and Strain

Define requirements for uniformity, stability,
repeatability and maintainability of essential track

response characteristics

4,5 ESTABLISH EXPECTED "NOMINAL" TEST PARAMETER RANGES AND
CRITICAL PARAMETER LIMITS COMMENSURATE WITH THE
ESTABLISHED LIMITS OF RISK

?

°

Track Structure Response Parameters

e Wheel/Rail Loads
e Rail Deflgptions
e Tie Strain

e Tie Motiomn

o Track Modulus

} Vehicle Response Parameters

¢ Displacements
® Accelerations
o Forces

Control/Excitation Parameters
e Track Geometry Parameters
® Track Performance Parameters (e.g. Vertical Track
Modulus)
e Operational Parameters
Review Past Test Data (If Available) to Help Establish
Test Parameter Ranges

.FIGURE -M-5
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4.6 PREPARE A TEST OPERATIONS PLAN

Develop a "Manual" for setting up and running
each identified .test

Scope of test
Test Schedule
Logistics

Test Sequences
- Setup

~ Pre-test

- Operations
~ Post Test

4.7 DEVELOP A DATA MANAGEMENT PLAN

Identify Data Management Objectives
Define Basic Functions

- Data Standardization

- Data Acquisition

-~ Data Conversion

- Data Storage/Retrieval

- Librarian Functions

- Model Validation

- Data Validation

- Data Presentation

Identify Critical Test Parameters to be
Monitored for Safety Purposes

4.8 IDENTIFY SAFETY CONSIDERATIONS

Safety Procedures
Personnel Safety

Vehicle Safety Inspections
Track Safety Standards
Special Considerations

4.9 IDENTIFY CONTINGENCY PLANS
(See Planning Aid Example)

Alternate Test Sites

Consist Make-up

Abbreviated or Extended Test Schedules
Alternate Instrumentation Schemes

Note:

refers to
inputs or outputs
from the other
major tasks.




l " SPONSORING OPERATING ADMINISTRATION . I o

'

I _ PROGRAM OFFICE. ]

:TEST DIRECTOR ' PLANNING SUPPORT
— (Steering Committe
-~.e- Test Engineering - or support group). . .

eo. Test Project Management
e Test Safety : '

' TEST SUPPORT
o vaemmént-
e Industry
e Contractors
- Consultants
:
,FTEST PREPARATION | . : : [ TEST OPERATING su?ronﬂ :
TECHNICAL INTEGRATION | * - INSTRUMENTATION '| scuEDULE & I TRAIN CREWI TE_ST CAR " | WAYSIDE '-TEST DATA ANALYSIS
- COORDINATION LOGISTICS = (On Board Cx{ew) 1 - CREW ’ TEAM
o Track Construction -
-® Track Geometry ;| @ Wayside . . o Vehicle Test
‘Measurement 7| | | On-Board Engr. )
e On-Site Support - : — . T o Technicians
) T . . . ; _ . e Spotters

- TYPICAL TEST ORGANIZATION CHART

FIGURE M-6




TABLE M-12

EXAMPLE CONTINGENCY PLAN

(Reference 3)

NO.

- "EVENT POSSIBLE ACTION " REMARKS
PRE-TEST PHASE
1 Track Access Delayed Delay Test Dépendeht on expected
' delay. -
Find Alternate Site .
2 Onboard Instrumentation Delay Test -|Dependent on expected
' not Available S L delay. :
' Continue Test with If schedule 1is crucial.
Track Instruments
Only
Substitute Instruments |If substitutes are
' available.
) Reduce Scope of Test
3+ | Track Fixture Not Delay Test
‘ Available Use Substitute Cali- If schedule is crucial.
o “bration
Calibrate Post-Test
4 Track Geometry Measure- Delay Test -
ment Car not Available Stringline Survey
. : Continue Tests with
Track Instruments
Only
Substitute Instruments
Reduce Scope of Test
5 Originally Designated Delay Test
Cars for Consist Make- Use Alternate Cars and- -
up not Available Revise Test to Fit
Available:Cars
6 Onboard Instrumentation Delay Test ‘
’ not Ready on Schedule Complete Partial
Instrumentation and: -
Proceed with Test
7 |Site Reconstruction is Delay Test :
Delayed Conduct Abridged Test on
Available Track
8 Site Reconstruction Run Traffic to Settle

Track Characteristics

Track :
Rebuild Track

Proceed with the Altered

Track '
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TABLE M-12 (Continued)

EXAMPLE CONTINGENCY PLAN
. (Reference 3)

NO.

Data,

" EVENT, POSSIBLE ACTION REMARKS
9 | Track Inétruments not O'De1§y‘Te5£v _ | | "
- -Available ~ - -} @ Conduct Test using On-
L (or Partiatly Avail ~board Instrumentation
able) . Only . .
- Reduce Test. Scope to
~ Available Instrument
10 Survé&ﬁpéﬁﬁistwnotz | o Delay Test -
.}~ Available ‘ 0. Survey After Test Some information is
. . lost.
"o Survey Manually ‘Track not loaded.
- TEST PHASE
11 |-Track Instrument‘Fai1s o Delay Teéting | Depends on thé.extent
: e Do without the Failed .| of the delay and the
- Instruments importance of the
o Provide Redundancies failed instrument.
12 - | Onboard Instrument. Fails ¢ Delay TeétinQ | Depends on the extent
- e Do Without the Failed- |.. of the delay and the
.- Instruments importance of the
9 Provide Redundancies failed instrument.
13 Track Panel Shifts ¢ Rework Track Depends on safety
- o Do not Rework Track assessment.
- 14 Vehicle Component Fails | e De]ay Testing
e Test Alternate Vehicle
15 Severe Weather Inter- | o Delay Testing |
feres ¢ Compensate for Change
- in Track Character-
- istics
16 Track Seems Unsafe. (] Répair Track
17 Safety Criteria Close "o Do not Test at Faster Depends on the speed
to Being Exceeded Speed : . and the test section
- e Make Perturbations Less| at which this happens.
. Severe
18 Tota1‘Déta_Loss o Repeat Tests
19 Partial Data:Loss o Repeat Tests
RN Do Without the Missing
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M.2.5 SPECIAL STUDIES

"Special Studies" are not neceééari1y_a 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 réequire special -attention. The primary
purpose for considering a "Special Studies" phase during tést planning is to
provide a systematic approach for handling special problem areas. If done in
a timely manner, the results of such "Special Studies" can be integrated into
the test planning des%gn phase (task 6.0). Such an approach would minimize
potential problems during actual testing and provide good assurance that the
final test results will fu1f111 the original tesf objectives.

As implied above, a "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 example of the type of planning
activity which should be considered when a special study task is necessary.
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5.0 SPECIAL STUDIES

o 5;'_1 ' IDENTIFY SPECIAL PROBLEM"AREAS

v Ident1fy spec1a1 problem areas and spec1a1
studies required to meet the test program
| objectives as..defined in Task 1.

1 o. Evaluate "the affects of track modulus
variations upon expected test results.

0 Eva1uate the affects of fastener types
“and condition upon test results

e Determine the required frequency of track
geometry measurements with regard to
spe;ific test programs.

5.2 IDENTIFY AN APPROACH FOR RESOLVING THE
o IDENTIFIED PROBLEM AREAS

¢ Define important parameters
o Identify analysis/simulation requirements
o Identify test requirements

# Develop correlation techniques between special
study results and expected experimental test

data

5.3 DEVELOP A STUDY PLAN

l

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
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M.2.6 TEST DESIGN

Test design considers all ‘those activities or . functions which are
required to convert detailed planning requirements into actual specifications
" or procedures needed to implement a productive, safe and efficient test. For .
example,during the test p1énn1ng phase, certain track pertufbations needed to
fulfill identified test objectives would be defined. Construction techniques
andgspeéifitations 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 the entire test p]dnning activity. .Becausé of the
importance of this task, it has been broken down into seven different
subtasks. 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 F1gures M-8, M-9, M-14, M-18, M-22, M-23,
and M-25.

" Included with most of the subtasks are some planning a1ds which serve to
exemp11fy the type of information to be deve]oped

P]anning Aids For Track Structure Design ..

Table M-13 presents a list of track structure‘parametérs which may need
to be identified and/or measured prior to testing.

Planning Aids For Wayside Instrumentation

Table M-14 provides a 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
instrumentation. |
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I 6.1 DESIGN," SELECTION OR MODIFICATION OF TRACK STRUCTURE

!

6.1.1 SELECT BEST TECHNIQUE FOR INTRODUCING PREVIOUSLY
DEFINED TRACK PERTURBATIONS AND PERFORMANCE

CHARACTERISTICS

Permanent perturbations installed during initial con-

struction or modification
Shim existing track
Introduce perturbations via maintenance

pre-program automatic surfacing and alignment machinery)

Adjustable fasteners

machinery (e.g.

r

6.1.2 UTILIZE EXISTING TRACK

}

6.1.3 DESIGN OR MODIFY SPECIAL TRACK STRUCTURE

Detailed track construction/modification and
fastener design/selection procedure

!

DEFINE APPLICABLE TRACK SELECTION CRITERIA

Track construction
Track condition
Track geometry
Track class
Revenue traffic conditions and density
Accessibility (both wayside and track
access for special train consists)
Train operating characteristics (speed,
weather & terrain conditions, site

logistics)

I SELECT TRACK SECTIONS I

:

PERFORM TRACK HISTORY ASSESSMENT FOR
SELECTED TRACK SECTIONS

Million Gross Tons (MCT)
Maintenance records

Track installation conditions and
techniques

6.1.3.1 IDENTIFY TRACK LOAD
ENVIRONMENT AND PER-
FORMANCE REQUIREMENTS

l |
SELECT :

® Rail (Size, CWR,
Bolted)

SELECT/DESIGN
FASTENER

FASTENER TRADE-OFF
STUDY

e Tie (Type)

SELECT

IDENTIFY TRACK MAINTENANCE OR IMPROVEMENTS

NEEDED PRIOR TO TESTING

Tie replacemént

Rail replacement

Re-spike

Ballast maintenance or improvemént
Line and surface

Re-gauge

o Tie Size
® Tie Spacing

SELECT
@ Ballast Type

EVALUATE RESULTING
TRACK PERFORMANCE

e Depth

DETERMINE BALLAST
AND SUBGRADE PRESSURE

VARY BALLAST
DEPTH

NO YES

CHARACTERISTICS AND
CRITICAL VEHICLE/
TRACK INTERACTIONS

ACCEPTABLE

YES

FINALIZE TRACK
DESIGN OR
MODTFICATION

MEASURE AND RECORD IMPORTANT TRACK
STRUCTURE PARAMETERS PRIOR TO TESTING

6.1.3.2 INVESTIGATE SENSITIVITY OF FASTENER

DESIGN PARAMETERS VS. TRACK PERFORMANCE

|

IDENTIFY/DEVELOP FASTENER DfSIGN REQUIREMENTS/CONSTRAINTS

!

PRIMARY DESIGN CONSIDERATIONS
e Load Environment of Track
e Load Environment of Fasteners
o Fastener Adjustment Requirements
® Fastener Constraints Imposed by Overall Track
Reponse Requirements
e Capability to Vary Track Response Parameters (e.g.
Track Modulus)
e Environmental Comstraints
; SECONDARY DESIGN CONSIDERATIONS
e ‘Availability ("Off-The-Shelf" or Special Design)
e ‘'Compatibility With Available Track Structure
Components (e.g., Are Special Ties Required)
s Maintenance
e Cost
e Service Life
e Installation
ESTABLISH SENSITIVITY OF CRITICAL FASTENER
DESIGN PARAMETERS UPON OVERALL TRACK SYSTEM
'PERFORMANCE INDICES
.ESTABLISH FASTENER SPECIFICATIONS® SUITABLE
‘FOR EACH TRACK SECTION, e.g.:
® Restraint Capability ; ® Allowable Displacement
- Vertical - Lateral Rail Head
- Lateral ~ Longitudinal (Rail Base)
- Longitudinal e Stiffness
@ Moment Capability - Vertical
- Rollover - Lateral
- Yaw e Vibration Environment
~ Pitch o Pullout Capability
® Adjustment Capability ® Fatigue (Repeated Loading)
(If Required) e Electrical Resistance
- Vertical
~ Lateral
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TABLE M-13

TRACK STRUCTURE DESCRIPTION AND CANDIDATE TRACK PARAMETERS TO BE IDENTIFIED OR MEASURED

GENERAL INFORMATION

DESCRIPTION OF TRACK SECTION

TRACK CLASSIFICATION APPROXIMATE GRADE
MILEPOST START ) CURVE
MILEPOST STOP TYPE OF FASTENER
RAIL WEIGHT :
RAIL TYPE TYPE OF BALLAST
RAIL LAID IN . BALLAST GRADATION
RAIL JOINT SPACING OTHER:
TRACK PARAMETER
STRUCTURE SYMBOL PARAMETER DESCRIPTION VALUE UNITS
RAIL IR rail moment of inertia ) :Ln4
AR . rail cross sectional area ! ' in2
ER rail modulus of elasticity psi
TIES w tie width in
T - tie thickness \ in
L tie length ’ i ft
S tie spacing in
ET compressive modulus psi
LB effective bearing length under each rail in
BALLAST/ ERB resilient response modulus -
SUBBALLAST [ Poisson's ratio --
hB ballast depth . . in
EB Young's modulus psi
SUBGRADE ERSG resilient response modulus -
g Poisson's ratio -
FASTENER Kg fastener rotational stiffness 1b-in/rad




6.2 WAYSIDE INSTRUMENTATION AAW

6.2.1 SELECT PARAMETERS TO BE MEASURED TO MEET TEST OBJECTIVES

Fastener Strain
Rail Seat Loads
Tie Bending

. Ballast Compression
Track System Settlement
Track System Lateral Shift
Dynamic Gauge Widening
Rail Rollover
Ballast Gradation
Ballast Moisture Content
Wind Speed/Direction -
Temperature/Humidity
Consist Speed

Rail Temperature vs. Time

Rail Displacement (Vertical, Lateral, Longitudinél)
Rail Strain (Vertical, Lateral, Longitudinal)

Tie Displacement (Vertical, Lateral, Longitudinal)

Consist’ Tocation and Direction Detection

Parameters Required to Adequately Cover Critical Safety Issues

6.2.2 DEFINE SITE SPECIFIC MEASUREMENT IDENTIFICATION, LOCATION AND CONSTRAINTS

¢ Tie Numbering

Includes the Identification and Location of Relative Data Points

Rail Flaw Locations .

Benchmark Locations

Fasteners to be Instrumented

Rail Seat Load Points

Gauge Widening Locations (Wayside)
Ballast Parameter Measurement Locations

Rail Vertical Strain Bridge

Rail Lateral Strain Bridge

Rail Longitudinal Strain Bridge

Site Test Segments

Critical Measurement Points for Moni-
toring Key Safety Issues”

Note:

efers’ to
inputs or outputs
-from the other.
major tasks.

6.2.3 DETERMINE SENSOR REQUIREMENTS

Type
Quantity
Range
Frequency
Resolution
Stability

Cost Constraints
Lead Time Needed
Spares Required

" Noise/EMI Immunity

Environmental Constraints

6.2.4 DESIGN WAYSIDE INSTRUMENTATION SYSTEM

Select Transducers

Power Requirements

- On-board vs.
- Wayside vs. Wayside
-~ Combination of Above

Select Signal Conditioning
“Instrumentation Synchronization =

On-board

e Identify Signal Processing Methodology Re-
quired to Address Performance Issues

6.2.5

DESIGCN SENSOR/DATA ACQUISITION

. SYSTEM (DAS) INTERFACE h

Conductor Routing

Patch Capability
Channel Assignments
Spares Requirements

Cable Protection From Environment
Common Tie Point (J-Box, Etc.)
Grounding/Shielding Requirements

FIGURE M-9

M-38
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TABLE M-14

WAYSIDE MEASUREMENT REQUIREMENTS NORKSHEET

MEAS.

MEAS.
DESCRIPTION

PURPOSE OF
MEASUREMERT

MEAS.
RANGE

UNITS

MEAS.
ACCURACY

MEAS.
LOCATION

SPECIAL
REQUIREMENTS

ANALYSIS REQUIREMENTS

QUICK
LOOK

POST
| PROCESSING

PRE-TEST
CALIBRATION

POST-TEST

.} CALTBRATION

SELECTED TRANSDUCER
(MFG, MODEL )
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MEASUREMENT ' - 'SYMBOL

W/R LOADS |

TIE BENDING STRAINS
FASTENER STRAINS
PRESSURES

SOIL STRAINS ‘
EXTENSOMETER (STRAIN)
-SOIL SAMPLES

>»PmeODOX

TYPICAL INSTRUMENTATION IDENTIFICATION (PLAN VIEW)
. FIGURE M-10
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127 BALLAST r!
T6" SUB-BALLAST T 1

4T[o—o n . | T

. YL .
36" % & RECOMPACTED » ll
SUBGRADE | | ‘ ~ I
] X
. _
' W W 3

UNDISTURBED
SUBGRADE

MEASUREMENT  SYMBOL

W/R/ LOADS

TIE BENDING STRAINS
FASTENER STRAINS
PRESSURES

SOIL STRAINS 4
EXTENSOMETER (STRAIN)
SOIL SAMPLES

>BOODO X

TYPICAL INSTRUMENTATION IDENTIFICATION (SIDE VIEW)

FIGURE M-11
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RAIL
—CONCRETE TIE

. o]
coe e L BALLAST- - -
/ ‘SUB-BALLAST

o'odqOke

RECOMPACTED
SUBGRADE

UNDISTURBED
SUBGRADE

MEASUREMENT SYMBOL

““W/RLOADS |
TIE BENDING STRAINS
FASTENER STRAINS ..
PRESSURES :
SOIL STRAINS
EXTENSOMETER (STRAIN)
SOIL SAMPLES .. ... -

TYPICAL INSTRUMENTATION IDENTIFICATION (END VIEW)

CFIGURE M-12

B M_4‘2



VERTICAL GAUGES
HBWC -35-125-6 -10GP -TR
(4 PLACES)

r— :
A\ 'oa 21/32"
] :

-

@
/
Q.
2
L3
N

Q

Ein

. P
1.0 (4 PLACES) VERTICAL CIRCUIT

© -45° (4 PLACES)-

LATERAL GAUGES
HBW -35-125-
6-10GP (4 PLACES .

/ [ " LATERAL CIRCUIT
% { > |
: NEUTRAL AXIS

I
4 ’ { ): FARSIDE
. .

- VIEW A-A

TYPICAL IDENTIFICATION OF SPECIAL INSTRUMENTATION
(L/V WHEEL-RAIL LOAD STRAIN GAUGE LOCATIONS AND .
CIRCUIT CONNECTIONS)

FIGURE M-13
M-43



l 6.3 ON-BOARD INSTRUMENTATION

f

6.3.1 SELECT PARAMETERS TO BE MEASURED TO MEET TEST OBJECTIVES

....’............‘

Relative vertical journal displacement.

Relative lateral displacement between truck and axle.

Relative lateral motion between bolster and truck frame.

Truck yaw.

Pitch, roll, yaw, and vertical, lateral, and bending accelera-
tion of carbody.

-Lateral and vertical wheel force.

Raw wheel strain gage data.

Wheel L/V ratio.

Truck L/V ratio.

Axle vertical and lateral accelerationm.

Truck frarie lateral acceleration.

Wind velocity. and direction.

Vertical, lateral, and longitudinal coupler force.

Coupler angle (lateral and vertical}.

Lateral and vertical wheel -load. . .
Vertical, lateral, roll; pitch, and yaw acceleration. o
Location and distance information.

Time Reference

Speed -

Brake pressure. T o ' -
Traction Motor Current. )

_Axle yaw.

e’ Parameters required to adequately cover critical: safety issues.

6.3.2 PREPARE ON-BOARD MEASUREMENT MATRIX, FINALIZE
PARAMETER RANGES.AND MEASUREMENT ACCURACIES

Measurement Description
Measurement Range

Measurement Accuracy
*Measurement Location .

Data Usage/Analysis Requirements

6.3.3 DEFINE INSTRUMENTATION LOCATION DETAILS

Establish Location Standards and Sign Conventions
(See Section C)

Define Special Mounting Requirements

Determine Available Mounting Envelop (If Critical)
e Critical Measurement Points for Monitoring Key
Safety Issues

6.3.4 ESTABLISH DETAIiED INSTRUMENTATION
SPECIFICATIONS AND SELECT HARDWARE

o Identify Detailed Specs

~ Frequency Response
“. - Resolution
- = Environmental Tolerance
- Noise Immunity : .
- Zero Stability With Time - s s L
.- Gain Stabilify With Time -
- (Repeatability) e e
- Linearity
"~ Hysterésis . o - -
- Ripple: (For Wheelsets)
- Temperature Coefficient of Zero-
= Temperature Coefficient of Gain
Power Requirements
e Identify Signal Processing Methodology

"~ DESTGN SENSOR/DATA ACOUISITION
SYSTEM (DAS) INTERFACE

6.3.5

Conductor Routing
Cable Protection From Environment -
- Common Tie Point (J-Box. Etc.)
Grounding/Shielding Requirements .

Patch Capability ] I,

Channel Assignments ’

Spares Requirements

FIGURE 'M-14

M-44




Planning Aids For On-Board Instrumentation

Table M-15 provides a planning worksheet to be used when designing the
on-board instrumentation system. Figures M-15 through M-17 represent examples
of on-board instrumentation identification diagrams which should be developed.

Planning Aids For Data Acquisition and Managemenf
A block diagram of the defined data acquisition system(s) should be
developed as the requirements are finalized. Figures M-19- through M-21 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 Devé]opment

‘-Figdre 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. ' ‘

M-45



9t-W

TABLE M-15

1.D.

MEAS.

MEAS.
DESCRIPTION

PURPOSE OF
MEASUREMENT

ON-BOARD MEASUREMENT REQUIREMENTS WORKSHEET ﬁ o

MEAS.
RANGE. ,

UNITS

MEAS.

ACCURACY

MEAS.
LOCATION

SPECIAL
REQUIREMENTS

" ANALYSIS REQUIREMENTS '

QUICK ‘POST | _
LOOK PROCESSING

PRE~TEST
CALTBRATION

| POST-TEST
/| CALLBRATION

SELECTED TRANSDUCER
(MFG, MODEL #)

B

>




BAGGAGE CAR

0
]

E
8]

48-51 WHEEL FORCES, INSTRUMENTED WHEELSET

62-63 CARBODY ACCELERATIONS, LATERAL
59-61 CARBODY ACCELERATIONS, VERTICAL

58 COUPLER ANGLE, LATERAL
57 COUPLER ANGLE, VERTICAL

49| LEFT SIDE
B T @ T @
B-END [ AMTRAK BAGGAGE CAR NO. 1244 63
-4 =L
50 RIGHT SIDE
51 '

TYPICAL CAR BODY INSTRUMENTATION IDENTIFICATION

FIGURE M-15

M-47

A-END



CHANNEL
NO.

BOLSTER

MEAS.
TYPE

D1

D2

D3

D4

D5+

Spring

Group Vert.
Disp. '‘Rear

Spring
Group Vert.
Disp. Front

Truck Bolster
to Sideframe
Lat. Disp.
Bottom

Truck Bolster
to Sideframe
Lat. Disp.
Rear

Truck Bolster
to Sideframe
Lat. Disp.

TYPICAL IDENTIFI'CATIO'NY ‘OF SPECTAL INSTRUMENTATION
 (SPECIAL BOLSTER INSTRUMENTATION)
FIGURE M-16

“M-48



CHANNEL MEAS. CHANNEL MEAS.
NO. TYPE NO. TYPE
Al Truck A7 Fore Axle
Bolster Brg. Pocket
Vert. Accel. Lat. Accel,
A2 Truck Bolster A8 Rear Axle
Lat. Accel. Brg. Pocket
: k Vert. Accel.
A3 Truck Bolster
Long. Accel.
A4 Truck Bolster A9 " Rear Axle
Vert. Accel. Brg. Pocket
Lat. Accel.
AS Truck Bolster Al0 Fore Axle -
Long. Accel. Brg. Pocket .
Vert. Accel.
A6 Fore Axle Rear Axle

Brg. Pocket
Vert. Accel.

All

Brg. Pocket
Vert. Accel.

TYPICAL TRUCK INSTRUMENTATION IDENTIFICATION

FIGURE -M-17
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6.4 DATA ACQUISTION & MANAGEMENT

0

6.4.1 DEFINE BASIC DATA ACQUISITION
SYSTEM (DAS) REQUIREMENTS

Inputs (Number & Type of Data Channe]s)
Data Bandwidth A

Data Storage Requ1red ,
Type of Transducers (7. e. “strain gage, :
accelerometer, . LVDT, etc,) -

(See Table M 14 and M ]5)

T .
L N N J

6 4 2 CONFIGURE DAS TO MEET DEFINED REQUIREMENTS

Se]ect S1gna1 Cond1t1on1ng (Remote or Data- Van)

o Select Data:Récording Technique and Equ1pment (F M.
Tape, Digital Magnetic Tape, Hard Disk)

e Select A/D Converters and/or Mu1t1p1ex -De- Nu1t1p1ex
Equipment .

e Time Reference, Ways1de/0n Board Data Corre]at1on

{ & Quick Look Ana]ys1s . :
o Real Time Display
e Select Peripherals (Hard Copy, Graphics Display
- Terminal, Line Printer, etc. {

o Telemetry Data Link(s)

e Field Communication System

e Prepare DAS Block Diagram (see Figure M-20 and M-21)

o Develop a Data Synchronization System

e Establish Cr1t1ca1 “Alarm" Va1ues Associated With Key
Safety Issues

'6.4.3 DEVELOP DATA MANAGEMENT DETAILS

o Establish Data Input Rate

o Define Data Management/Manipulation Requirements

o Define -Data Formats (Header Information, Data File
Orga?1zat1on, Calibration Files, Channei Description
File

o Define Sensor Ident1f1cat1on System

o Define Channel Identification System

e Develop Data Base Storage Algorithms

e Define Processing Methodology Required to Properly

Format-Data as Needed to Investigate Performance
Regimes -

FIGURE M-18 .

-M=<50




WAYSIDE |
DATA

BACKUP
MAG TAPE

TELEMETRY LINK

TRACK
GEOMETRY
DATA -

DATA

ACQUISITION
SYSTEM

ON-BOARD
DATA

REMOTE
TEST SITE

ICK-LOOK .

- DISPLAY :

DATA
PROCESSING

& DATA BASE =
MANAGEMENT
SYSTEM

QUICK-LOOK
PRINTOUT

—

-/ QUICK-LOOK
DISPLAY

ALTERNATE
DATA DATA SOURCES |
ANALYSIS ®PREVIOUS-TEST
& REDUCTION PROGRAMS
SYSTEM ® FAST/RDL-

® MODELS

QUICK-LOOK
PRINTOUT

—

FIGURE M-19

M-51

DISPLAY

F- PRINTOUT

TYPICAL OVERALL FLOW CHART FOR THE DATA MANAGEMENT SYSTEM
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SIGNAL
X-DUCER conpITioNER| AMPLIFIER

! JUNCTION T T
| BOX 1 [ ‘
| ] | .
SIGNAL o
X-DUCER o | CONDITIONER, AMPUﬁmR MULTIPLEXER - -
i TAPE
i RECORDER
REFERENCE T
FREQUENCY
(100K Hz) '
SPEED PULSE | DEMODULATOR
IRIG TIME :
CODE “QUICK~-LOOK"
CAPABILITY
VOICE
ANNOTATION ‘
\ REAL TIME
DEDICATED REAL
TIME MONITOR CHART ANALYZER AT
OF CRITICAL RECORDER l?:o%:scsng—
: ' R
) E
SAFETY PARAMETERS o ooson

BLOCK DIAGRAM FOR THE DATA ACQUISITION SYSTEM
(EXAMPLE OF A TYPICAL ANALOG BASED SYSTEM)

FIGURE M-20
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BLOCK bIAGRAM FOR THE.DATA ACQUISITION SYSTEM
(EXAMPLE OF A TYPICAL COMPUTER BASED SYSTEM)

FIGURE M-21

M-53

INSTRUMENTATION SIGNAL
STRAIN GAUGES, LOAD CELLS,
DISPLACEMENT TRANSDUCERS, f—s={ CONDITIONING
THERMISTORS, & FILTERING
'ACCELEROMETERS, ETC.
_ FM TAPE
(BACK UP)
A/D _
CONVERTER
DIGITAL :
B o e
MAGNETIC TAPE DATA/CONTROL MODEM TO REMOTE
RECORDER (OR DATA
PROCESSOR I —"> PROCESSING
TRANSMISSION
(CPU) EQUIPMENT
HARD DISK . LINK) -
SYSTEM -
INTERACTIVE PRINTER/
GRAPHICS PLOTTER
TERMINAL
HARD COPY
UNIT



6.5 VEHICLE CONFIGURATION

6.5.1 IDENTIFY VEHICLE PARAMETER CHARACTERISTICS

Weights

Dimensions

Inertias

© " Stiffnesses
‘Déhping'CoefFicients
Wheel Profiles

See Table M-16

6.5.2 IDENTIFY VEHICLE CONTROL VARIABLES AND
TECHNIQUES OR REQUIREMENTS FOR CONTROLLING
SELECTED VARIABLES

6.5.3 IDENTIFY VEHICLE MAINTENANCE,
MODIFICATION, OR RECONFIGURATION
REQUIREMENTS. -

FIGURE M-22

M-54
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GENERAL INFORMATION

Vehicle Number

Vehicle Initials

Vehicle Type
Car Capacity

Car Tare Weight

Tare Weight

TABLE M-16

CANDIDATE VEHICLE PARAMETERS TO BE IDENTIFIED

Vehicle Manufacturer
Truck Type

I.D. PARAMETER PHYSICAL LIMITS
NUMBER SYMBOL PARAMETER DESCRIPTION VALUE UNITS (1IF APPLICABLE)
L car overall length
La truck axle spacing
L0 end of car to truck center
Lt truck spacing, center—-to-center
Ma effective unsprung mass per truck
Mc total car body mass
Mt truck sprung mass, per truck
mn car body effective mass
"oxle number of axles per truck
q first body-bending mode displacement, center of
car, vertical
wa unsprung weight (wheels, axles, etc.), per truck
Wc car body total weight (including suspended mass)
wt truck suspended weight (frame, etc.){ per truck
h1 height of unsprung mass c.g. above rail
h2 height of primary lateral suspension above rail
h3 height of sprung mass c.g. above rail
hA height of secondary lateral suspension above rail
h height of car body c.g. above rail




TABLE M-16 (continued)
CANDIDATE VEHICLE PARAMETERS TO BE IDENTIFIED

VEHICLE I.D. NUMBER

I1.D. . PARAMETER I PHYSICAL LIMITS

. 95W

NUMBER SYMBOL ! . PARAMETER DESCRIPTION ‘ VALUE UNITS (IF APPLICABLE)
IC car body mass moment of inertia (pitch, yaw)
Ja truck unsprung mass moment of inertia, per truck
Jc I car body. mass moment of inertia in roll, total
K linear spring rate, per truck
K torsional spring rate, per truck ‘ ,
sz swing hgnger effective lateral stiffness, per truck
Ex i overall lateral truck stiffness
E; overall torsional truck stiffnéss
E; lateral/torsional truck cross coupling stiffness
i; ’ torsional/lageral truck cross coupling stiffness
b-1 lateral separation of primary vertical suspension
springs
blc lateral separation of primary vertical suspension

dampers




. ® TIdentify a test series required to meet the de-
fined test objectives
@ e Develop a.test sequence (e.g. test zones, speed
profiles, lading conditions, wheel profiles,

Note:

6.6 DEFINE REQUIRED TEST SERIES AND
DEVELOP TEST PROCEDURES

. 6.6.1 DEFINE OVERALL TEST PROGRAM REQUIRED TO
MEET IDENTIFIED TEST OBJECTIVES

Train Direction, Consist make-up, etc.)

6.6.2 DEVELOP DETAILED TEST PROCEDURES

Prepare a detailed, step-by-step, test procedures
document which will be used to actually conduct
each individual test sequence. “

® Identify individual responsibilities for each

test . .

o Identify individual actions to be taken during
each step ) ’ o T

o Provide a sequential "checklist" format for the -
test procedures B

e Identify general test rules

6.6.3 DEVELOP PROCEDURES FOR MISCELLANEOUS ACTIVITIES

. Field Inspection of Test Site

- Tie numbering system

Identify track super structure and its condition
Ballast Design & Condition (type, depth, profile,
fouling or degradation, drainage)

-~ Tie Installation (Re-work, Spot installation, etc.)-

- Subgrade Conditions

Develop test procedures as needed. to conform to railroad
and/or laboratory safety standards -
Solil Sample Acquisition

Soil Sample Testing

Monitoring of Environmental Conditions

—~. Subsurface moisture, temperature

- Weather information and history

Track Geometry Measurement

Track Structure Location (survey to benchmark)

Data Acquisition Procedure

Perform Test Design Hazard Analysis

refers to
inputs or outputs.
from the other
major tasks.

6.6.4 PREPARE CALIBRATION PROCEDURES

Wheel/Rail Lateral, Vertical and Longi-
tudinal Load Circuits

Displacement Measurements

Tie Bending Strains

Fastener Instrumentation

Vehicle Weight

Vehicle Properties

FIGURE M-23

‘M-57 .




TEST ZONE 1 (CURVE DATA)

a2
CURVE DEGREE - CURVE BENGTH  SUPER START ~ ~STOP  EQUILIBRIUM
NO. OF CURV, DIRECTION (ft.) ELEVATION MP' ., Mp SPEED
“(in)
1 2.6  Right hand 2736 4,07 - 3211  320.6 47.5
2 6.2 ‘Right hand 1080  5.19° 319.7 319.5 34.7
3 6.1, | Left hand 1386  4.80 315.4:'v 319.1  33.7
4 5.3  Right hand 1136 5.10 | 31877 - 318.5 37.2
5 1.2 Left hand 934 1.42 318.0 317.8 41.3
6 3.2 Left hand 3118 3.13 31717 316.5 37.6
7 5.1  Right hand 961 5.06 316.5 316.3  37.8
8 3.0 Left hand 2070 . 4.55 316.2  315.8 36.2
9 3.7 Right hand "491° '3;725 315.8 f 315.7 38.1
10 6.3 Left hand 7 1037 '4.90 315.7  315.5 33.5
11 6.1 Right hand = 2420 4.92 : 515.0 314.6 34;1'1‘h'

TYPICAL TEST SITE DESCRIPTION
FIGURE M-24

M-5
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Performance

Issue
Activity
TABLE M-17 ‘
TEST DESIGN HAZARD MATRIX
Hazard - Hazard Known :
or Effect -Hazard Exposure Duration Quantifying Likelihood Hazard Corrective
Failure Category - Period Data or of Control | Action and
' ' Procedure Occurrence Options Priority
By
Date Page




6.7 ERROR ANALYSIS

7.1 IDENTIFY & TABULATE ERROR SOURCES

.
:
® 6 o o o © o o

Wayside Instrumentation

On-Board Instrumentation

Instrumentation Installation/Calibration
Tolerances on Vehicle Components.
Tolerances on Control Variables
Perturbation Accuracy & Maintainability
Environmental Effects |
Track Measurements

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;gf RELAX
OR TIGHTEN TOLERANCES ON INSTRUMENTATION;
PERTURBATION.ACCURACY, ETC.) '

FIGURE M-25
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M.2.7 SPECIAL DEVELOPMENT TASKS

Special development tasks, while not an 1'ntegra1 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,‘j',.s‘ presented in Figure
M-26. .

M-61



'7.0° 'SPECIAL DEVELOPMENT: TASKS

1 -<7:1 “IDENTIFY DEVELOPMENT TASKS NEEDED TO PERFORM
TEST PROGRAM e.g.

Develop special calibration techniques and/or
equipment

Develop special measurement techniques
Develop instrumentation

Develop testing techniques which will minimize
Tabor costs and installation time

Develop techn1ques to m1n1m1ze recurring instru-
-mentation costs

- PREPARE A-DEVELOPMENT PLAN FOR THE IDENTIFIED TASKS(S)

7.3 IMPLEMENT 6EVELOPMENT PLAN- .

FIGURE M-26
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M.2.8 TEST PREPARATION

The "TEST PREPARATION" planning task should didentify all of the
procedures and activities which are necessary to prepare the test site, test
consist and the associated test equipment prior to testing (see Figure M-27).
Any changes or revisions to the previously identified‘feét schedule and the
associated Tlogistics involved should be made at thié'time; Procedures and
schedules for fabricating énd/or procuring special equipment (e.g. test
fixtures) or supplies should be defined. ~

‘Planning Aids For Test Preparation

A checklist for vehicle preparation (Table M-18) is included as an aid
for documenting vehicle condition and identifying required maintenance or
modification. As noted in the table, it will most 1ikely be necessary to
measure and record certain previously identified vehicle parameters prior to
testihg. Table M-19 provides a brief checklist of designfconsiderations which
may be useful when developing test fixtures. Table M-20 presenté a "shopping
list" of test equipment which may be required for a specific test. As part of
this planning task a specific Tist 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 crftica] to a successful test program.

Table M-23 presents‘ a format for the Test Opérations Safety Analysis

Matrix which will provide assurance that prévious hazard analysis are met and
- safety requirements satisfied.
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8.0 TEST PREPARATION !

8.1 CONTRACTOR, GOVERNMENT, INDUSTRY COORDINATION

e Finalize Logiétics, Schedules, Procedures, Test Matrix
o Designate Levels of Responsibility for all Organizations

e Identify Specific Staffing Organization and Individual -
Staff Member Responsibilities

® Establish Coordination Communication Channels Between

. Organizations -
8.2 SITE PREPARATION W
S A A } e Y »
8.2.1 EXISTING TRACK 8.2.2 NEW TRACK
- Siirvey/Select Final Track Site - . | e Prepare Roadbed

Coordinate, & Finalize Schedule . e Install Track Structure
With-Railroad and Establish ’ ‘
Safety Considerations

Measure "Existing" Track e Allow Track Structure to
Parameters Stabilize with Sufficient
Modify Track Structure Per Test Traffic MGT.

Design Specs

&

| 8.2.3 [INSTALL GEOMETRIC VARIATIONS IN TRACK |

‘ . {

[7 8.2.4 MEASURE "MODIFIED" TRACK GEOMETRY & TﬁACK PARAMETERS I

i

l‘ :8.2.5 INSTALL AND CALIBRATE WAYSIDE INSTRUMENTATION l

{

8.3 VEHICLE PREPARATION
(See Planning Aid Checklists)

‘@ - Vehicle Checkout/Repair/Acceptance

- Body
~ Trucks
- Wheels

e Modify Vehicle as Required

- To Change Performance Characteristics
-~ To Mount Instrumentation .

o Measure/Record Required Vehicle Parameters as
. ' Identified in Table M-16 !

{

8.4 BUILD TEST FIXTURES

o Instrumentation Mounting Fixtures (Vehicle and
Wayside)

e Load Calibration Fixtures (Load Frames, Load
- -Jacks, "Rail Clamps)

o Deflection Measurement Support Systems

e Equipment for Measuring Ballast Characterisgics
(Density, Water Volume, Particle Size/Void
Ratio , Core Sample Equipment

5

8.5 CONDUCT PRELIMINARY TEST AND PREPARATION ACTIVITIES

e Preliminary Operationél Tests (Track Structure, Test
Vehicle or Consist, Safety Checks, Special Equipment)

e Laboratory Tests (Transducer Calibration, Vehicle or
Track Structure Component Tests)

e Implement Safety & Liability Activities

- Railroad Safety Procedures - Vehicle Safety Inspections
- OHSHA Requirements - Track Safety Inspections
- Union Requirements - Waiver Criteria

- Operations Analysis

FIGURE M-27
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TABLE M-18

VEHICLE PREPARATION CHECKLISTS

1.0 Vehicle Checkout and Documentation of Vehicle Condition-

(Body)

Check for bent or twisted center sill (does car sit level?)
Rust thru, cracked or broken body welds

Cracked corner castings on box car doors

Operational hand brake and slack adjuster

Safety appliances (ladders, stirrups, hand rails, etc.)
Worn, dragging, cracked brake hoses

Check for broken center plate wear ring

Perform air test

Check for existence of retainer Tine if required
(Wheels)

Excessive tread or flange wear
Cracked wheel

Spalled tread

Wheel flats

Over heated (thermal or hérring bone cracks, color or rust on wheel
plate) :

Loose wheel
Leaky wheel bearing seals
A1l wheels of same diameter

Document and record flats, spalls' (size, dimensions, Tlocation,
depth)

Check for roller bearing frame keys
° Check for wheelset separation (f]énge back-to-back dimensions)
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® 6 e o o o o

TABLE M-18 (Continued)

VEHICLE PREPARATION CHECKLISTS
(Trucks)

Worn brake shoes - : _
Improper shoes (cast vs. composition)
Burned in beams

Broken, misaligned springs

Worn: friction blocks »

Bolster gib wear (inner and outer)
Number of buttons on opposite sideframes

Side frame integrity o o , .
(Draft Gear)

. Proper couplers (type E, F, shelf, interlocking) if required for
test . ' , : , o

0 Cracked pocket or coupler. shank : _
. Note special draft gear (Freightmaster, Hydracushion, etc.). -

(Check for Evidence of Derailment)
Dirt and gravel in spring group’
S1ing marks on carbody

. New aif rgsgrvoir and brake cylinder
Blue gouges on field side of wheel tread
Flange marks.on underside of car
Missing side bearings
Damaged bearing cap

Measure and record physical vehic]g parameters as identified under
planning task (see Figure M-22). h ‘

M-66



TABLE M-18 (Continued)

VEHICLE PREPARATION CHECKLISTS

Typically 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 Vehicle Modification As Required For Test

. Attach transducer fixtures, J-boxes, conduits and cable hangers,
etc. 2

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

Wire down cut levers to prevent uncoupling
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TABLE M-19

TEST FIXTURE DESIGN/FABRICATION CONSIDBERATIONS

Convenience and ease of use

"~ Accuracy and repeatability

Ruggedness
Method of attachment (bolted, welded, clamped)
Adjustmgnt capability

Will 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 poésib]e
modification or re-work o .

Electro Magnetic Interference (EMI) considerations as appropriate
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TABLE M-20

EQUIPMENT. CHECKLIST

ITEM

I.D.

QUANTITY

CHECKOFF

GENERAL PURPOSE

HAND TOOLS

O W O N O

(8)]

11
12
13

14

Flat Head Screw Drivers
Phillips Head Screw Drivers

Offset Screw Driver (Phillips.

& Flat)

Set of Jeweler's Screw Drivers
Hammers (Machinist, Claw,
Sledge)

Adjustable Wrenches

Vise Grips

Punch Set (Center, Drift)
Chisel Set

'P1iers

ST1ip Joint »
Needle Nose (Midget and Std)

Adjustable (Pump)

Diagonal Cutters (Midget & Std)|

Snap Ring

Tin Snips
Hydraulic Jack and Jack Stands
Sharp and Dull Knives
Dry Bars and "Cheater" Pipe

Lights

Flash Light and Batteries 4
Trouble Light (Ext. Cord)
Flood Lights (Ext. Cord)
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NO -

TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

ITEM

I.

D‘

QUANTITY

CHECKOFF

GENERAL PURPOSE

HAND TOOLS

15
16
17
18
19
20
21

22

23
24
25
26
27
28

- C-Clamps

Spring Clamps

-Screen Door Springs
~-String

‘Rope

Chain w/Hooks

‘Saws

Hack Saw and Blades
Carpenter's Saw
Keyhole Saw

- Hydraulic Jacks w/Handles

2 Ton
5 Ton

‘Wire Brush

Fox Tail Brush
Scissors
Putty Knife

| Allen Wrench Set

Complete Socket Sets
Ratchet Handle
Extensions
U-Jdoint
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TABLE M-20 (Continued)

EQUIPMENT. CHECKLIST

ITEM

I[.D.

QUANTITY

CHECKOFF

GENERAL PURPOSE

HAND TOOLS

29
30
31
32
33
34
35
36

37
38
39
40

41
42
43

44

45

Deep We11fSockets

Regular Sockets

Metric Sockets
Drill Bit Index Set
Open End Wrench Set
Box End Wrench Set
Torque Wrenches
Shovel
Pick

Posthole Digger
Complete Tap and Die Set

w/Wrenches
Spare Taps
Cutting 011

"Bench Vise

Files .
Flat (Fine and Coarse)

Rat Tail (Fine and Coar§e),
Triangular (Fine)

'

Square (Fine)

' File Card
. Handles -

Swiss Needle File Set

Pop-Riverter and Pop Rivets

Rerailing Blocks/Wedge
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TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

ITEM

I.D.

QUANTITY

CHECKOFF

ELECTRICAL

SUPPLIES

Gl W N =

Hook Up Wire (assorted sizes) . .
Spade Lugs and Connectors

So]der;and Flux
Jumper Wires
Electrical Technician's

tool kit
Assortment of Electrical

Components
resistors

capacitors
diodes

integrated circuits and

amplifiers

Heat Shrink Tubing

-Soldering Iron or Torch

MEASURING
TOOLS

P w N~

‘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 I.D. JQUANTITY |CHECKOFF
MEASURING
TOOLS
6 Caliper 0-6"
7 PTumb Bob
8 Chalk Line
9 Transit
10 Ultra-Sonic Unit and Coupling
Fluid
11

Depth Gage

POWER TOOLS
& EQUIPMENT

Variable Speed Reversible
Electric Drill (3/8")

1/2 Inch Heavy Duty Electric
Drill

Disc Grinder and Assorted
Discs

Die Grinder and Assorted
Discs and Bits

Saber Saw

Heat Gun
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-TABLE M-20 (Continued)

- EQUIPMENT 'CHECKLIST

ITEM

I.D.

QUANTITY

CHECKOFF

~ ELECTRICAL

EQUIPMENT

P NN

Digital Volt/Ohm Meter
Frequency Counter
Function Generator
Portéb]e Oscilloscope
Regulated Power Supply

CONSUMABLES

N oYy O AW N

| Tape

Scotch
Duct.
Filament .
Electrician's’
Masking
Solvent
Grease
Rags _
Sand Paper
Emory Cloth
Glue:
Paﬁer
Wood
Metal
Plastic
Rubber
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TABLE M-20 (Continued)

EQUIPMENT CHECKLIST

ITEM I.D. | QUANTITY |CHECKOFF
CONSUMABLES
8 Temperature Sticks
(100°F - 200°F range)
9 Spray Paint
STATIONERY
SUPPLIES
1 Pencils
2 Pencil Sharpener
3 Pens
4 Paper (Lined and Graph)
5 Clip Board
6 Chalk
7 Paint Stick
8 Magic Marker
9 Sticky Labels
10 Loose Leaf Binders
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TABLE M-20 (Continued)

- EQUIPMENT CHECKLIST

- NO ITEM I.D. [QUANTITY { CHECKOFF

PHOTOGRAPHIC
EQUIPMENT

1 | Camera

2 |- Light Meter

3 Film

4 Triped

5 Batteries

6 Lenses
MISC. ITEMS

1 ; G]ovés

2 | First Aid Kit

3 - Snake Bite Kit

4 Insect Repellant

5 Calculator

6 Fire Extinguisher

7 Keys (for equipment and

| Tockers, etc)

8 . Wire

9 Dust Masks

10 Safety Glasses

11 |- Stool

12 |’ small Table

13 * Canvas Tarp, Drop Cloths

14 | Broom '

15 [ Brush
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TABLE M-20 (Continued)

- EQUIPMENT CHECKLIST

NO ITEM T.D. [QUANTITY { CHECKOFF
MISC. ITEMS

16 | Coveralls

17 - Rain'Gear

18 Complete Supply of assorted
nuts, bolts, screws, washers,
etc.

19 Raw Materials

' - sheet metal
- sheet plastic
- gasket material
- card board

20 Tie Wraps

21 Hose Clamps

22 Cotter Keys

23 Turn Buckles

24 Wire Cable

25 Water Container

26 Hard Hats
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- TABLE M-21

TYPICAL PERSONNEL HEALTH AND SAFETY CONSIDERATIONS

Fire protection on equipment, buildings, and storage areas:

“'~§Eva¢uat10n&procedures, emergency service. routes, and posting of emefgency

plans, radio calls-and phone numbers. -
Alerting and communications 'systems. -
Protective devices, barricades, warning signs, ropes, railways, railroad

. equipment safety appliances.

Note:

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'wéter supply and sanitary facilities.

Copies of Book of Rules, applicable safety manuals.

Gang watchmen, flagmen, crossing protection, public protection.
Accident/injury reporting system.

Poisonous plants, vermin, insects, caustic protection.

Crane, high 1ift 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.

i Health and safety planning should span the interface between

railroad, construction, industrial, and laboratory rules, practices,
and regulations which pertain to test operations.
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TABLE M-22

MISCELLANEOUS SITE PREPARATION ACTIVITIES

Identify the closest source for both routine and emergency medical
services (e.g. hospitals, «clinics, paramedics, drugstores, . fire
department). Develop a 1ist of phone numbers. - N

~Identify local sources for typical personnel services (e.q. moteTé,
restaurants, grocery stores, etc.). ' i

Identify local sources for test equipment and their business hours (e.g.

hardware stores, electrical supplies, tool rentals, fuel supplies, car
rental, etc.).
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Perforﬁénce' ,

Issue ~

Activity

TABLE M-23 By
Date
TEST OPERATIONS SAFETY MATRIX
Task , . Actions to
Description Hazard Hazard Likelihood ‘Hazard Safety Control
or or Duration of Effect Class Requirements Hazard

Test Condition Period Occurrence
Operation '




M.2.9 TEST EXECUTION

The planning task for “TEST EXECUTION" should ddentify all of the
activities and procedures which are necessary to actually implement a test.
The flowchart shown in Figure M-28 summarizes the type of activities which
should be addressed during this test planning task.

A review of the test procedures, results, and deficiencies should be made
to verify data retrieved and permit future test efijiency including a review
of test safety procedures effectiveness. Table M-24 shows a 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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[A, 9.0 TEST EXECUTION

9.1 REVIEW/FINALIZE THE TEST OPERATIONS PLAN

A stand alone Test Operations Plan document should be
available which provides a detailed step-by-step exe-

1 cution of the test to be performed

1i79.2 PRE-TEST COORDINATION

)

9.3 CONDUCT PRE-TEST ACTIVITIES

- — Finalize contingency plans

- 'Pre-test calibrations

- . Checkout of test track, consist, and support
equipment

-. ‘Setup and checkout of communication system
and procedures ’

~ Review- safety considerations

9.4 TIMPLEMENT TEST ACTIVITIES

Re-run the same
test(s) or por-
‘tions thereof

)

e Identify those sequences which are most critical
to the actual testing

e TIdentify the interrelationships of one sequence
. to another

e Implement test procedures

Implement contingency
plan(s)

e Detail the critical steps and go/no-go decision points

e Perform Quick-Look diata analysis and verification

No Test Data No

is good

Yes

9.5 CONDUCT POST-TEST ACTIVITIES

® Post-test calibrations

e Implement data management procedures (direct data
transmission as required, handling and storage of
raw data tapes - etc.)

e Complete logs, prepare initial or summary test
reports

‘e Return test site and test vehicles to pre-test
conditions (as necessary)

I PERFORM ANALYSIS OF TEST PROCEDURES AND RESULTS l

FIGURE M-28

vJﬂ=82




€8-W

TABLE M-24

Performance
Index

Activity

By

Date

TEST SAFETY PROCEDURE EFFECTIVENESS REVIEW MATRIX

Accident
or
Incident

Effect
or
Loss
Suffered

Likelihood
and
Exposure
Evaluation

Noted
on
Previous
Analysis

(Y) (N)

Possible Means of
Future Avoidance

Remarks




© 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 fpr the day emphasizing any special
conditions su;h'ésvsanding or vehicle maintenance.

Note operational requirements such as use of brakes, speed
to]erances,,etc.

Coordinate the days visual.track inspection requirements
AAnngqg;g_thgﬁradio channels to be used

Identify the groups to be in the tesf area.

Identify group leaders and all -expected communications.
Announce the run numbering sequence to be used by all grbups.
Identify thresholds requiring é report from wayside -and onboard

instrumentation and from track inspection.
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M.2.10 DATA REDUCTION AND ANALYSIS

Data reduction and analysis includes the process of identifying the:
format of the raw data; converting it to a form easily accessed by a data
analysis software package and presenting the results of the analysis in an
attractive and readily useable manner. A

M.2.10.1 Basic Reduction

For purposes of this discussion, it has been assumed that the raw test
~data has been previously assembled on a machine readable storage medium. Some
of the more common storage mediums used are digital magnetic tapes, analog
magnetic tapes and disc files. The data may be the result of a test or it can
be the output of an analytic model. The first phase of data reduction
involves identifying the type of data storage medium to be used.

M.2.70.1.1 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 fqrm (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, a description of each channel,
the sample rate, engineering units and so forth.

2) Calibration Records ..

Calibration records are recorded just prior to 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 Tength in bits (12 or 16), resolution, = - °
" sign convention, bit padding;
“c)- How the datais multiplexed, number of
~ thannels, number of samples per record, any
odd word- length channels or irregularities in
the - multiplexing scheme. '

4) Trailing Records

Trailing records may contain post-test calibration and more comments
- describing any anomalies which were observed during the test.

M.2:10.1.2 . -« Andalog Magnetic Tape "
Test data may be recorded on analog tape. .’ If this is the case, the

information must be digitized prior to data reduction and analysis. Header
information may have to be added to the digital copy of the test data.

~Test data gathered onto a d1sc file may or may not requ1re demu1t1p1ex1ng
since random access write is available. '

M.2.10.2 Build Data Base

A data base is required for data reduction to minimize access time for

the reduction of software which, by the nature of the task, involves large
amounts of Input/Output (I/0). This is accomplished by a combination of
pointers . to disc sectors .and by. placing the information on a disc in such a’

-..way that the sector number of a 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
data, the data 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 aqd max imum

or minimum values. . .

Building a data base is accomp]ished by .copying and manipulating the raw
information while re-ordering it to a-random4access4device.’:Dependfng on the
type of peripherals, the input of data to be reduced, and memory limitations,
the process of building a data base may involve seve?a]‘different algorithms.
The format of the data base will also depend heavily on these Timitations. ' It
may also be appropriate at this stage of data reduction and analysis 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 access1ng the data base and
performing the analysis should provide a high degree of f1ex1b111ty as well as
being very efficient and easy to use. The software.shou1d be written in such
a manner as to facilitate future additions and ‘modifications so as to readily
accommodate future changes or demands. A flow chart showing the basic data
reduction and analysis functions is presented on Figure M-29.
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10-0 DATA REDUCTION AND ANAL‘[SISJ

i ~
10-1 BASIC REDUCTION

Identify Storage Medium (Assuming Raw Data
is Assembled on a Bulk Storage Medium)

)

¥

ANALOG TAPE

1

e DISK FILE L)

DIGITAL TAPE

Convert to Digital
Form thru A/D
Convert Annotation
Channel(s) to Text/
Header Info.

—

e Compatibility with Re-
duction Hardware and L]
Cperating System

@ Identify Format and Or-
ganization of Data

® Generate Header Informa-
tion
- Engineering Units

Conversion Factors
~ Text for Labels, Channel
Descriptors, etc.

Identify Data Format
Header Records

Test Description
Number of Channels
Acquired

Sample Rate

Number of Scans/
Record

File Descriptors for
Operating System

Pre-Test Calibration

Records

High Cal

Low Cal

Multiple Calibration
Records

Floating Point or
Integer Representation

Data Records .

~ Record Length in Bytes

- Word'Length (12 or 16)

- Number of Channels

-~ Number of Samples/Re~

cord

How Multiplexed ‘

- Word Length as a
Fudction of Channel
Number .

- Channels Sampled

° More Frequently-
Than Others

File Mark Conventions

- Placed at Beginning
or End of Each File

- Significance of
Multiple File Marks

Trailing Records

- Post Test Calibration

- Observed Anomolies

- Post Test Comments

Y

e IDENTIFY REQUIREMENTS FOR AND AVAILABILITY OF
SOFTWARE UTILLITY ROUTINES

Copy
Dump

Translate
Bit and Byte String Manipulation
Tape Positioningz

DEVELOP NEW SOFTWARE
AS NECESSARY

10-2 BUILD DATA BASE

- Seek Time

ESTABLISH BASIC DATA BASE REQUIREMENTS AND FORMATS

o Amount of Raw Data to be Stored
e Software Capabilities (Speed of Execution vs. Pre-Processing)
e Scheduling and Funding (Q & D or Elegant)
+ = Development Time and Cost

- Production Time and Cost

- Estimated Number of Times Each Phase of the Process Will be Repeated
o Attributes of Reduction System

- Availability of Utilicies and Library Routines

- Characteristics of Feripherals

- = Size of Medium

- Buffering Capabilities of Operating System and Drivers
- Transmission Rates

- Availability of Multiple Peripherals (Simultaneous/Synchronous 1/0)
- Reduction Mode (Batch or Interactive) .

!

e WRITE DATA BASE TO RANDOM ACCESS DEVICE

e Establish Heacer(s) and Pointer Tables

e Demux, Organize, Reorder, Reformat Raw Data
® Update Headers and Pointers

@ Allocate/Clear Scratch Space if Required

:

10-3 BASIC ANALYSIS AND DATA PRESENTATION (IDENTIFY DESIRED HmCTIONS;] :




. s
10-3-1 IDENTIFY REQUTRED DATA PREPARATION

e, Conversion of Raw Data to Engineering Units
A e _Digital Filtering
Decimation
~Integratinn
Scaling

Biasing
Differentiation
Channel Recombination and Algebraic Manipulation

* T
. l 10-3-2 IDENTIFY ANALYSIS REQUIREMENTS l
) T

o SPECTRUM ANALYSiS ! o STATISTICS o STRESS ANALYSIS

Power Spectral Density
Co-Power Spectral Density
Transfer Function
Averaging

Confidence Level
Windowing

Coherence Auto Correla-

Standard Deviation e Uniaxial
Skewness . R +'| @ Rosette
Kurtosis ® Peak Stress/RUD
RMS .
Narrow Band RMS
Mean (Average)

tion
Cross~Correlation

|

10-3-3 IDENTIFY DATA UTILIZATION AND PRESENTATION

Printout
Plots
Strip Chart

CRT Display .

Machine Readable (Mag Tape, Cards

» Disk)
Off-site Data Transmission (R.F. Link, Modem,
Synchronous or Asynchronous)




M.3 STANDARD SIGN CONVENTIONS

When planning a field test prbgram; standard sign conventions .should be
used whenever possibie This will promote cont1nu1ty of the test results from
test to test as well as between different test programs If standard s1gn
conventions can not be used, it is imperative that ‘the convent1on be -clearly
identified and flagged on the test data involved.

Standard'sign conventions are pnesented below for-wayside instrumentation
and vehicle borne instrumentation.

M.3.1 WAYSIDE SIGN CONVENTIONS

Wayside sign conventions apply to all of “the instrumentation associated
with the track structure. Typical mea;hrements include displacements, forces
and accelerations. In addition, conventions are helpful for identifying
direction of travel relative to the tratklstrqctnre~as well as the "right" and
"left" rails. The suggésted sign conventions are presented in Figure M-30.

M.3.2 VEHICLE BORNE SIGN CONVENTIONS. -

Sign conventions for vehicle borne measurements are presented in Figure
M-31.

"M.3.3- CONSIST CONFIGURATION IDENTIFICATION

. A consist conf1gurat1on shou1d be c]ear]y and un1que1y 1dent1f1ed such
that both vehicle and component -Jocations ‘and .orientations- can always be
traced from test to ‘test. Proper 1dent1f1cat1on should include a side view
schemat1c ‘of each configuration show1ng vehicle I1.D. numbers, vehicle
or1entat1on, axle numbers, and d1rect1on of travel.

The following guide]inésiiléré 'sug§é$ted to standardize consist
configuration identification:
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. +Z (DOWN) -

‘STANDARD COORDINATE SYSTEM .

' OUTWARD FORCES AND
" OUTWARD DISPLACEMENTS
- - -ARE POSITIVE,

RAIL FORCES AND DISPLACEMENT

OBSERVER
LOOKING
TOWARD
INCREASING
MILEPOSTS

RIGHT AND LEFT RAIL

WAYSIDE SIGN CONVENTIONS
FIGURE M-30

“M-90



'

GENERAL MEASUREMENT CONVENTIONS

 ACCELERATIONS, DISPLACEMENTS, FORCES

4* UPWARD + FORWARD
= + FORWARD - > :
— /'+ CLOCKWISE

+RIGHT-

WHEEL FORCES

OUTWARD FORCE ON
WHEEL IS POSITIVE

+ - ’ — +
- UPWARD FORCE
T ON WHEEL IS
POSITIVE

+ . +

.COUPLER FORCES

VERTICAL COUPLER ANGLE N ‘LATERAL COUPLER ANGLE
ocacE] — 4 —
g:gGAGE I_-FT_ ;,ﬁ LOCOMOTIVE gAgGAGE 2y :"r’ LOCOMOTIVE

i \ ’ _ _ AR -
f—cc N+ 7% %Uc— e ry —

DOWNWARDMOTIONS - COUNTERCLOCKWISE

ARE POSITIVE .. . - ROTATIONS ARE POSITIVE o

_I-VII§CELLA.NEO‘US' -

® BUFF FORCE IS POSITIVE
K] SPRING EXTENSION 1S POSITlVE

VEHICLE BORNE SIGN CONVENTIONS
FIGURE M-31
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For each test run, ‘axle count -will be sequential starting from the
" head-end of the consist with respect to the direction of travel for the
respective test run.

Ax]es/whee1sets will be un1gue1 1dent1f1ed ‘based upon their initial
Tocation in. ‘the consist. Car ax1es/whee1sets will be identified in
accordancewWJthjthe AAR designation specified by AAR interchange rule
number 83 (Field Manual of the AAR ‘Interchange Rules). The following
. excerpt defines this rule: |

RULE 83 (excerpt)

15. For designation of Tocations 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 located
shall be known as B end and the opposite end shall be
- known as A end.. If 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 B end of car in their order on the'right
s1de, .wheels, journal. boxes, brake beams and . other
“truck . parts-shall be known as. R1, R2 R3 and R4. The
omain, structure of car is d1v1ded 1nto four sections.
- known as BR, BL, AR and AL. See F1gure M-32;

b. Cars equipped wiih}six or eight wheel trucks. 7

(1) The same‘prinéipfe{epp1ie53as g%ven above for four
wheel trucks.
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3 = — 'ﬂll 3
Lerr | AL | AR [ RIGHT
DE SIDE
. BL | BR

FIGURE M-32. CAR WHEELSET IDENTIFICATION

Using the above AAR designation, wheels will be uniquely def1ned us1ng an
identifier word of up to 5 characters as follows:
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XX

X X X

L—— Letter suffix to denote a "replacement axle"

L—-—-——-F- Axle. I.D. number uniquely  assigned at time of initial
_installation in a vehicle

Letter (L or R) to denote initial wheel or wheelset
installation orientation

" Vehicle I.D. number (up to 2 d1g1ts) un1que1y ass1gned at
time of initial 1nsta11at1on in consist

. As an.example, consider an 1n1t1a1 consist configuration of a test series
as shown be]ow : '

B B B "B"' F
4 3 2 1 Q |
1615 14131211 109 87 65 43 - 21
T E—

The axle identification associated with axTe count number 7 would be-2-2
(i.e. vehicle 2, axle number 2). The wheel identification associated with the
above side view would 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 wheel
1dent1f1cat1on wou]d 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 2R2A (i.e. the suffix A denotes a replacement wheelset).
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If a 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 Tocation 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 thé wheelset from vehicle 3 fis directly
transposed to vehicle 4 but that the wheelset from vehicle 4 is rotated 180°
before installation in vehicle 3. The wheel identifications for the next test
(per the above figure) would then be a1 for axle count 11 and 3L3 for axle
count 16, ; ' ‘

Axles/wheelsets for locomotives will be identified using a nomenclature
similar to that used for cars. In the case of\]ocomotives, the "B" end will
equate to the long end of the cab or the back of the locomotive 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
two brake shafts, locomotives with cabs on both ends or in the middle shall be
appropriately marked F Qr_B by the owner. The -right and left sides will be
established facing the "B" end of the locomotive. Howéver it should be noted
that axles will be numbered in-reverse order from the "B" end (or conversely
in sequential order from the "F" fend). This identification scheme is
illustrated in Figure M-33. ‘

The following sample test log sheets'i1]q;trate the suggested consist
configuration identification scheme. ‘As noted on the log sheet, there is a
column labeled “VEHICLE I.D.". This column relates axle count to a current
vehicle number and orientation i.e.

X X

+ T

Head-end of vehicle per direction of travel (e.g.’A)

"Vehicle identification number (up to 2 digits)
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M T B
IIB‘I END

FIGURE M-33. LOCOMOTIVE WHEELSET IDENTIFICATION
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M.4 TEST HAZARD ANALYSIS DEFINITIONS

M-17,

The following definitions are provided as an aid for preparing Tables
M-23 and M-24. These definitions should also assist in determining

safety aspects of the test design, test operations and ‘post review of the

procedures under which the overall testing objectives were accomplished.

M.4.1

M.4.2

Hazard Categories

Category I - Negligible - W111 not resu]t in persona] injury or
system damage. '

Category II - Marginal - Can be counteracted or contro]]ed without
injury to personnel or major system damage. '

Category III - Critical - Will cause personnel - injury or major
system damage, or will require immediate corrective action for
personnel or system survival. T : ‘

‘Category IV - Catastrophic - Will cause severe 1nJury or fata11ty to

personne] or major system lToss.

‘Action Priority Ranking

Routine - Can be adequately handled through routine channels for
corrective action, e . x

Special - Requires special follow-on act1on because of un1que
aspects which might prove to be a problem. ‘ ’

Critical - Requires special management attention due to extent of
test program impact.

Urgent - Requires special management attention due to test program
impact and time constraint.
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M.4.3 Likelihood of Occurrence

Frequent - Méy be expectgd con}inuous1y.z
_;Reééonéﬁiy frﬁbéblé ;:wﬁll éccﬁr‘f;eduéhtiyukoing tegf}z
”Oécgéféﬁa1 f;wiiavocqurngéQerai:tihé% durigé tésfi
Remote - Unlikely but possible.

EXtréhe]y ImprdBabTe - So unlikely, can assume will not be
experienced. ' ' '

‘Impdésib1e’— Phygigélly impossible to occur.

M.4.4  Hazard Duration Period

The 1berﬁbdﬂ of time_ thrbugh which. the hazard hés éffect;_on the test
program. Estimates for establishing a hazard durétion pefiod may be based
upon khqwn data, or methods to arrive at quantitative data, .concerning the
1ike11hooa of oécurrénce of a hazard. . These may. include probabilities,
failure experience, reliability estimates, accident experiencé, or other
numeric data describing or aiding in understanding the hazard or key
contributors to the hazard. I | .

M.4.5 ) Exgosure.:

. An egtimape:of;factqré leading . to unﬁerstand{ng the effect of a hazard
such as: number of persons in the hazard area, frequency of.jnferface with
the hazard during the test, 1eﬁgth of time of effect, type or critical nature
of the:potentiq1>1osé.=u '
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OVERALL GENERIC FLOW DIAGRAM FOR THE PREPARATION AND CONDUCT OF FIELD TEST PROGRAMS

1.0 DEFINE OVERALL TEST OBJECTIVES

Problems(s) to be Solved

Anticipated Approach

Expected Results

Relate Previous Test Progranas to Curren: Problems-

2,0 PRELIMINARY TEST PLANNING

Identify Performance Regimes

Identify Response & Control Variables and Test Safety Analysis

Identify Excitation Inputs (e.g. track geometry & pertutbations. train acticn)
Site Selection Criteria

Identify Data Requirements

Develop Data Base Format

Develop Standard Nomenclature

— —

3.0 ANALYSIS, MODELING, SIMULATION. 4.0 DETAILED TEST PLANNING
e Track Structure o Define Track Performance Characteristics Required
e Vehicle . (or Define Existing Track Characteristics to be wmeasured)
e Track/Vehicle Interaction . o Define Ranges for Response, Control & Excitation
o Parameter Sensitivity Studies Variables (Wayside and Onboard)

® Develop Detailed Track Geometry & Track Perturba-~

tion Specifications (or Characterize Teat Track
Sections to be Used) '

Identify Safety Considerations & Contingency Plans
Develop Preliminary Schedules/Costing & Logistics
Identify Pre-test and Post-test Requirements
Develop a Test Operations Plan

Develop a Data Management Plan

]
I ;

5.0 SPECIAL STUDIES 6.0 TEST DESIGN 7.0 SPECIAL DEVELOPMENT TASKS
Track Modulus Effects e Detailed Track Structure Design or "] @ Develop Innovative Measuremernit Techniques
Fasteners Modification o Develop Calibration Techniques and/or Equipment

Longitudinal Rail Force Effects
Design, Construction & Mainte-
nance Techniques

Measurement of Track Geometry |g—p

Wayside Instrumentation . e Instrumentation Development (as needed)
On-Board Instrumentation

Data Acquisition & Synchronizatiom
Data Requirements, Formats, Cor- |g-p
relation .
Vehicle Configuration/Re-Configura=~
tion

Design Test Fixtures
Develop Test Procedures
Error Analysis :
Perform Hazard Analysis . -

8.0 TEST PREPARATION

Track Structure Construction/Modification
Contractor/Government/Industry Coordination

Prepare Test Schedules & Test Matrix

Build Test Fixtures

Prepare Calibration Procedures

Conduct Preparatory Laboratory Tests and Fileld Tests
Perform Operations Safety Analysis

{

9.0 TEST EXECUTION

¢ Pre-Test & Post-Test Calibration
e Schedule/Coordinate/Implement
o Quick-Look Data Analysis/Verification

10.0  DATA REDUCTION/ANALYSLS

Additional Testing Required

Basic Reduction’

Build Data Base

Basfc Data Analysis and Data Presentation
Overall Test Analysis (relative to test

" Special Analysis " objectives)
e Perform Safety Bftcctivene-c nzvlev

FIGURE M-1 (Spare)
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SECTION N
VEHICLE CHARACTERIZATION

N.1 Introduction

Once a vehicle problem has been determined and the. assessment
objectives have been set, as described in Part I, Section 2 of this
report, an Assessment Plan. should be developed using the procedures
outlined in Section A (Resources Available for Literature Search),
Section B (Accident History .Investigation), Section -C (Computer
Modeling), and this section,.Section N (Vehicle Characterization).
Section N 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 fhevAssessméht Procedures
shown in Figures 2-2, 2-3, and 2-4. ' - ’

The primary objective of this sectioﬁ is t6- 1déht1fy “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, a ranking -of the ten performance. issues. This is Shown
schematically below:

Enéiheering'Characteriétics Section N Ranking of
of vehicles under >4 Vehicle " > Performance
investigation - ' 1 Characterization| | Issues

“ No inputs from other sections are required although findings from
other -sections may clarify some of the éngineering characteristics of
the vehicle being investiceted and, therafore, suggest a supplementary
use-of Section N, '

N.2 Nomenclature

| The text, tables, and figureé in this section 16c1dde'fefékences
to the design and dynamic behavior of freight cars, passenger cars, and
locomotives, The definitions of all terms used are consistent with the



rest of this report. In most cases, f1gures are 1nc1uded to illustrate
the components and d1mens1ons referenced

N.3 Technical Discussion

A vehicle's proclivity toward each of the ten Performance Issues
(out1ined in-Subsection 2.4) can be estimated parametrica11y from the
coriditions of certain spécific characteristics of that vehicle. These
characteristics are engineering descriptions ‘'of a vehicle-which relate
to “its” ‘dynamic’ response to~‘track geometry inputs or inputs from
‘adjoining vehicles. * For -instance, a vehicle characteristic of truck
center'spacing'is’part1cu1ar1y relevant to that vehicle's car»body roll
response to staggered 39 ft. rail Jo1nts -

The purpose of th1s sect1on is as fo]]ows

e to isolate, define, and quantify principal vehicle
. characteristics which affect each Performance Issue;

¢ to.present these characteristics in such.a format that any.
~rail vehicle under investigation can .be quantified in..
-..these terms, .- . ‘ o
@ 'to show the Telative importance of each: characteristic to
each Performance Issue; and '

~ e to rank ‘the Performance Issues showing those wh1ch would
_most 11ke1y be of interest for further 1nvest1gat1on '

In formu]at1ng this approach, a great deal of approx1mation has
been necessary in developing the quant1tat1ve ranges. for the conditions
of each.characteristic and in-assigning the we1ght1ng va]ues comparing
the effects- of the characteristics. This approach will nonetheless be
useful, in . assisting in the identification of relevant dynamic
Performance Issues for a vehicle or vehicle design being investigated.

The vehicle characteristics are listed in Table-N-1. These are
the character1st1cs wh1ch must be quant1f1ed or est1mated using the
def1n1t10ns and samp]e cases prov1ded in Append1x N-A.
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TABLE N-1: VEHICLE CHARACTERISTICS WHICH AFFECT VEHICLE
DYNAMIC PERFORMANCE.-

Wheel
Wheel Profile

Trutk

Total Shear Stiffness

Total Axle Yaw Bending Stiffness
Wheel Base

Static Yaw Friction -

Number of Axles

Yaw Moment of Inertia

Wheelset Weight

Net Braking Ratio

Coupler

Draft Gear Longitudinal Energy Absorpt1on
Draft Gear Compressive Energy

Car Body

Truck Center Spacing
Bounce Natural Frequency
Pitch Natural Frequency
Ro1l Natural Frequency
Yaw Natural Frequency
Sway Natural Frequency
Bounce Damping Ratio
Pitch Damping Ratio
Rol1l Damping Ratio
Yaw Damping Ratio

- Sway Damping Ratio
Torsional Stiffness
Overall Length
Center of Gravity He1ght
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The vehicle:-characteristics can apply: -to any rail -vehicle in any
configuration, such as Jocomotives,  pdssenger.cars, or freight cars
with weight variations due to lading, passengers, or fuel/water. The
particular vehicle condition chosen may be based upon acc1dent h1story
1nvest1gat1ons or mathematical analysis or, if no gu1de11nes are
available from other sources, an eva]uat1on of each Performance Issue
should be made ‘for the Aextremes of ,a]l poss1b1e operat1ona]
'conf1gurat1ons “ | s

- N.3.1 Details of Veh1c1e Character1st1cs

N.3.1.1 Wheel Profile

The geometry of the whee]/raiT cohtactihj ‘surfaces~ is of
particular importance to Performance Issues 'invo1ving curving and
hunting. Generally, -two segments of a'wheeluprofile.are defined, the
tread conicity and flange angle. ' It seems that ‘the tread angle is most
significant to the initiation of hunting or'curving problems and that
the flange angle affects the severity of the resultant wheel/rail
forces. ‘The evaluation of the wheel profile is jre]evant only in
connection with common rail profiles.’ SbecﬁaJ cases of rail vehicles
regularly running on rail profiles »n0t 'common to »U,$J> interchange
service must be considered analytically.. For-use of thﬁs section only
the tread angle is requ1red ' ’ o

The three conditions of con1c1ty are; ]ess than 27 from 2 to 10%,
and greater than 10%. The middle range 1nc1udes,the‘predom1nant AAR
1-in-20 (5%) and 1-in-40 (2.5%) new freight. and 1passehger wheel
profiles, as well as most moderately worn /whee1s. Higher' conicity
wheels are often used on-the new radial or self-steering trucks.

N.3.1.2 Total Truck Shear Stiffness

Truck shear st1ffness is a measure of a truck s res1stance to the
para]]e] displacement of its wheelsets. In general, 1ncreas1ng the
shear st1ffness of a truck w111 improve its hunting performance. This
is espec1a11y significant for convent1ona1 (non- rad1a]) truck designs.
Radial truck designs are I1ke1y to be re]at1ve1y rigid in shear due to
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- structural’ elements present,  such ' as cross-bracing. ‘Curving
performance may be reduced slightly by increases in shear stiffness.

Truck dynamic curving and hunting behavior vary inversély in many
trqck,desighs and are highly dependent upon two characteristics, shear
. stiffness and axle yaw bending stiffness (described in . Section
N.3.1.3). Substantial analytical modeling efforts have been. devoted to
.Vthié ‘area. Of particular relevance is the work perfbrmed; at. the
Vehicle Dynamics Laboratory - at the Massachusetts. -Institute . of
kTechnology [Ref. 1 and 2]. An approximate formula, developed by '
Wickens, 1is qualitatively useful to. show the influence .of these
parameters on the critica1 hunting speed, vcr
Vs G Kgr + (a%b%)Kgp = ((Kgpr(a®+bP)Kg )2 4b2KSTKBT)%‘]“ |

where :‘C is a constant ‘ ‘ ‘
| ., m is the effectivé huﬁtihg mass, which;fs,,iﬁ‘éenérél; theA
mass of the wheelsets
a is the track semi-gauge
:b~ is one-half of the wheel base
‘A is an effective whee]/ra11 contact con1c1ty

KBT

Ksp is the truck shear stiffness - .

—~

is the truck ax1e yaw bend1ng st1ffness

Using typical values, shear stiffnesses _Were . calculated . for
several sample cases, as noted in the appendix to this Section,
Appendix N-A. Since dynamic truck performance'is notfsb1e1y a function
- of shear stiffness, -but includes the effects of the overall truck
design, major groups of désigns ~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

—————
———
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~stiffness (low,.-medium; or high) as befits -the design,:even though -the
absolute value ranges are not.the same :for each group.

N.3.1.3. .Total-Truck Axle Yaw -Bending Stitfness - .

f‘ Truck axle’ yaw berding stiffness- is~ a measure of ‘the truck's
‘resistance t6“ relative yaw between “two wheelsets. ~This s Shown
“schematically in Appendix -N-A. - Bending ‘stiffness is particularly
“relevant “to  curving “performance.” Low bending stiffress . d1Tows ‘the
"wheelsets of @ .truck ‘to take positions radial -to a curve,  thereby
‘redii¢ing the whee1éet-toFraT1_éngle of attack. Steenable,*orﬁkédiaﬁ,
‘truck “designs ‘allow Tow “bending stiffness through the structunal
interconnections of the' wheelsets, such as cross-bracing of special
shear pads. Lower bending stiffness allows sharper curving before
]atera] fonCes, due to . the angle of. attack, become a problem.
Converse]y, low bending stiffness _can increase the tendency for
wheelset hunting.

-vAs with .shear stiffness, the absolute value df Bending stf%fnegs
is’ useful on]y w1th1n ‘the prescr1bed des1gn groups of ‘steerable and
non-steerable passenger and fre1ght trucks.

N.3.1.4 Wheel Base

Wheel base, the distance between the centers of the outside axles
of' a truck, can have':a -substantial effect - on curving performance,
espec1a11y on tight curves. Long whee] bases 1ncrease the lateral
forces required to move through a curve or spiral. In dperation on
tangent track, a 1ong wheel base can-reduce the probab111ty of truck
hunting, as shown by Parameter b in the equat1on for cr1t1ca1 hunt1ng
"speed in Sect1on N.3.1.20° o bl -

N 3 1 5 Truck Yaw Fr1ct1on

* Truck. yaw friction, or. break-away. torque, is defined as the peak
.torque required.to -initiate-rotation :of :the .truck. relative :to the car
~body. --A-high IeVeIJOfﬁyaw,frictionucaniinorease~the'probabi}ity'of
-problems:- with :Spiral Negotiation and Dynamic Curving. - However, the
effects. of -high yaw friction.will: decrease.the probability of :truck
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hunting. Most trucks will fall into the.medium or low categories, as
def1ned in Appendix N-A.

N.3.1.6 Number of Axles per- Truck

A1though the number of axles per truck will usua11y be d1rect1y
corre]ated with the whee] base the add1t1on of a third or fourth axle
- to a truck greatly increases the geometr1c constraints 1mposed dur1ng
curve or spiral negotiation.

Conversely, a truck’with three or more akies will be Iess‘prone to
truck hunt1ng than one- or-two ax]e trucks, all other factors being
constant. ' ' |

N.3.1.7 Yaw Moment of Inert1a :

, The yaw moment of inertia of ‘a truck is. measured about a vert1ca1
axis through its center plate. The quantity of this parameter is
determined by the we1ght of the truck and by the weight distribution
about the center of yaw rotation. 'A high yaw momént of inertia will
increase the dynamic wheel/rail forces during dynamic curving or spiral
negotiation and will:-slightly reduce the tendency toward truck'hunting.

N.3.1.8 Wheelset Weight (Effective LateraT Wheelset Mass)

_ .. The 1nert1a1 mass_or we1ght of an 1nd1v1dua1 wheelset is re1evant
to the “Tateral whee]/ra11 forces generated dur1ng the negot1at1on of
re1at1ve1y short alignment perturbations. In many truck des1gns, there
s sufficient lateral c1earance between the ax1e and other components,
such. as. side. frames and journal boxes, to allow rap1d acce]erat1ons of
. the.wheelset without immediate coupling to the larger truck or car body
‘masses. . Traction motors may often be excluded from the effective
lateral whee]set mass. In other cases, tight Tateral c1earances, such
as those in tapered roller bear1ngs make the effect1ve lateral dynam1c
wheelset mass substantially greater than that of the wheelset alone.
Most freight and passenger trucks will fall into the "Tight" category,
as. shown in Appendix N-A. A low wheelset effective mass is genera11y
beneficial for all Performance: Issues ‘



N.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 1nvest1gat1on has a braking rate substant1a11y different
from the rest of a typical consist.  Substantially d1fferent braking
rates in.a cons1st may. 1n1t1ate excessive buff or draft forces during
braking.

For use 1in.U.S. interchange service, specific AAR rules must be
met regard1ng brak1ng ratios. These are summarized. in Appendix N-A
with additional terms for non-tread brakes, novel brake sboes, -and
weight equalization braking systems. ‘

Vehicles used in a unit train consist, in which all net braking
ratios are equa], Wil not be prone to Performance Issues of 1nterest
here due to the1r brak1ng system's equality of brak1ng rates.

N 3. 1 10 Coup]er/Draft Gear Long1tud1na1 Energy Absorpt1on . g‘b

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
situation. The"‘primary deterrent to oscillations s the ’damping
afforded by the consist, including that of the draft gear. Some of the
energy absorbed ‘during a cycle of compressiOn‘ and extension is
converted into heat and not returred to the osc111at1ng system. ‘This
fveh1c1e character1st1c 'is measured by 1aboratory or field tests in
wh1ch the forces generated during ore quas1 -static cyc1e of the draft
gear are measured The energy returned dur1ng extension is subtracted
from the energy requ1red for compress1on Th1s d1fference 1s “the
energy absorbed due to damp1ng ” ' E

N.3.1. 11 Coup]er/Draft Gear Compress1ve Energy

‘During longitudinal. -“impact, such as . during coupling -in
classification yards, the amount of energy which:.can be-stored by. the
draft gear during compression is dependent on the 1longitudinal
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stiffness. of the -coupler/draft gear and:the -amount -of -deflection
allowed.” If the coupler/draft gear, éven when deflected to its limit,
“cannot  absorb the kinetic energy of -the -impacting -car; a high
Tongitudinal force can result, which may. causé the 'car to pitch
‘ significantly and be .susceptible to damage. For the purpose: of
evaluating the coupler/draft gear performance in impact, we can compare
the total compressive energy which.can be absorbed by the draft gear
with the energy requ1red to dece]erate a 100 ton vehicle from 3 mph to
standstill. Dur1ng 1aboratory or field test1ng, "the loads may be
‘applied s]ow]y, if necessary, ‘to estab]1sh a conservat1ve est1mate

| 'N.3.1.12 Truck Center Spacing

Track geometry inputs to the car body -are filtered, spatially, by
the truck center spacing. Specifically, track geometry a]ignment and
prof11e perturbations which have wave]engths close to the truck center
spac1ng (or one-half multiples of it) will have part1cu1ar1y strong
effects on car body dynam1cs compared " to other wave1ength 1nputs
Typical revenue track geometry conta1ns a spectrum of wave]engths and
amp11tudes. However, the most severe inputs for car body response are
those with regular repeated cycles. On U.S. ra11roads, the common use
of 39 foot staggered jointed rail segments make vehicles with: truck
center spacings of about 39 feet and 58 feet (1% rail Tlengths)
particularly sensitive to track geometry inputs.

N.3.1.13 Car Body Resonant Frequencies

Railroad vehicles are often modeled as simp]e' "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 a spr1ng-mass system w111 have d1sp1acement amp11tude gains
dependent on the frequency of the input. The greatest gajn comes . at
.the resonant frequency. The frequency of the input:is determined by
the wavelength of the repeated track geqmetry 'perturbation, and the
vehicle speed. . A1thongh there is a_continuum . of perturbation
wavelengths in typical trackage, the most common are due to the use of
39 ft. rail. Vehicles with resonant frequencies in the range
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1encountened¥during.norma].operating speeds over typical trackage will
,be.neSpeciaJJY;?susceptibleu:to, Performance Issues of twist and roll,
ipitch.and bounce, and.yaw :and sway. - Appendix N-A contains the cutoff
+frequericies. -for.“the ranges ot" interest as well as 'suggestions for
*measur1ng the resonant frequency of a car body, 1f the ranges are not
Lknown : ‘

N 3 1 14 Car Body Damp1ng Rat1o

. Car body damp1ng reduces the d1sp1acement amp11tude response of a
'car body due to any frequency input. Low damp1ng can allow large car
body ,d1sp1acements to - occur, ‘especially due to repeated inputs.
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 Tors1onal Stiffness

A tors1ona11y st1ff car body can have prob]ems with whee] ]1ft
“when negot1at1ng a sharp spiral or any other track geometry with
_re]at1ve1y 1arge d1fferences in cross]eve] Torsional stiffness can be
;measured as the amount of torque on the car.body necessary to produce a
ucerta1n amount of tw1st

et No3u1016 i0vera11'Length'

The overall’ 1ength of a vehicle affects spiral negot1at1on, due to
the continuously 1ncreas1ng warp over 1ncreas1ng lengths of sp1ra1, and
steady state buff and.draft, due to the lateral-forces converted from
ax1a1 forces on a.curve.

N 3‘1 17 Center of Grav1ty He1ght

The he1ght ‘of a veh1c1e S center of grav1ty has a s1gn1f1cant.
'effect ‘on’ 1ts response “to roll 1nputs Dynam1c roll inputs. can be
-achieved by cross]eve1 variations on tangent or curved track and are
related to Performance Issues of twist and roll, dynamic curv1ng, “and
4pirdl negotTation' Static roll inputs due to operation on curved
track- at other than balance speed affects the Steady State Curv1ng
'Performance Issue ’ R a '
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N.3.2 Parameter Estimation Techniques for Vehicle
Characterization

Appendix N-A "Potential Techniques. for Vehicle Characterization"
contains summary descriptions of the vehicle characteristics which are
considered most. relevant to dynamic performancé. The.appendix'p§ov1des
typical ranges and examples for each parameter as well 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 involves 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
techniques to the evaluation of a rail vehicle. Although the example
presented involves estimating the parameters of the secondary lateral
suspension of a vehicle, the technique is general and can be used for
other applications.

An accurate 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 to produce reliable models.

A field measurement technique is. described here for estimating
vehicle suspension parameters, i.e., spring rate and damping
coefficient. The concept of parameter estimation is given in Figure
N-1. As opposed to the laboratory methods, this technique provides
measurements under dynamic loading conditions. Another advantage of
the technique 1is the extraction of both 1linear and nonlinear
components.

N.3.2.2 Procedure

Table N-2 outlines the procedure for the parameter estimation
technique. The first step in the parameter estimation technique
involves the collection of input/output data. The number and locations
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o aes i Transfer

Base

o Jeutput.
Function .. -| .. ., . .-, s

. ;g);wReLatiénship“hetweenpinput and output - .

b) Determine parameters c¢ and k of equation:

my +c(x) + 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 data such as displacements
and accelerations. o .

. Hypothesizg the model exp]aining.the;re]ationship between
input/output (Figure N-1).

. Condition data for analysis. Thié 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 lateral suspension
of a locomotive. This' includes two accelerometers to measure the
lateral-acceleration directly-above.the center. plates of:each"truck and
two displacement transducers to measure .-the relative Tlateral
displacement between the truck bolster and frame.

“The hext’ step in ‘thé" parameter est1mat1on 1s hypothes1z1ng the
model which defines the re]at1onsh1p ‘between input ‘and” output. As
shown in Reference [1]. The pure yaw response mode ~can be isolated
from’ sway ‘mode us1ng ‘the model of the form ' ' ’

Mz + c(X) + k(x) =0 | B "  _ (2)
where

Moo= 17248

I = momentgof inertia

2% = distance between accelerometers placed symmetrically with
respect to the carbody center of gravity

SRR A |

X = 6; -6

c(x) and k(x) may represent either linear or nonlinear Viseous
ddmping and spring forces respectively. Thus, assuming Tinear function
for both elements, the moment balance equation can be written as:

Mz + CiX + Cofd + KyX + KoXo = 0 | (3)

~1 3 1 3 7
The parameter estimation technique now involves the estimation of
coefficients €1 s c3,.k1, and k'. ' " )

Before proceed1ng with the estimation of the parameters, cl, c3,
kl’ and k3, it is necessary to derive the relative velocity, x, from

-..N-14
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the measurement of relative dispTacement. Conceptually, this involves
taking the first derivative which in this instance is the first finite
difference divided by thé sample -interval. However, care must be
:'eiéréfééd‘”Tﬁ““ﬁﬁméricaT”wdffferentiati6h ‘because of the tendency to
introduce errors which appear as noise at the sampling frequency or at
the frequency of instrumentation noise. T

The rigid body yaw response mode of a typical rail vehicle is
beTow 5Hz, and the high frequency 1nputs are not of interest and should
be filtered out. An FFT Filter is recommended for this purpose. This
filter has a un1ty gain in the pass band and zero ga1n eTsewhere This
fFilter- aTso has- no phase shift.

The 1mpTementat1on of -an FFT” fiTter is - a stra1ght forward
appT1cat1on of the: use of Four1er Transform pairs. The. raw s1gnaT 1s‘
Fourier Transformed. The Four1er Transform is an array of vectors with
each vector specifying the magnitude and phase angle of a g1ven
-frequency. A1l vectors above the desired frequency are set to zero.
The mod1f1ed array is then inverse transformed into the time ‘domain
g1v1ng the desired filtered signal.

h0nce the relative displacement is filtered, the velocity can be
computed by tak1ng the first finite d1fference d1v1ded by the sample
interval, oo This™ s1gnaT is- again filtered using- the same ‘corner
_frequenQ%ﬁused%to;fﬂTter the relative displacement. ' The next step ‘is
‘selecting~asuitable: means “to fit the four unknown parameters to the
'data.; One of;theimost convenient methods to accomplish this is the
iTeastQ-squares technique. " Detail ‘of this techndque is given. in
Reference [12].

. One final step is the analysis and interpretation of results.

Standard statistical "techniques ‘are available to test the adequacy of
‘regress1on models [12]. The coefficients of determ1nat1on, R2 provides
an 15&%éatfbh“6f”ﬁh5£ portion of output variations are explained by the
‘model. T vaTues can be used to test the hypothes1s that the 1nd1v1duaT
coefficients are not zero.
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N.3.2.3 - L1m1tat10ns/Requ1rements for App11cat1on o

Limitations and requ1rements are summar1zed in Table N-3. The
primary requirements for the technique is the prior knowledge of the
candidate system model. A classical second order -system has been
assumed for the purpose of this discussion. It isAfurther assumed that
the rigid body equations are applicable.

Instrumentation errors can be difficult to account  for.
Therefore, test p1anningvand collection of good quality data can not be
over emphasized. Transducers should be located so that the yaw and
sway modes can be easily isolated. The values of parameters ¢ and k
are sensitive to temperature and environmental conditions and test
conditions ‘should thus be clearly defined.

Numerical differentiation introduces ekrors and'is'vefy sensitive
to s1gna1 noise. Therefore, special attent1on must be g1ven to filter
the data to retain on]y the frequenc1es of 1nterest An FFT filter
with a corner frequency of 5 Hz is recommended for this purpose.

Parameters - are estimated using .the 1least 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 th1s range.

N.3.2.4 Example

The parameter estimation fechnique 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
excellent 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
Taboratory measurements and a 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 with piecewise linear alignment

-N-17



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. .., .

. ,Digjta]fdata acquis1tion anﬂ_processinglis recommended. .

Data should. be fi1tefed to include. .only specjfic[
- frequencies of'interest.

. Numerical ~differentiation can introduce significant’
"~ noise. . ' o :

Results: should -not be extrapolated beyond - test
" ‘conditions: R ‘
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perturbations as shown in Figure N-3. These perturbations were
specifically designed to excite the yaw mode of the locomotive.

The 1instrumented vehicles were run over the test zone at speeds
between 40 mph and 70 mph.. In all, eleven runs were made at the speeds
given in Table N-4.

TABLE N-4: TEST MATRIX

Run

Number 1 2 3 4 5 6- 7 8 9 10 . 11
Test < T

Speed 40 55 70 40 55 43 63 47 60 50 70
(mph) : :

The sample rate used to digitize the data was 256 Hz per channel.
Thus, a 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. Estimation was then sought of the
parameters of Equation (3).

Table N-5 give§ the representatiVé results fofvé 63'mph tésf; In
addition to the -values of the suspension characteristics are given the
" F value, the coefficient of determination R® and the standard error s

~ 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 RZ 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 k3 coefficient is negative. This means that the natural
frequency of the system would be slightly lower for large displacements
than it is for small displacements. >This result 1is typical for
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elastomeric shear springs of the type in.this locomotive. The damping
coefficient is similarly nonlinear. As the suspension velocity
increéses, the effective damping decreases slightly. This is typical
of the force limited type dampers installed on the SDP-40F. The
dampers have a pressure relief which Timits 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
'thé system under actual conditions can the effects of vertical loading,
1acge displacements, and high velocities under dynamic. conditions be
observed.  Parameter estimation can then be used to accurately
determine vehicle characteristics from the dynamic response data.

N.4 'Evéiuatidn cf Performance Issués Due to Vehic]é'Characteristics

‘ane a vehicle's characteristics are known, at 1east’t6 a degree
which allows fhe selection of an apbropriafe fange for each
characteristic (as defined in Appendix N-A), Table N-6 may be used to
evaluate that vehicle's susceptibility to each Performance Issue. The
condition of each parameter is marked manually on the table under the
heading "Test Vehicle Condition." Then, for the co]qmn: under each
Performance Issue, accumulate the quantities for each condition of a
vehicle characteristic which is marked. Write the total of each column
in.the~space provided at the bottom of the table. This number can be
used_for relative ranking of each Performénce,Issue. The weighting
quantities have been adjusted so that a ranking of 100 or more is an
indication that the Performance Issue should definitely be considered
for investigation. A minimum value of zero}indicates that ‘it is very
unlikely that the Performance Issue 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 Tower left side -of the table. The Performance Issues with a
ranking of about 70 or more should be considered for further
investigation. If the condition of a vehicle characteristic is not
known confidently, the user can, perhaps, estimate two possible
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TABLE N-6: PERFORMANCE ISSUE EVALUATION THROUGH
VEHICLE CHARACTERIZATION (continued) .
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TABLE'N46: PERFORMANCE ISSUE EVALUATION THROUGH
VEHICLE CHARACTERIZATION (continued)

PERFORMANCE ISSUE RANKING

® N o e s Wi

10

NOTES:: -
1.5‘Sg§'Appéhdgi N-A fbr.barameiérﬁdefihffions. o

’ 2; Tbtailsheaf Stiffness (refer-touAppéndjx N-A, for the banges of
- -each parameter). - .
3. Truck Axle Yaw EendinQ‘Stiffnesé (referAto'Appendix N-A, for the
* ranges of each parameter). S :

4&“~Net-Bfékihg*RatTO‘(kefer{to Appendix N=A, for the ranges ot eacn
© . parameter). 7 0 B v '
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conditions for that characteristic and note a range of rankings which
apply to thaﬁ_vehic]e,

Note that all Performance Issues are weighted about an arbitrary
value of 100. This does not judge the relative severity of a
Performance Issue, just the relative probability of the vehicle being
sensitive to that Performance [ssue.

After using Table N-6, return to the main bedy of this report,
Part I, and use this 1nf0rmat1on a]ong with..the.results. of -the Accident
History Invest1gat1ons and Literature Searches to select Performance
Issues for further 1nvest1gat1on and for poss1b1e f1e1d test1ng or
computer simulation. .

N.4.1 Examples of Performance Issue Eva]uqtioﬁp’

Two examples of the use of Table N-6 are giveh in Tables N-7 and
N-8. - | ‘ ' |

Table N-7 applies the characteristics of.a -loaded 100 fon coal
hopper to the matrix of Table N-6. The parameter conditions are
supplied by using the 'samp1e cases in Appeﬁd1x< N-A. - The- results
suggest that for this car the rigid car body'dynaﬁics, (i.e., Perfor-
mance Issues twist and roll, pitch and bounce, and yaw and sway), are
.of primary importance, along with }ongitudina] impact. Next, with
values greater than 70, are 1ongitudina1 train action, steady stdte
“curving, and dynamic curving. The user must-cembfhe this evaluation
with other research into accident hisfory and literature reviews to
se]ect Performance Issues for further 1nvest1gat1ons ,

Table N-8 considers a six-axle locomotive. in the same fash1on
The results suggest a closer exam1nat1on of the rigid car "body
dynamics, plus longitudinal train action,'dynamfceéurving,‘and;spiral
negotiation.
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TABLE N-

7:

EXAMPLE OF PERFORMANCE ISSUE EVALUATION
_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)
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TABLE N-8:

EXAMPLE OF PERFORMANCE ISSUE EVALUATION
OF A 6-AXLE LOCOMOTIVE
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SUBTOTAL (Page V)30 | 910 10 |60\41\55 o (1 0




TABLE N-8:

EXAMPLE OF PERFORMANCE ISSUE EVALUATION OF
A 6-AXLE LOCOMOTIVE (continued)

N-29/N-30

i i M ! M
| S
(& 12
e |0 !
Els| 17 ics
> (=] Y- - v
8 s 2 |o k7 i
=~ |5 © 12 g iR = E"‘
o =] > L) -~ > o) —_ -
@ | © 1+ Jo |& |+ o !
2 I8 S E g |3 2 ;:‘ !é
TEST Btz e 18128
: VEHICLE tlele ZEIE|E1s |28
PARAMETER RANGE CONDITION (v) 21 E L iE & & 1218
BODY I
Truck Center Spacing -
33 feet 36 » 42 ft. It 30| 40}40 10 | O
58 feet 55 > 61 ft. s} 10| 4040 10 |10
Other Other 40 FT. a 5| 10]10 5 |10
Bounce Natural Frequency
Low ) <6Hz J 19 2
High > 6 Hz LOW) a 5 1
Bounce Damping
Low <0.20 20 5 0
High >0.20 Low gﬂ 5 1 0
Pitch Natural Frequency
Low <6Hz | 10 3.
High > 6 Hz Lo o 5 1
Pitch Damping
Low <0.20 ] 20 5 20 130
High >0.20 LOu) a 5 1 5110
Ro11 Natural Frequency .
Low <3Hz @1 20 2
High >3 Hz LO ) Q 10 1
Ro1l Damping
Low <0.20 1 20 5
High >0.20 Low a 10 1
Yaw Natural Frequency R
Low <3Hz # 10 3
High >3 Hz Loa) a) 5 1
Yaw Damping
Low <0.20 ef 20 5 20
High >0.20 LOW o 5 1 5
Sway Natural Frequency
Low <3Hz g 10 3
High >3Hz Low o 5 1
Sway Damping
Low <0.20 # 20 5 20
High > 0220 L0 w a 5 1 5
Torsional Stiffness: ' :
Low <109 inlb/rad o 10 '
High > 107 inlb/rad HiGH o 30
Overall Length : -
Short <75 ft. . ( 10 20"
Long > 75 ft. LS FT. o 20 60
Center of Gravity Height
Low <90.014n ot 15 10042 10
High >90.01n 80 )N o 30 20 | 315 40
SUMMARY BY ISSUE
(ADD QUANTITIES v ) ) .
SUBTOTAL (Page 2)| O 100100} 10 |2050|20 {60 |40
( TOTAL) ) .
Page 1 & Page 2 !
30 185 |i00f10d 10 }usl30 |80 [SO
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APPENDIX N-A
POTENTIAL TECHNIQUES FOR VEHICLE CHARACTERIZATION

PARAMETER:

Wheel Profile
STATISTIC:
Conicity, mean

CONDITIONS:

Low Conicity < 2%
Medium Conicity 2-10%
High Conicity > 10%

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Use tracing profilometer to get cross-sectional profile of
test wheel. Do same for AAR 1/20 new wheel. Overiay traces.
Compare tread slopes and determine if test wheel is sub-
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 1/20, 1/40 " Severely worn, self-
) most "worn", steering truck wheels

Heumann, CNR, ORE

ARéferences [1, 3]

N-33



PARAMETER:

Total Truck Shear Stiffness

STATISTIC:

Stiffness, Mean, in operating range

CONDITIONS :
Nonsteerable Steerable . .
Low  <2.0x10"Tb/ft <6.0x 10° 1b/ft
Freight & Medium >2.0x1071b/ft . 6.0x 105a-9 8x 10° 1b/ft
High  N/A >9.8x10° 1b/ft
low  <8.0x10%1b/ft - N/A :
passenger UMedium 8.0x 10%>1.3x 105 1b/ft <3. 0x10 b At

§ Wigh - >1.3x10% ib/ft >3.0x10° Tb/ft

MEASUREMENT DEFINITIONS AND: TECHNIQUES: -

Laboratory measurement using test
truck under full vertical load, on
a tow friction surface. A similar
s test involving an appropriate
— -~ = . . . ==~ -selection from the samnle cases
' I ‘ : * should be performed also for com-
parison.

- - - »

SAMPLE CASES:

FREIGHT TRUCK

Nonsteerable: Conventional 3 piece 70 ton freight truck (1.9 x
. e 107 1b/ft) (cannot become much softer due to
"pinned joints" and cannot become much stiffer
without becoming a radial design)

Steerable: Radial design 70 ton freight truck (7.5x 10° 1b/ft)
. (significant changes to shear stiffnesses are unlikely)

References [1,2, 3]
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(Total Truck Shear Stiffness - continued)

PASSENGER TRUCK

Nonsteerable: Budd-Pjoneer 3 truck (1.0x 105 1b/ft)
(some design variations are possible)

Steerable: GSI-Scheffel (3.7 x 100 1b/ft)
(significant design variations are unlikely) .
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PARAMETER: -
Total Truck Axle Yaw Bending Stiffness

STATISTIC:

St.iffness’ Mean,_,"inr"op‘er'ati‘ng;Y‘ange '

conpITIONS:
Nonsteerable ‘ Steerable
sLow N/A . <106ftlb/rad -
Freight {Medium <108 ft1b/rad - 1106+2.0x 106 ft1b/rad
High  >108 ft1b/rad >2.0x 100 ft1b/rad
‘Low  <2.0x106 ftlb/rad - <8.5x105 ftib/rad
Passenger{ Medium 2.0 x 10_57> 4.0x 106 ft1b/rad >8.5x 105 ft1b/rad

High - >4.0x100 ftib/rad CON/A

MEASUREMENT DEFINITIONS AND TECHNIQUES:

Laboratory measurement using
standard truck and test trucks
rv1 under full vertical load, on
= _ Tqw friction surface. Use outer-
most axles on 3-axle trucks.-
Ay " s

SAMPLE CASES:

FREIGHT TRUCK

Nonsteerable: . Conventional 70 ton 3 piece (4.0x10
(stiffness is fixed by design)

Steerable:  Radial design 70 ton ft. (1.3x10% ft-1b/rad
(some design modifications are feasible)

8 ft-1b/rad)

PASSENGER:'TRUCK
Nonsteerable: Pioneer 3 (Budd) (2.4x10® ft-1b/rad)

Steerable:  Radial GSI-Scheffel (6.0x10° ft-1b/rad)
(some bending stiffness changes may be significant)

References [1, 2, 3]
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PARAMETER:

Wheel Base

STATISTIC:

Measurement, feet

CONDITIONS:

Range
“Short < 7.0 feet

Long > 7.0 feet

MEASUREMENT DEFINITIONS AND TECHNIQUES:

i i 1
<

.

mo(C 1 1. =

T 771

ys 1 {
(T T

Measure "X{ with tape measure.

SAMPLE CASES:

Long Wheel Base
GSI (Passenger) Swing hanger (8.75')
EMD 6 Wheel HTC (13.7') -

Short Wheel Base
70 ton Frt Truck (5.67')
125 ton Frt Truck (6.00')

References [4, 5]

N-37



PARAMETER:

Truck Yaw Friction

STATISTIC:

Break-away torque/vertical load, in-1b/1b

CONDITIONS:
Low Friction . <1.5 1in-1b/1b - vertical
Medium Friction 1.5+ 3.0 in-]b/]b-—vertical

High Friction >3.0 1in-1b/1b - vertical

MEASUREMENT DEFINITIONS AND TECHNIQUES'

. Break-away torq<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>