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PREFACE

Arthur D. Little, Inc. was provided the processed on-board data
from the Perturbed Track Test (PTT) to fulfill the following two
requirements:

e The statistical processing of the time-history data

to develop a data base available to any user; and

o The analysis of the data to answer certain specific
questions, formulated to address track/vehicle
interaction in general, and the design and operation
of SAFE (Stability Assessment Facility for Equipment),
in particular.

A document prepared earlier, titled, "Perturbed Track Test On-
board Vehicle Response Data Base: User's Manual," submitted to the
Transportation Systems Center (TSC) in June 1980, deals with the first

of the above two requirements, while this report addresses the second.

Although prepared under a task of Contract DTRS-57-80-C-00111,
this document also includes some of the work dome earlier, under

Contract DOT=TSC-1671, for the sake of completeness.

xii



1. INTRODUCTION AND PRINCIPAL FINDINGS

The Perturbed Track Test (PIT) involving the E-8 and SDP-40F test
locomotives was conducted at the Transportation Test Center (TTC) during
November and December, 1978, For the test, two perturbed track test zones
were utilized, a tangent and a 1.5°, 3-inch superelevation curved track.
The test consists were generally made up of either an E-8 of an SDP-40F
locomotive, a shared baggage car, and a data acquisition vehicle: T-5
for the E~8 consist, and T-7 for the SDP-40F consist.

Arthur D. Little, Inc., was requested, under Contract Nos. DOT-TSC-
1671 and DTRS-57-80-C-00111, to develop a data base of the test results
and to perform an analysis éhat answers certain key questions. This
report contains the results of the data analysis; a companion volume pre-

ﬁared earlier [1] describes the PTT data base.

1.1 OBJECTIVES
Two primary objectives of the PTT were:

e To gain a greater understanding of track/vehicle

interaction; and

e To demonstrate and evalqate the capability of con-
trolled perturbed track testing to determine dynamic
performance governing vehicle stability, thus assisting
in the design of SAFE (Stability Assessment Facility for
Equipment).

A comprehensive set of tests of the E-8 and SDP-40F locomotive con-
sists was conducted over track sections with alignment, crosslevel, and
profile perturbations, as well as combinations of alignment and cross-
level perturbations. A number of operating parameters were varied during
the tests, including speed, consist configuration, rail surface condition,
and the suspension and coupler parameters. The measurements from various
instruments were acquired and stored, using the T-5 vehicle for the E-8
consist and the T-7 vehicle for the SDP-40F consist. (A description of
the test program is available in Reference 2.)



These test data were made available to Arthur D. Little and were
analyzed and interpreted. The results were then expressed in terms of
the answers to questions designed to give certain crucial information
about vehicle/track interaction and the design of SAFE. A list of these

questions is included in Chapter 2. This list is by no means exhaustive;

.but issues requiring immediate attention have been addressed.

1.2 PTT OVERVIEW

As stated, the track test zones included distinct sections of
alignment, crosslevel, and profile perturbations, as well as a section
of combined alignment and crosslevel perturbations on both the tangent
and the curve [2]. The perturbations were of one (or, in some cases,

two) of the following three types:

e rectified sine alignment;
® pilecewise linear alignment; and

o pilecewise linear profile.

These perturbations were superimposed on the tangent and on the

curve to create the followlng nine test sections:

Section No. Where Located ‘Perturbation
1 _ Curve Piecewise Linear Crosslevel
2 Curve Piecewise Linear Alignment
3 Curve Rectified Sine Alignment®
4 Curve | Plecewise Linear Crosslevel & Alignment
5 Curve Rectified Sine High Rail Alignmenti-AE**
6 Tangent Piecewise Linear Profile
7 Tangent Piecewise Linear Crosslevel
8 Tangent . Piecewise Linear Alignment
9 Tangent Piecewise Linear Crosslevel & Alignment

%

%
The last two cycles of this section had an altered spiking pattern to
simulate laterally "soft'" track. The "hard" part 1s referred to as
3H and the "soft" part as 3S.

*
This section has three subsections with 3-, 2-, and l-inch superelevation.
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The track geometry at these sections is shown in Figure 1.

The tests conducted over these perturbed sections involved many

variables. These variables are summarized below.

Curvature: Each test run was made on either the curved or tangent
track. 1In either case, all of the perturbed sections on the particular

track were negotiated during each run.

- Consist Configuration: The teéts were conducted with the E-8 or

the SDP-40F locomotive and with several consist configurations in either
case. These configurations are presented in Appendix A. Almost all of
the results summarized in this report deal with only Configdration A of

both consists.

Speed: The tests were conducted at speeds varying from 30 mph to-
80 mph. During each test run, the consist speeds were held comstant
with the exception of some high-speed runs (over 70 mph) during which
the speed may have increased slightly during the run. The sequence of
test runs generally started at the lowest speed, increased steadily for
several test runsg, and then varied according to the preliminary results

and the decision of the test director.

Primary Suspension Damping: The vertical shocks (or snubbers)

on the middle axle of both trucks on the instrumented SDP-40F locomotive

were disconnected during several runs to simulate poor maintenance

~ conditions. This yielded three conditions of primary vertical damping

(the results presented in this report deal only with the nominal shock

configuration, however):

® Nominal (N): Standard 1800/1800 heavy-duty shocks in good

condition.

@ No Shocks (NS):  Shock absorbers removed from both middle

axles (two shock absorbers removed per truck).

e Assymetric Shocks (AS): Shock absorbers removed from both

middle axles on the consist left side (one shock absorber

removed per truck).
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FIGURE 1. SUMMARY OF PTT PERTURBATIONS
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FIGURE 1. SUMMARY OF PTT PERTURBATIONS (Continued)



Coupler Alignment: There were three conditons of coupler shimming

(the results presented in this report, however, consider only the nominal l

coupler alignment situations):

e Nominal (N): Standard clearances and orientations. 'l

e Shim Top (SHT): 3/4-inch shim on the top of the coupler

housing.

o Shim Bottom (SHB): 1-1/2-inch shim on the bottom of the

coupler housing.

Rail Surface Condition: The rail surface condition had three

primary states:

o Nominal: No purposeful changes to the rail surface were
made. However, uncontrolled environmental effects did
provide some variability as a result of snow, surface
oxidation (rust), and some fuel oil leakage from the

consist.

[ Sand: Locomotive sanders on both trucks of the instru-
mentive locomotive were activated. Sand was directed,
at a fixed rate, to the wheel/rail interface of the lead

axles of each truck.

e Lubricated: A thick industrial grease was spread on the

gage face of the high rail along the entire curved track.

A summary of test runs conducted with these variables is given
in Table 1.

The SDP-40F locomotive; the E-8 locomotive, and a baggage car
common to both consists were instrumented with a wvariety of force,
acceleration, and displacement transducers. The instrumentation channel
number for the variables measured and the corresponding data base channel
number for the SDP-40F consist and the E-8 consist are given in Appendix A. B
Also included are the locations of the instruments represented by each l
instrumentation channel number. Two numbers were assigned to each

channel description: the first is the data channel used at the test '
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TABLE 1. A SUMMARY OF TEST RUNS
NUMBER OF

RUN DAY ] YRACK| 1.OCO| CONFIGURATION | SUSPENSION | COUPLER | RAIL SURFACE| TEST RUNS
1117 C E8 A N N N 16
1118 T E8 A N N N 19
1119 T ES B N N N 12
1119 c E8 B N N N 10 (13-22)
1120 C E8 c N N N 12
1121 c E8 D N N N 12
1121 C E8 D N N SAND 1 (13 only)
1201° c SDP A N N N 13
1202 T SbP A N N N 13

~ 1204 e E8 B* N N N 7
1208 C SDP B N N N 17
1208 C SDP B N N SAND 8 (18-25)
1209 T SDP B N N N 10
1209 T sShp B N- N SAND 1 (11 only)
1209 C SDP B N N SAND 9 (12-20)
1210 T SDP B NS SHT N 17
1211 C SDP B NS N N 14
1211 C SDP B AS N N 7 (15-21)
1213 c SDP c N N N 14
1214 C Shp A N N N 14
1215 c Spp B N N - LUBRICATED 11
1216 T SDP B NS SHB N 3
1216 T SDP B NS SHB SAND 8 (4-11)

*B configuration witliout baggage car.
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site, and the second is the reduced data channel. In the rest of this
report, only the reduced data channel numbers are used. In addition to
the onboard instrumentation, extensive wayside instrumentation was also

employed [3].

1.3 PRINCIPAL FINDINGS

As described in detail in Chapter 3, much progress was made in
accomplishing both objectives identified in Section 1.2. The principal

findings of the data analysis are summarized below. These findings,

however, have many assoclated qualifications, and therefore, it is essen-

tial to review the complete analysis in Chapter 3 before arriving at

conclusions.

Also, the conclusions and the discussion of the implicatioms of the

results to SAFE are strictly valid only for the vehicles employed, for
the tracks used, and for the operating conditions present during the

test program. These speculations are, in most cases, preliminary and

may not be valid for all vehicles, tracks, or operational environments;‘

“however, a framework for discussion is provided.

¢ The major difference in the behavior of the SDP-40F and
E~-8 locomotives 1s the large yaw motion caused in the
SDP-40F locomotive by relatively long wavelength (78 foot)
alignment perturbations at high speeds (above 60 mph).
This high yaw motion of the SDP-40F may be one of the con-

tributing factors to its derailment tendencies.

e The baggage car is generally more excited while traiiing
an E-8 locomotive than while trailing an SDP-40F locomotive.
The differences in the coupler characteristics of the two
locomotives seem to contribute to the differences in the
behavior of the baggage car. An additional contributing
factor, as can be expected, is the variation in the motion

of the two locomotives.

e Generally, the response of a vehicle on a tangent cannot
be predicted from simply studying the response on a curve.
Similarly, the response on pure alignment or crosslevel
perturbations cannot be extrapolated from examining that:

on the superposed perturbations.
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® The rail sufface condition (dry, sanded, and lubricated)
affects the wheel forces significantly. The lateral force
on all three surfaces increases as the speed 1is increased.
The force on the sanded surface is higher than that on the
lubricated surface; on a dry rail, it is generally between
that on the other two. The negative L/V ratios for the
sanded and dr& surfaces are higher than those on the lubri-

cated and wet rails.

e Tests conducted on perturbed track are fairly repeatable;
repeating a test sequence only two to three times will
generally be sufficient to obtain results in which con-

fidence can be placed.

e The wheel forces and lateral acceleration achieve a steady
state rapidly enough so that the number of perturbation '

cycles need not exceed five.

o The best avéilable criterion for predicting panel shift
(inelastic lateral motion of the track structure), for the
track used for PTT,* is that a peak truck force of 85 kips,
combined with a peak truck L/V of 0.58, is adequate to
cause panel shift. However, other combinations of L and
L/V, depending on the track strength, can also be 2xpected

to cause panel shift.

e The removal of spikes reduces the lateral forces by an
amount which can be predicted by a simple analytical model.
This model requires only the static stiffness of the track

for predicting the reduction in forces.

In addition to helping arrive at the above conclusions, the data
analysis has provided information useful to designing and operating
SAFE, thereby meeting the second objective. For example, the usefulness

of testing on perturbed track, which is expectéd to be a major element

% .
This track was not subjected to the panel pull tests. Thus no quanti-
tative estimate of its strength exists. Qualitatively, it was a new
track which was carefully constructed.



of SAFE, is amply demonstrated by the PTT results. In fact, the testing -

of the locomotives in PTT can be interpreted as Direct Performance Testing !
at SAFE, and the results obtained from PTT can be assumed to be'similar
in nature to what testing at SAFE would provide. : _ "

PTT, however, can also be considered a diagnostic test; the SDP-40F
locomotive had experienced a series of derailments, and the PTT results
were to be used in helping to identify the cause. That objective seems
to have been accomplished, but such diagnostic tests will be just omne
use of SAFE. As currently planned, SAFE will also be used to correct
dynamic problems of a prototype vehicle before it is introduced in revenue
service. From the test results, it is not clear that the particular
stability characteristics of concern with the SDP-40F could have been
predicted. Therefore, a stability criterion which will assist in making
such predictions is required. '

The data analysis ﬁrovides some crucial information required by
the developers of SAFE. For example, the results demonstrate that a
test should be repeated only two to three times in order to get
results in which confidence can be placed, that the rail surface should
be carefully controlled, and that céution should be exercised in em-
ploying regression techniques for predicting vehicle response on one

track based on the response on another.

In addition, the necessity of having both tangent and curve test
zones, of incorporating both pure and superposed perturbation test
sections, and of having at least five perturbation cycles in each test
section is demonstrated by the data analysis. One of the issues of
concern in the design of SAFE is the lateral stiffness of track. The
data analysis presented in this report shows that this stiffness can
have significant effects on the lateral wheel force and L/V ratios.

A technique to predict the lateral wheel force on a "soft'" track, given

that on a "hard" track, is developed for the use of the designers of ' . l
SAFE.

The preliminary design of SAFE incorporates test sections with . l
similar perturbations, but different wavelengths. In addition, sections

in which the perturbation wévelength can be changed 2re provided. This

need to test a vehicle on perturbations of different wavelengths, implici£~

10
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in the current SAFE design, 1is supportéed by the PTT results which show
the differences in the behavior of the two locomitives on the sections
incorporating alignment perturbations of 39-foot and 78-foot wavelengths.

The importance of having reliable instrumentation at SAFE is demon-
strated by the analysis of the PTT data. Although most of the instru-

. ments at PTIT performed adequately, some instruments, such as those

measuring the baggage car wheel forces and the coupler angles, mal-
functioned, causing some problems in evaluating the baggage car perfor-
mance. Also, a panel shift occurred, in spite of having instruments
that measured many different performance variables related to vehicle
safety, and in spite of having a safety criterion to assure that such
events would not happen. This shows the need for an improved safety
criterion and instrumentation to ensure that testing at SAFE will not

result in any unplanned derailmgﬁts.

As stated, the details of the data analysis supporting the above
speculations and conclusions are given in Chapter 3. Chapter 2 sum-

marizes the method employed in data analysis.

11



2. DATA ANALYSIS PROCEDURE -

2.1 THE SET OF QUESTIONS I
As stated previously, the overall objectives of the data analysis l
were to gain further understanding in the mechanism of vehicle/track

interaction and to assist in the development of SAFE. To make these
objectives more specific, they were transformed into the list of
questions shown in Appendix B. This preliminary list was discussed

with TSC and a shorter version was developed. This new list, shown-in
Table 2, includes those questions that needed to be addressed immediately;

the rest of the questions will be addressed in the future.

In addressing the questions, we used two sources of data: the
data base of the statistical descriptors (described in Section 2.2)
and a set of strip charts. The statistical descriptors‘of different
variables, usually plottedvagaiqst sbeed, were employed in identifying
trends and providing information on the overall behavior of the selected
variables; the charts, which showed the time histories of the selected

variables, were generally used in the detailed analysis.

2.2 THE PTT DATA BASE

The analog instrumentation data were digiiized at 256 samples per
second and recorded on magnetic tapes during test runs. These tapes,
reprocessed with a high degree of quality control, were organized as
several files, each file containing the data recorded during one test
run. Data recording began prior to the first perturbed section of each
run and was ceased only after the consist was well beyond the last
perturbation. At a writing density of 800 bits per inch of tape, there
are 53 tapes of SDP-40F data and 16-£apes of E-8 data.

These data were statistically processed and the processed data
were collected in a data base [1]. The statistical processing was ac- ~ -
complished by a computer program specifically developed for this purpose. l
The result of this processing is a series of statistical descriptors of -
the time histories analyzed. For the sake of efficiency and convenience, '

these descriptors were categorized into four groups, with an option to

12



10.

11.

12.

TABLE 2. QUESTIONS ADDRESSED IN THE DATA ANALYSIS TASK

What 1s the relative behavior of the various descriptors of the
wheel force?

Estimate the repeatability of the test in terms of wheel forces
and carbody accelerations.

Determine in detail the number of cycles required to reach a
quasi-steady-state forced response in each of the perturbation
types.

What are the effects of varying rail surface conditions on lateral
wheel and track forces and truck yaw cycles? Are derived des-
criptors, such as the negative L/V measurements and the wayside

rail surface friction measurements, correlated with these variations?

What are the differences in the dynamic behavior of an E-8 and an
SDP~40F locomotive?

What are the differences in the baggage car response behind the
E-8 and SDP-40F locomotives?

What are the effects of the line spike removal in the last two
cycles of Section 3? Can the vehicle response on the softer
section be predicted? :

By comparing the data from the tangent and curved perturbed tracks,
determine the quantitative differences in vehicle response due to
curvature.

Identify the effects of superimposing crosslevel and alignment
perturbations and determine the degree to which the roll and
lateral response are decoupled. Further, determine if these
effects are curvature dependent.

How well do the Chessie regression equations explain the data
from PTT?

Determine how well the variations in lateral wheel and truck
forces are explained by cycle~to-cycle variations in local track
geometry.

How can response data be used to anticipate panel shift?

13



process the time history of a test variable using any of these four
groups. These groups, identified as STATl, STAT2, STAT3, and STAT4,

incorporate a number of statistical descriptors.

STAT1. STAT1 includes the calculation of the following des-

criptors: o
&
Mean: '_—-Tf_'__" where X; is a digitized time series

of the variable X.

Maximum peak positive value.

Minimum peak negative value.[ n 2
‘ X
i=1 1

Root Mean Squares (RMS): —

&

Standard deviation from the mean (¢): ‘/;RMS)Z--(MEAN)2 .

STAT2. STAT2 provides information—regarding the exceedances of
predetermined threshold values. An exceedance of a threshold occurs
when the data values increase from below to above a threshold and
then, after some time above that threshold, decrease to below that
threshold. Such an occurrence is one exceedance of that threshold and
has a time duration associated with it. During STAT2 processing,
the number of exceedances and the times of exceedance of each threshold

value are recorded.

Several descriptors are then interpolated from the recorded

values.
Los: 95 percentile of the total time of exceedance.

LTZOMAX: The maximum of all the levels which are exceeded

for at least 20 msec.

LTAOMAX: The maximum of all the levels which are exceeded

for at least 40 msec.

LTSOMAX: The maximum of all the levels which are exceeded

for at least 80 msec.

LTZOMEAN: The mean of all the levels which are exceeded for

at least 20 msec.

14



LTAOMEAN: The mean of all the levels which are exceeded for
at least 40 msec.

LTSOMEAN: The mean for all the levels which are exceeded for

at least 80 msec.

LTMAX95 (seconde): Maximum dueation at L95 value.

LTMEAN 95 (seconds): Mean duration at Lgs value.

The selection of these descriptors were based on the requirements
of the analyses performed using this data base. Alternate descriptors,
which would present the processed data in different forms, can easily

be developed from the recorded information.

EIAEQ. STAT3 calculations are similar to the STAT2 exceedance
calculations. Whereas STAT2 records the number and times of exceedance,
STAT3 records the summation of the data values during each exceedance.
This allows an estimation of the area under the time history signal
which is above each predetermined threshold. This area, since it re-
presents the magnitude of a signal (wheel force, for instance) times

its duration, is termed impulse.

STAT4. STATA4 calculates the power spectral density (PSD) of a
variable. The results are presented in form of an array of frequencies

and the corresponding PSD values.

The raw time history data obtained from PTT were then processed
to derive the above statistical descriptors [1]. In addition, several
variables were synthesized from the measured variables. These syn-
thesized variables are shown in Tables A.l and A.2 of Appendix A. The
statistical processing did not distinguish between the measured and the
synthesized channels; both types were processed in the same mamner. Of
course, not all raw or synthesized data were processed this way. The
processing was selective and generally based on the requirements posed

by the objectives of the data analysis.
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3. RESULTS OF THE DATA ANALYSIS

3.1 BEHAVIOR OF STATISTICAL DESCRIPTORS . » l
3.1.1 Question -l

What 1s the relative behavior of the various descriptors of the

wheel force?

3.1.2 Aggroach

Six descriptors® of lateral wheel force were derived and plotted
against speed for the SDP-40F and E-8 on curved track Section 3H (rec-
tified sine alignment with nominal spiking pattern) and Section 2

(piecewise linear alignment). These descriptors are:
e Maximum (Max)
e Lgg (95th percentile level)

o Lroomax (maximum force level at which an exceedance of
20 milliseconds is observed)

o LrsoMax (maximum force level at which an exceedance of
40 milliseconds is observed)

e LTS8OMAX (maximum force level at which an exceedance of
80 milliseconds is observed)

e Mean

3.1.3 Observations

An example of the relationship between the descriptors and the time
history plot 1s shown in Figure 2; the plots described above are shown
in Figures 3 through 6. These plots show that, as expected, the maximum
values are higher than any other values, and LtogmMax > LT40MAX > LTS8OMAX.
Also, the mean values in all of the plots are lower than the rest of
the descriptors.. The only descriptor line which crosses the lines of
the others is that of Lgs5. This value generally lies between the LrogMAx ‘I
and Lyggmax Values, with one exception: in Figure 3 (SDP-40F on Section 2),
the Lg5 value is below the Lypggmax Value at speeds under 65 mph. The i I

%
See Reference 1 for further details on descriptors.
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SDP-40F Lateral Wheel Fo_rce, Lead Axle (LLLWFAX4)

Ly TT

RUN NO. 121410--SECTION 2
(Piecewise Linear Alignment Perturbations on Curve)

Maximum 45 kips

g LrooMax 42 kips
©) Lo oMAx 37 kips
® Lyg 35 kips
G LrgomMax 33 kips
" ® Mean 7 kips

FIGURE 2. THE STATISTICAL DESCRIPTORS

17



8T

‘Jatersl wheel force, kips

o
(-]
'v‘v'vl'rTi
]
e 06 00 00 00 iaend

MAX’
VEHICLE SDP-40F L
RUNDAY 1214 ® TI20MAX
a0~ SECTION 2 A 27
VARIABLE Left Lateral Wheel Force, Axle 4 e’ L
A CHANNEL NO. 2 - (8 osoves? T4LOMAX
- 20 kips g, i L
[ S B 1 OB 1 T -’ /f 95. .
[ 04t i .~ Lraomax
[ ! Y AW P e Ay
30+
: .’ Typical Rpsponse
' ‘ Shape for] this
Test Run '
[+ 80 kipspi Ll G
20+
[
1
ad
3
10
[ o MEAN
: A _’*"'--*‘8
o . —ﬂ\"”——— |
f —n"'.-'--
L o.h.w.~-~-w---o-}"ﬁ"
cr....JA... U UHEY VI THEE T WY VO W Acd i B 2 2 2 bbendad o d 2 2 A PRy 4 P S
30 40 50 60 70 80
speed, mph
FIGURE 3. THE RELATIVE VALUES OF THE STATISTICAL
DESCRIPTORS, SDP-40F ON SECTION 2
; . - e — ‘ o—



6T

Nl et BT

lateral wheel force, kips

50 i r
b
[ VEHICLE : SDP-40F :
RUNDAY s 1214
SECTION : 3H
40+ VARIABLE : Left Lateral Wheel Force, Axle 4
CHANNEL NO. : 2

80+

20

Typical Réspokse Shape for thi? Test Run

7
o

MAX
L -
o T20MAX

Lrsomax |
95

H
".,./a
rx L

i

_»" Lpgomax

104

y

: . -—"".° MEAN

1 '---0.-"-"’

L .---—--""b——.’---.--Q-—--—.-—-—-—n;-o--—
c..LllJ#AAA‘AILLLL_I;IA S U ST VA W VI G U S PR T T U U U U U T Y VY U U WU S W1
80 40 50 60 70 80

speed, mph

FIGURE 4. THE RELATIVE VALUES OF STATISTICAL
DESCRIPTORS, SDP-40F ON SECTION 3H



(074

1ateral wheel force, kips

50

a0~
T[

VEHICLE
RUNDAY
SECTION
VARIABLE
CHANNEL NO.

E-8 |

1117
2

Left Lateral Wheel Force, Axle 4

3

- 20 kips

301
[ Typical Responsg
[ Shape for this
L Test Run
L .
! MAX
20 L
E T20MAX
1 LTloO MAX
R Lo
!
1 95
A L
s T8OMAX
1o-t———-—p-=q
. - § MEAN
— o el =
O_M”.”:"orﬁ'.l..“. PP SEPUEPEEPUEN et sy et b
30 40 50 60 70 ’ 80
sbeed, mph
FIGURE 5. THE RELATIVE VALUES OF THE STATISTICAL
DESCRIPTORS, E-8 ON SECTION 2
( “
[ ]



) & i L]

50T -
f VEHICLE ~ : E-8
s RUNDAY : 1117
40— SECTION : 3H
T VARIABLE : Left Lateral Wheel Force, Axle 4
a f CHANNEL : 3
-~ p
- - - 20 kips , ‘
m. r Typical Response Shape for this Test Run
(¥ b -
5 a0 0
=T y MAX
$ ! :
,g - T20MAX
! L
0 - E : 95
L J4 + 80 kips L
g 207 : T4OMAX
u 3
= 5
i [ ‘ y
: ._—'F~~”¢" “o:"kAJ ..‘é- o /'a TBOMAX
. . --“'"""-'M ..---“ -
L ﬁ—‘—'— 3) . e . - ="
10 > 7 Rk X : M- - ) o
. -~ -
: v ~
c...ngl....l.».--lg.-.‘. aa & a2 b o a4 4. 2 a a2 a § o . . a2 a2 2 0 o 4 . 4
30 | 40 50 60 70 80

speed, mph

FIGURE 6. THE RELATIVE VALUES OF THE STATISTICAL
DESCRIPTORS, E-8 ON SECTION 3H ‘



figures, in addition, show that the Lg5 curves are generally smoother

than the peak value curves.

3.1.4 Interpretations

The primary objectives in studying these descriptors are the
following:

e Maximum values have, inthe past, been shown to have too much
noise from which trends are difficult to distinguish.
Lg5 is employed as a surrogate for the maximum value,

with the hope that it will suffer less noise.

o The time related descriptors, such as LT20MAX» LT40MAX»
and Lrgomax» are needed chiefly for derailment studies.”

o The relationship among ﬁhe various descriptors needs to
be understood further because, often, a judgement regarding
some of these descriptors may need to be made based on

limited available information.

The plots shown in Figures 3 through 6 do show the Lgg curves to
be smoother than the max value curves. However, the ratio of Max/L95
can be as low as 0.75. Thus, Lgs is a good substitute for the maximum
value when showing trends in a particular variable. Also, for applications
requiring the force to act over a certain period of time, Lgs can be
used instead of an Ly value, For example, for the cases shown, Lgs can
probably substitute for Lp,somaxs but, if the actual magnitude of the
force is important (for, say, the instrumentation design), Lgs cannot

replace the max value.

The relationships among the maximum value, Lgs, and the mean are deter- -

*

The work performed by JNR (Reference 4) and by Princeton

University has shown influence of the time duration, as well as the
magnitude of the wheel forces as indicative of derailment tendencies.
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mined by the shape of the response* and are independent of the time-~
scale. However, the relationship of these three descriptors with
the others considered in this study are dictated by shape, as well as

time scale.

This can be seen in the plots shown. For example, the time history
plots of the two locomotives (shown in Figures 3 through 5) are similar to
shape, with the E-8 response being about half in magnitude to that of
SDP-40F's. This fact is borne out by the ratios of the Max, L95, ad Mean
values, which are about 150.75:0.15 in both cases. 'The shape of the
response plots shown in Figures 3 and 4, on the other hand, are quite
different. As can be expected, the above ratios for the plot shown
in Figure 4 are about 1:0.85:0.15; i.e., the Lg5 value is much closer
to the Max value. This is, perhaps, because the pulse in Figure 4 is
more sharply rising than that in Figure 3; i.e.; the higher force level
is sustained longer (relatively) in the Figure 4 pulse than in the Figure 3

pulse.

Consideration of the relative position of the Lpgguyax curve,

with respect to the curves of the other descriptors, shows the effect

of the time scale on the relationships. The sharp, narrow peaks (about
120 msec duration) observed on Section 3, for both the SDP-40F and the
E-8 locomotives (shown in Figures 4 and 6), lead to LyggMax curves which
are much lower than the rest of the curves, except the mean value curve.
On the other hand, the broad peaks observed on Section 2 (about 300 msec
for the SDP-40F, about 200 msec for the E-8), make the Lyggyag curves .
closer to the rest of the curves, demonstrating thereby the effect of

the time scale on the relative magnitudes of the descriptors.

Ideally, one would like to be able to predict the time history
response from the values of the descriptors. The reason is that the

statistical descriptors express the response characteristics in a very

*
For taking ratios of the three values, the relative location of the
axis (zero magnitude line) is also important.
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compact form, and thus, they will be used widely in a study such as
this. Using time history plots to predict trends and compare relative
magnitudes of various responses would be tedious, if not impossible.
However, occassionally, a quick check to time history plots may be
required to verify certain hypotheses. An understanding of how the
relative magnitudes of the descriptors correlate to the time history
characteristics will then save effort and, in an absence of chart

records, the expense of generating them from the stored data.

Similarily, the reverse process will also be useful. For example,
during testing, one may be required to estimate valueé of the various
descriptors from observing the time history plots (and the relatively-
easy-to~find Max values). This may serve to check if the objectives

of the test are achieved, or if tests can safely be conducted at

higher speeds.

At present, we can just begin such synthesis; the study-is still
at an analytical level. For examplé, by looking at the behavior of
LrsoMAX in Figures 4 and 6, we coﬁld have concluded that the pulse
size is about 80 msec at 75 mph. Similar observations of Figures 3 and
5 could have led to a conclusion that the pulsé sizes in those cases
seem to be larger than 80 msec;* but, unless further work is done,

this would be the extent of predicting time history from the description,
or vice versa.

3.1.5 Conclusions

Either the Lgs (the 95th percentile value) or the Max (peak)
value can be used for predicting trends. However, Lg5 tends to smooth
out the transients in the time history. This makes Lg5 a better trend
descriptor, but worse transient descriptor, than the Max value. Thus,
the selection of the Lgs or Max value should depend on the objective
of the data presentation. For the cases considered, the Lgs value for

the lateral wheel force stayed within the LT20MAX and LT80MAX values.

*
Plots of Lypoggmax ©F LT400Max would have revealed the size of that
pulse.
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A crude estimate of the time history characteristics can be made
by studying the relative magnitudes of the statistical descriptors, such
as the mean, peak, L95, LTZOMAX’ and LT80MAX values; i.e., the descrip-
tors considered in this analysis. Similarily, the descriptor magnitudes

can be estimated from observing the time history plots.

3.1.6 Implications to SAFE

Some of the descriptors considered in the above discussion will
prove useful in the analysis of the data generated from SAFE. A study
of the relative magnitudes of these descriptors, for response of a
vehicle to different track perturbations at different speeds, will
assist in predicting the values of these descriptors from those

measured directly (such as the peak values).
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3.2 REPEATABILITY OF TESTS

3.2.1 Question

Estimate the repeatability of the test in terms of wheel forces

and carbody accelerations.

3.2.2 Approach

The lateral and vertical wheel forces for axle #4 (Channels 1 and
* .
2) generated during the SDP-40F operation on Sections 1 and 2 were
studiéd for nominally identical tests on 1201 and 1214. Three de-
scriptors were used: *L95’ Max and LTAOMAX' Also used were several
repeat runs on 1208, For these runs, the carbody accelerations

were examined in addition to the wheel forces.

One problem encountered while developing an approach was that PTT
was not designed to answer this question, and thus, hardly any repeated
runs were made. Thus, either thevrepeatability had to be estimated
from very few runs (3-4) at nominally identical conditions (at same
speed), or a round-about way had to be used of assuming that a polynomial
" describes the‘relationship between a test variable and speed (remove
effects of speed) and then further assuming that the error (and hence,
repeatability)_can be estimated by determining the differences in the
test results and those predicted by the fitted curves.

The details of both these approaches are available in Appendix C.

The key observations are described in the following paragraphs.

3.2.3 Observations and Interpretations

Table 3 summarizes the results from the first approach. This table

shows that:

e The confidence level in the RMS values is generally higher
- than that in the peak values;

%
See Appendix A for a detailed description of each channel.

*%k
The SDP-40F consist was in Configuration. B on 1208. We assumed that
the effect of configuration change on the variable studied will be
negligible. The results of the analysis confirmed this assumption.-
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'@ The lateral wheel force measurement is less repeatable than

the vertical wheel force measurement;

e The baggage car vertical accelerations are generally less
repeatable than the locomotive vertical accelerations. The
repeatability of the lateral accelerations of the two

vehicles is generally similar.

Figures 7 through 10 show the plots of the L95 values of the lateral

and vertical forces for operation over the two sections and on the
selected two days. Similar plots were prepared for the maximum and the
LT40MAX values, but they are not provided here because they do not con~-
tain significantly different informationm.

The plots show that the tests are generally repeatable, not ounly

for the low speed range, as shown in Table 3, but also for higher speeds.

A more'quantitative answer was obtained from processing the L_. values

95
of the lateral wheel force (Channel 2) results from 1214 and 1201, for

runs on Section 2. The objectives of that analysis were to determine:

e How different are the results of the two days of

testing; and

e How confident are we of the results.
This was accomplished by fitting polynomials to the results of both days
and assuming the departure of any point from that polynomial to be an

error, as shown in Appendix C.

The results from the two days were found to be different from each
other, both in average response of lateral force to speed and in the
variability of that response. .Specifically, the results of 1214 show a
higher expected force for a given speed and a much tighter errorvdistri—
bution around the expected value of force. This seemed to indicate that

all the parameters were not constant over the two days.

Based on the two days of data, a 95% confidence interval for the
expected lateral force at each speed for a new run was calculated to
estimate test repeatability. This is shown in Figure 1l. As can be seen,
this interval is < £ 5 kips.’

- .
The increase in the confidence interval at the high and low speed ends
of the curve is due to the characteristics of the statistical technique.
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TABLE 3. 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
CHANNEL RS £ K MAXIMUM + K
NUMBER NAME SPEED 17 2t | ar 2!
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 42.60 + 1.02
) gc* *%k *%k **
2 Lateral Wheel Force 35 4.35 + 3.3 5.75 + 0.88 10.5 * 4.46 14.39 + 10.2
(in kips) 40 '5.89 + 0.98 15.58 + 1.1
26 Locomotive Vertical Acceleration 35* 0.026 + 0.0025 0.022 + 0.0014 0.079 + 0.0136 0.08 + 0.019
(in g) 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 g) , 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 g) 40* 0.018 + 0.0008 0.053 * 0.019
63 Baggage Car Lateral Acceleration 35 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 + 0.009?

’ *May show effect of configuration change from 1208 co 1214.

*Represents Section No. (1 = Piecewise Linear Crosslevel, 2 = Piccewise Linear Alignment)

*%
May be due to rail surface condition change or instrumentation
error.
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The same procedure applied to the results from tests on Section 8
on tangent work (shown in Figure 12) showed a similar confidence interval, l

as can be seen in Figure 13.

As described in [8], the worst case instrumentation error in the ’ l
ASEA wheelset is expected to be + 2 kips for the vertical wheel forcé
measurement and + 1 kip for the lateral wheel force measurement. In
view of these estimates, the confidence intervals in Figures 11 and 13
look reasonable and at least partly caused by the instrumentation in-

accuracies.
3.2.4 Conclusions

The PTT was not conducted with repeatability analysis in mind.
Therefore, very few repeat runs were made. Thus, only a preliminary
conclusion can be arrived at regarding repeatability; namely, the
perturbed track tests are fairly repeatable and repeating a test
sequence two to three times will be sufficient_to obtain results in

which confidence can be placed.

3,2.5 Implications to SAFE

Test runs repeated on two to three days with nominally identical
conditions will generally be sufficient to obtain data in which confie

~ dence can be placed.

34



ce

1at. wheel force, kips

50
ZE 0= 1gs
i VEHICLE :  SDP-40F
o RUNDAY 1202
{ SECTION : 8 .
b VARIABLE : Left Lateral Wheel Force, Axle 4
40,1 CHANNEL NO., : 2
[
s
L
3¢1
1
[
i
20t
|
10_; B,,,ir,—~f'—«a-.
|
[
[
c. .:.LAAI.L.‘=AAA-l..A.i.-Anl.L..:LJA-IAA.AJ‘
30 40 50 60 70 80

gpeed, mph

FIGURE 12, RESULTS FROM A TEST ON THE TANGENT,
LEFT LATERAL WHEEL FORCE, SECTION 8



L95 (kips)

85

50 -
95% Confidence Interval
40 -
30
0% o o
20 Analytical 6% oo e o
Results 00.00000.
o o o Q - (o] o
(o] o©° ® o
e %, o) ° °*® ® 0
c o
10} 0®e o ® g o ©
[} o o O (o)
0 L L ! ! i
25 35 45 55 65 75
Speed (mph)
FIGURE 13. 957 CONFIDENCE INTERVAL FOR LATERAL WHEEL FORCE

ON SECTION 8

36



3.3 NUMBER OF CYCLES TO STEADY STATE

3.3.1 Question

Determine in detail the number of cycles required to reach a

quasi-steady state forced response in each of the perturbation types.

3.3.2 Approach
A large number of strip charts. for days 1214, 1202, and 1117

were examined to answer this question. Included in this examination

were the time history plots for the lateral and vertical wheel forces

and carbody accelerations; for operation of the two locomotives and the
baggage car on Sections 1, 2, 3, .4, 6, and 8; at 35, 55, and 75 mph speeds.
Initially, a quantitative approach was tried to determine when a variable
can be considered to have reached a steady state in different cases,

but the noise in the time history plots prevented effective use of this
approach. Therefore, the number of cycles required to reach a steady

state was determined only qualitatively.

3.3.3 Observations

Figures 14 through 24 show the plots developed from various ''Brush"
charts. These plots include:

e Different channels (no. 1, 2, 29, and 31)*:

e Different speeds (35, 55; and 75 mph):
-= lateral wheel force;

-= carbody lateral acceleration.

e Different sections:
-- lateral wheel force (Sections 1, 2, 3, and 4);
-~ carbody lateral acceleration (Sections 1, 2, 3, and 4);

-~ carbody vertical acceleration (Sections 6 and 8).

e Different Curvature (Curve and Tangent):
-~ lateral wheel force:

-~ carbody lateral acceleration.

*
Assume SDP-40F tests unless mentioned otherwise.
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o Different locomotives (SDP-40F and E-8):
-~ lateral wheel force;

== lateral acceleration.

e Different vehicles (SDP-40F and Baggage Car).

A number of observations can be made from studying these plots:

o The number of cycles required to reach a steady state
depends on the variables, for example: '

-= lateral wheel force reaches equilibrium almost
immediately (Figures 14, 15, 17, 20, and 22);

== vertical wheel force reaches equilibrium in 2-3
cycles (Figure 14);

-- lateral acceleration also reaches equilibrium in
2-3.cycles (Figures 14, 16, 18, 21, and 23);

-- some of the secondary response measurements, such
as the off-center vertical acceleration for tests
dn the alignment perturbation segment, may not

reach equilibrium (Figures 14 and 19).

e At lower speeds, the steady state is usually achieved in
smaller number of cycles than at higher speeds (Figure 15
and 16). '

e The type of perturbations (alignment, crosslevel, etec.)
determines whether the variable being measured is primary
or secondary. Thus, the number of cycles required for a
variable to reach a steady state is dependent on the

perturbation type.

This last observation holds true in the plots shown in Figure 19, in
which the carbody vertical acceleration reaches steady state rapidly

on Section 6 (P.L. profile), and does not reach a steady state at all
on Section 8 (P.L. Alignment)."The behavior of the lateral wheel

force on Section 3 (Figure 17) is explained by the fact that the

last two cycles on that section were softer than the first three cycles.

Tha lateral acceleration on the same section seems to be very small
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(almost noise level) and no definite conclusion can be reached. Ad- E

ditional observations are:

® No significant qualitative differences exist between the l
tangent and the curved track response (see Figures 19, -
20, and 21). l

o No significant qualitative differences have been
observed among the baggage car, E-8, and SDP-40F
responses. Quantitatively, however, the responses
of three vehicles are quite Qifferent (see Figures 22,
23, and 24).

3.3.4 Intérg;etations

The time history of a variable is dependent on the input from the
track and the transfer function® between the input and the variable.
In steady state, the response will have the same frequency as that of
the input, and an amplitude dictated by the gain of the transfer
function. However, before the steady state is achieved, there is a '
transition zone in which the response reflects both the input and the o
natural frequencies. The natural mode dies in a certain period of time, s
depending on the system characteristics (e.g., damping ratio and natﬁral

frequency for a second order system).

Then, it seems that the natural response of the lateral wheel !
force dies very quickly, whereas the vertical wheel force and lateral
acceleration exhibit natural response for 3 longer time. Since this isk
time dependent, the number of forced response cycles over which the
influence is felt will increase as the speed is increased. Thus, the .
higher speed runs will generally be more critical as far as reaching
a steady state is concerned than the lower speed runs; but even at
75 mph (the speed for which most of the plots are gemerated), the key

variables reached steady-states, within the number of perturbation o

*The use of a transfer function 1s strictly valid only for linear systems.
However, some nonlinear systems can be represented by piecewise linear
systems; i.e., in certain conditions they behave like one linear system, . I
in some other conditions, they behave like another linear system and so
on. Such a linear representation seems adequate in this case.
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cycles incorporated in the perturbed track sections.

Some of the variables are indirectly affected by the input, such
as the offcenter vertical acceleration being affected by the alignment
perturbation. The "transfer function"® between the input and the output
seems to be highly nonlinear in these cases, and the response is not

easily explainable by the above simple discussion.
3.3.5 Conclusions

The lateral wheel force achieves a steady state rapidly, wheQeas
the vertical wheel force and the lateral acceleration take a slightly
longer, but still adequate, time to achleve steady states. Also, there
are no significant differences between the responses of the vehicles
considered (SDP-40F, E-8, and the baggage car), as well as the responses
of a vehicle on a tangent and on a curve, as far as the time required

to achieve a steady state is concerned.

3.3.6 Implications to SAFE

e The number of perturabation cycles used in the perturbed
track seems adequate for ensuring that the key variables

*%
reach steady states,

o For applications requiring more than 1-2 cycles at a
steady state, such as validating a quasi-static
analytical model, additional perturbation cycles will

be needed,

. .

This term is used loosely.
& :
However, since this number depends on the vehicle type ,response mode,

and the response variable, this conclusion may not be true in all
situations.
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3.4 RATL SURFACE CONDITION

3.4.1 Question

What are the effects of varying the rail surface condition on lateral
wheel and truck forces and truck yaw angles? Are derived descriptors,

: %
such as the negative L/V measurements and the wayside rail surface fric-

tion measurements, correlated to these variations?

3.4;2 Approach

The results from three different run days were used for comparing
the effects of different rail surface conditions:

1209 -- sanded, B configuration;
1208 <~ dry, B configuration;
1215 -~ lubricated, B configuratiom.

On these days, the response of SDP-40F on Section 2 (pilecewise
linear alignment perturbation) was studied in terms of the positive
wheel lateral force, negative L/V ratio, and positive truck force.
Initially, several statistical descriptors were examined:

e Maximum;

o L95;

® Looomax’

* Lyomax’

® Lrgomax :

However, most of the observations were made using the L95 values.

The data channel having the yaw angle of the second truck (for
which all the force data have been extracted), was termed irretrievable
[2]. A cursory examination of the yaw angle of the first truck failed
to show any trends related to changes in the rail surface condition.
Thus, these data were not analyzed further. A sliding block, pulled by
hand along the gage face, was used for the wayside measurement of rail

surface conditions. These measurements, being sensitive to the operator's

*
_ Inward lateral force on wheel is negative L, see page A-13.
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technique and not precise, were also disregarded.* The strip chart records
for the negative L/V ratio were studied to further identify the effects

of the rail surface conditions. Finally, the results from another day

of testing, 1214, were studied to observe the differences between two

configurations (A and B) and two days.

3.4.3 Observations

Figures 25 and 26 show the differences in the Axle 4, left wheel L/V
ratio for opeiacion over different rail surfaces at 40 and 60 mph, res-
pectively. As can be seen, at 40 mph, the -L/V ratio is similar for
both the dry and sanded runs, whereas it is considerably lower for the
lubricated run. In additiqn; there 15 a smooth plateau at the =L/V values
for each run, At 60 mph, the -L/V ratio for the sanded run is higher
than that of the dry or lubricatea run. However, the lubricated rum
appears to have higher -L/V values (and positive L/V values) than the

dry run does.

As for the positive wheel forces, Figure 25 shows the sanded run to
have the highest value. However, little difference in the +L/V ratio can
be seen when comparing the dry and lubricated runs. At 60 mph, the strip
charts show the sanded run to have the greatest +L/V value again. In
addition, at higher speeds, the value of the positive lateral wheel force
is greater during the lubicated run than during the dry run.

The time histories shown in Figures 25 and 26 were then studied in

terms of variations in several descriptors (Max, L 59 etc.) as a function

9 .
of speed. The shapes of the curves of these descriptors and the relation-
ships among the descriptors for the three surface conditions were similar
no matter what descriptor was selected. Thus, for the detailed study,.

only the L95 results are shown.

*%
Figure 27 shows the left (high rail) lateral wheel force, Tepre-
sented by the L95 value, plotted against speed for the three rail surface

*This method showed variations between dry and wet rail, however, the
results were not precise. For example, for dry rail, the coefficient
of friction was measured to be between 0.32 to 0.45, depending on the
operator. :

*%
For Axle 4 on Section 2 with pure alignment perturbations.
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R,

conditions. The figure shows that, at speeds under 50 mph, the positive

lateral wheel forces on the sanded rails are much higher than those on
% . . k¥

the dry or lubricated rails. As Figure 25 showed, at 40 mph, the dry

and lubricated runs exhibit similar wheel forces. However, at higher

' speeds, the dry run has generally lower lateral wheel forces than the

lubricated run. At speeds greater than 65 mph, the difference between
the curves begins to decrease once again. The truck wheel forces for
all 3 surface counditions are plotted in Figure 28. The statistic chosen
was the 95th percentile: For the most part, the shape of the curves is
similar to that in Figure 27. However, the dry (Runday 1208) and lubri-
cated runs intersect in four places, whereas in Figure 27, the wheel

forces of the dry run were lower than those for the lubricated run.

The basic shape of the curves for different descriptors remained

about the same for the negative L/V ratio, just as in the case of the positive

wheel and truck forces. Thus, only the Lgg curves are shown in Figure 29.
The fighré shows that at a low speed, the negative lateral wheel force
(represented by -L/V ratio) is greater for the sanded run, and that for
the dry run, this force is greater than that for the lubricated run. How-
ever, at higher speeds, as Figure 26 indicates, although the negative
wheel forces for the sanded run still have the greatest magnitude, those
for the lubricated run exceed those for the dry run. The point at which
thié change occurs is at approximately 50 mph. Both the sanded and dry
surfaces show a decrease in the negative forces as the speed increases.

This phenonmenon is contrary to what is observed for the positive forces.

Finally, the plots for dry friction for configuration A (1214) are
plotted on top of the plots for configuration B, as shown in Figures 27,
28, and 29. As can be seen, significant differences exist between the
results of the two days of testing. The positive wheel lateral force,
the truck lateral force, and the negative L/V are all higher in the
results of day 1214 than of 1208.

* } .
The 1214 dry curve should be ignored. It is superimposed on the other
curves for comparison, as mentioned later.

*%
- Possibly wet because of blowing snow.
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3.4.4 Interpretations

From these observations, it is clear that the negative L/V measure-~
ments are not correlated to the positive lateral force measurements;
This may be because of the differences in the mechanism causing the peak
positive and the negative forces, The peak positive force, at least at

high speeds, will be caused by flanging, with friction causing little
effect, whereas the peak negative force will be influenced strongly by

the surface condition at all speeds. Also, the mechanisms governing
friction forces on the lubricated surface are quite different from that
governing forces on the dry and sanded surface, the former being affected
by the viscosity of the fluid, and the latter by the interaction between
the microstructures in the wheel and the rail.

At speeds higher than the balance speed, the positive truck lateral
forces for the different surface conditions tend to become equal to each
other, probably due to the dominating effects of flanging. This effect

is, however, not observed for the positive wheel lateral forces.

The big difference between the results of 1208 and 1214 is hard to
explain by the changes in the consist configuration alone. A more
likely explanation deals with the true surface condition of the rail.
Although the rails on 1208 were nominally dry, there was substantial
snow blowing on that day, which could have made the rails wet. This would
explain why the 1208 results are lower thamn the 1214 results.*

If 1214 results are taken as truly representative of the dry sur-
face condition, the reversal of dry and sanded result in the negative
L/V plot is inexplicable. One possibility is that at high speeds, sand
would tend to blow away, thus reducing the negative L/V.

3.4.5 Conclusions

The positive lateral force (wheel and truck) on all three surfaces
increases as the speed is increased. Also, the positive lateral force

on the sanded surface.is usually higher than that on the dry surface; the

*

As shown in Figure 30, the relative force levels for the dry, wet and
sanded surfaces in Chessie test agree with those observed in the PTT,
assuming the 1208 results to be for wet surface.
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force on the lubricated surface is usually lower than that on the dry
surface. The differences in the truck lateral forces for the three
different surface conditions tend to reduce above the balance speed,

whereas the wheel lateral forces remain different even at higher speeds.

The negative L/V ratio for the dry rail is similar to that for the

sanded rail, whereas the ratio for the wet rail is similar to that for
‘the lubricated rail. Also, the differences in the negative L/V ratio

for the different rail surface conditions cannot be correlated to the

differences in the positive lateral force. From the results obtained,

it is not clear if the negative L/V ratio can be employed as an indicator

of the overall rail surface condition. A more reliable indicator may be

*
the positive lateral wheel force of a reference vehicle.

3.4.6 Implications to SAFE

o The wheel forces are quite sensitive to the rail surface
conditions. Thus, provision must be made for:
-- controlling the variation in the rail surface

condition; and

-- keeping rail surface conditions constant during the

performance of the test.

e The positive lateral wheel force of a reference vehicle may

be used as an indicator of the rail surface condition.

As currently envisioned, a dedicated reference vehicle will be used
to ensure that the vehicles being compared are tested under identical

conditions, and, if there are any changes in the conditions, they are
quantified.
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3.5 LOCOMOTIVE DYNAMICS

3.5.1 Question

What are the differences in the dynamic behavior of an E-8 and
an SDP-40F locomotive?

3.5.2 Approach

The responses of the two locomotives for operation on all of the
perturbed sections for tests performed on days 1202, 1214, 1117 and 1118,
were studied in order to answer this question. The outputs from the
various vertical and lateral accelerations were synthesized to give
bounce, pitch, sway, yaw,-and roll accelerations, as shown in Table 4.
These synthesized channels were incorporated in the PIT data base [1],
so that the data for these channels can be expressed in terms of the

same statistical descriptors as those employed in describing the output

" of the instrumentation channels.

The descriptors primarily employed for analyzing the locomotive
response were the RMS values* of the synthesized acceleration channels,
plotted against speed. In addition, the power spectral densities (PSD)
were also studied. In some cases, the strip charts were examined in
order to study the vehicle-response in further detail. Finally, the
lateral wheel force plots were developed to correlate the vehicle-

motion with the wheel forces.

3.5.3 Observations

The.most important observation from the above mentioned plots is
the difference between the yaw-response of the two locomotives, shown
in Figures 31 and 32. As can be seen, the yaw motion of the SDP-4QF
locomotive, while operating on the piecewise linear alignment pertur-
bation sections oﬁ both tangent and curve (i.e., Sections 2 and 8),
is much larger than the corresponding motion of the E-8 locomotive,

particularly at high speeds (speeds above 50 mph). This large yaw

*The peak values are likely to be noisier than the RMS values. For sway
motion on the curve, the centripetal accelerationm caused the mean

value to be non zero. In this case, the standard deviation value was
used instead of RMS,
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TABLE 4. SYNTHESIZED CHANNELS FOR RIGID BODY ACCELERATIONS OF .
THE TWO LOCOMOTIVES .

LOCOMOTIVE SDP-40F

Bounce Acceleration = 0.53 3,5 + 0.47 a5 (g)

Pitch Acceleration = 32.2 x 0.02 (a25 - 328) (rad/secz) i
Sway Acceleration = 0.519 asg + 0.48 a3 (g) )
Yaw Acceleration = 32.2 x 0.02 (a31 -330) (rad/secz)

Roll Acceleration = 32.2 x 0.22 (a25 - 826) (rad/secz)

LOCOMOTIVE E-8

Bounce Acceleration = 0.5 ag + 0.417 a0+ 0.08 a, (8) -Tl
Pitch Acceleration = 32,2 (0.02 ag - 0.022 a9 + 0.002 alz) (rad/secz) -
Sway Acceleration = 6.5 (ag + a;,) : i (8) ;{
Yaw Aéceleration = 32.2 x 0.02 (a11 - ag)v | | (rad/secz) .
Roll Acceleration = 32.2 x 0.22 (a;, - a;,) (rad/secz) ;j

Where a = accelerarion from output channel n
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Carbody Yaw
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COMPARISON OF THE YAW ACCELERATION OF THE TWO LOCOMOTIVES
ON SECTION 2 (PIECEWISE LINEAR ALIGNMENT PERTURBATIONS
ON CURVE)
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. Carbody Yaw
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FIGURE 32, COMPARISON OF THEY YAW ACCELERATION OF THE TWO LOCOMOTIVES

ON SECTION 8 (PIECEWISE LINEAR ALIGNMENT PERTURBATION

ON TANGENT)
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motion of the SDP-4(CF locomotive compared to that of the E-8 locomotivé,
is accompanied‘by large differences in the lateral wheel force and the
corfésponding L/V ratio, as can be seen from the plbts in Figures 33 and
34, The significant differences in the lateral wheel force and the
lateral acceleration, for operation at 75 mph on Section 2, can also be

seen in the strip charts shown in Figures 35 and 36, respectively.

On the rectified sine-wave alignment perturbation track, however,
a different situation exists. As shown in Figure 37, the difference
in the yaw response of the two locomotives is not significant. In that
section, on the other hand, the E-8 locomotive undergoes large sway
motion, as shown in Figure 38. As a result, the lateral force of E-8
on that section is about the same as that of SDP-40F, and the L/V ratio
is larger,* as shown in Figures 39 and 40, respectively. On Section 2,
the SDP-40F and the E-8 locomotives exhibit similar sway motions (see
Figure 38). The same situation exists on the equivalent tangent section

(Section 8) as well, as shown in Figure 41.

The roll motion of the E-8 locomotive, for operation on a cross-
level perturbation section, is higher than that of the SDP-40F
locomotive, as can be seen in Figure 42. Figures 43 and 44 show that
the bounce and pitch motion of the two locomotives are quite similar.
Finally, the PSD plbts of the various response variables 6f the SDP-40QF
operating on the tangent track at 43 mph are exhibited in Figure 45.
These plots show the presence of higher frequency components in the
bounce and roll motion of the locomotive. From these and the RMS value
versus speed plots, the natural frequencies of the two locomotives can

be estimated as showm:

%
This is because E-8 has a lower vertical load.
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SDP-40F E-8

Bounce 0.9, 5 0.9

Roll 0.8, 1.2, 10 . 0.8, 1.2

Yaw 1.4 . 1.0

Sway 1.4 (2) 2.2

Pitch 1.0 (could not be estiﬁated)

In the above, the higher frequencies for the SDP-40F loccmotive
(i.e., 5 Hz bounce and 10 Hz roll) are obtained from the PSD plots and
the others from the RMS vs. speed plots. The flexure of the body is

suspected to cause the higher frequency spikes seen in the PSD plots.

3.5.4 Interpretation

The SDP-40F locomotive seems to have a low damped yaw mode which
gets excited from long wavelength (78') alignment input from the track.

For the locomotive to be excited in this manner, two criteria have to be met:

(1) The input frequency, given by the speed divided by the
wavelength of perturbation, should be close to the

natural frequency of a mode with low damping.

(2) The wavelength of perturbation should be close to

*
truck center distance/(n-1/2), where n is an integer.

The first requirement can be checked by examining various modes
of yaw motion of the locomotive, From the work being currently done
by MIT for AAR, one of the low frequency modes can be assumed to
have the trﬁck following the track and the carbody executing a yaw
motion over the secondary suspension. For this mode, the natural

frequency in yaw is given by:

. * -
Unless the waveform of the perturbation is antisymmetric, the
sway mode will also be excited by such a perturbation [5].
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2. ; : I
-2 K + K, . (1)
w = - I - .

n -~
c

where

% = Half truck center distance,

Ksy = Lateral secondary stiffness per truck, (i.e., lateral

force per ft. of lateral motion ),
sz = Yaw secondary stiffness per truck, (i.e., yaw torque
' per radian of yaw motion)
Ic = Yaw moment of inertia of the carbody, and
w = Yaw natural frequency.

From the MIT study,

¢ = 23 ft,

sy = 2.76 x 165 1b/ft,

sy = 2.333 x 106 ft-1b/rad, and
I, = 3.3 x 106 slug-ftz,

the yaw natural frequeéncy is:
woo= 9.48 rad/sec = 1.5 Hz,
which is very close to the input frequency of L.4: Hz provided by the

78'\ perturbations at 75 mph. In that mode, damping ratio can be
calculated by: '

£ = _m (2)
Ic “n .
where B = lateral secondary damping per truck. I
The MIT study has used a value of 600 lb-sec/in for B. Using _
this value, £ = 0.12, which means that the damping is quite low. |
Thus, the first requirement is met.
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When the second.requirement is examined more closely, it becomes
apparent that both the truck center distance and the axle spacing
should be considered while determining the effects of wavelength
variation on the input that a vehicle sees in either yaw or sway.
ENSCO has done a detailed analysis of this requirement [6] and
developed plots such as those shown in Figures 46 and 47. 1In these
plots, gainrepresents the filtering effect (called "spatial” filtering)
on carbody yaw because of the truck énd axle spacing. As can be seen
from Figure 46, a 78'A results in a gain of 0.82 for the SDP-40F.
Thus, the locomotive sees a large input from the 78' alignment
perturbation. This coupled with the existence of a low-damped natural
yaw mode at 1.5 Hz leads to the large* yaw motion of the SDP~-40F

locomotive on Sections 2 and 8.

The same is not observed for the E-8 locomotive. The low natural
frequency (=1.0 Hz)** yaw mode for E-8 seems to bé much more damped than
the same for SDP—AOF.*** Thus, although the spatial filtering gain is as
high as 0.83 (see Figure 47), E-8 does not exhibit the same high

yaw motion as the other locomotive.

On the 39'X alignment perturbations in Section 3, the spatial
filter gain is 0.23 and 0.1 for the SDP-40F and E-8, respectively.
Thus the yaw motion on that section is nowhere as high as that on

Section 2, as can be seen from Figure 37.

In the consideration of the relative sway motion, the E-8 locomotive
exhibits a high damped peak at about 2.2 Hz. Such a high natural frequency
of the E-8 sway motion can be excited only on the 39' section, and that

too at 60 mph. The largest sway motion of the SDP-40F was observed in

%
This vaw motion is about + 1°, or + 6" lateral motion at the two

ends of the locomotive. At such a high motion, the above linear
analysis (i.e., Eqn. (1)) for determining the natural frequency
.seems simplistic. However, the prediction of 1.5 Hz is quite accurate.

ETS
This also matches the linear analysis prediction using Eq. (1), assuming

Ic = 1.44 x 106 slug-ft2, Kgy = 0.59 x 105 1b/ft, & = 21.5 ft, and
neglecting the effect of Kgy.

Kt .
An equivalent value of B is not available for the E-8, as it is for thg

SDP-40F,
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combination with the yaw motion, at 75 mph on the 78' section. This may
be due to the inaccuracies associated with converting the raw lateral
acceleration channels to sway and yaw accélerations. If the coefficients
used in Table 4 are not exact, large yaw motion will appear as coupled

yaw and sway motions in the processed data.

As can be expected, the combined yaw-sway motioh of the SDP-40F
results in higher L95 values of both wheel lateral force (35 kips)*
and L/V ratio of the wheel force (0.8), than the corresponding values
for E-8 (24 kips and 0.75, respectively). This yaw motion may be the

cause of the derailment tendencies of the SDP-40F locomotives.

The E-8 locomotive tested was observed to exhibit more roll motion
than the SDP-40F locomotive, at least on the 78' pure crosslevel section;
but considering this difference in a proper perspective, this motion
does not seem to exceed + 1°. Such mbtion is not expected to give rise

to any stability problem for the E-8 locomotive.

The higher frequency spikes seen in the PSD plots (Figure 45) are

most likely due to the flexure of carbody in various modes.
3.5.5 Conclusions

One of the major differences in the behavior of the SDP-40F and E-8
locomotives is the excessive ya@ motion exhibited by the SDP-40F locomo-
tive on relatively large wavelength (78') alignment perturbations at
speeds which cause the input to be at about 1.4 Hz. 1In the tests per-
formed, this motion resulted in High lateral wheel forces (the 95th per-
centile value of the Axle 4 left lateral wheel force of up to 35 kips,
peak value up to 45 kips) and high L/V ratios-(L/V value up to 0.8). This
yaw motion copld.have been a contributing factor in ithe derailment ten-

dencies of this locomotive.

3.5.6 Implications to SAFE

The discussion in this section leads to a key question pertinent to
SAFE: Could the stability of the SDP-40F (or of the E-8 for that matter)

%
The corresponding peak values are 45 kips for the SDP-4QF and 28 kips
for the E-8. '
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be assessed from the results presented?

l At present, a comparative assessment of the dynamic performance can
i be made; i.e., the SDP-40F exhibits unusually high yaw motion compared

I to the E-8 locomotive; but in order to translate the performance of either
locomotive to derailment tendencies, further work on a derailment criteria
is required. The derailment criteria, once developed,* will assist in
selecting the variables (e.g., wheel lateral force, truck lateral force,
L/V ratio, etc.), the descriptors (e.g., Max, Lgs, LT2oMAX> etc.), and
their limiting values required.to predict the derailment tendencies of a
vehicle., Then, statistical extrapolation may be used to predict the type
and magnitude of perturbations required to cause a derailment. A survey
of the revenue service track may be performed next, in order to locate
and count such large perturbations, so that the probability of derailment
of a vehicle in revenue service can be estimated. This area needs to

be explored further, for in it lies the key to the concept of SAFE.

The usefulness of having perturbed tracks to excite various
modes of vehicle motion, which can potentially lead to stability
problems, is amply demonstrated. Equally important, the need to
have sections with different wavelength perturbations is shown by
the analysis presented in the preceding discussion. The presence
of the spatial filtering effect dictates that testing on just cne

wavelength perturbation may not be sufficient.

* .
: I The work being performed at JNR[4] and the Princeton University is
directed towards achieving this goal.
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3.6 BAGGAGE CAR DYNAMICS

3.6.1 Question _I
What are the differences in the response of the baggage car
behind the E-8 and the SDP-40F locomotives? ;|_

3.6.2 Approach

The first step in addressing this question was to synthesize the
bounce, pitch, sway, yaw,and roll chamnels from the acceleration
measurements on the baggage car, as shown in Table 5. These synthe-
sized channels were developed using the principles of rigid body

dynamics.

Next, the RMS values of the different synthesized channels
obtained from the results of the operation of both SDP-40F and E-8
consists on the various test sections on the tangent track, were
plotted against speed. Also examined were the lateral and vertical

wheel forces for the baggage car and the coupler angles.
3.6.3 Observations

Figures 48 through 52 show the variations in bounce, pitch, roll,
yaw, and sway accelerations as functions of speed. As can be seen, the
baggage car experiences significantly different motion when it is attached

to the different locomotives. 1In particular, the baggage car seems to

exhibit more roll, sway, and pitch motion when attached to the E-8

than when it is attached to the SDP-40F. An attempt to determine the
correlation between the carbody accelerations and the wheel forces was
unsuccessful because of instrumentation problems. Typically, the baggage
car lateral force channel was set at zero, and the vertical channel was

too noisy.:

Next, the coupler angles were examined. Both the vertical and
lateral coupler angles (relative to the baggage car) were considered '
irretrievable for the SDP~40F tests until 1214; beyond 1214, only the B N
configuration was tested on the tangent track. For the E-8 tests, the
locomotive coupler angles were not measured, only those of the baggage ” l

car were measured.
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TABLE 5. SYNTHESIZE CHANNELS FOR THE BAGGAGE CAR DYNAMICS

(A  e—

Bounce Acceleration

Pitch Acceleration

Sway Acceleration

Yaw Acceleration

Roll Acceleration

BAGGAGE CAR (with E-8)

Bounce Acceleration

Pitch Acceleration

Sway Acceleration

Yaw Acceleration

Roll Acceleration

where a =
n .

BAGGAGE CAR (with SDP-40F)

0.5 a,, - 0.04 a

60 g1 ¥ 0.54 a, (g)

32.2 x 0.02 (360 - a62) (rad/secz)
0.5 (agy +a,,) (g)

32.2 x 0.02 (_a64 - 363) (rad/secz)
32.2 x 0.27 (a62 - aél) (rad/secz)
0.5 a,, - 0.94 a,, + 0.54 aé3 (8)

32.2 x 0.02 (ay; - a,,) (rad/sec?)
0.5 (a,, + a,5) (g)

32.2 x 0.02 (a25'- a24) (rad/secz)
32.2 x 0.27 (a23 - azz)' (rad/secz)

acceleration from output channel n
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Baggage Car Bounce
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FIGURE 48. COMPARISON OF THE BOUNCE ACCELERATION OF THE BAGGAGE CAR '

BEHIND THE SDP-40F AND E-8 LOCOMOTIVES, SECTIONS 6 AND 7
(PIECEWISE LINEAR PROFILE AND CROSSLEVEL PERTURBATIONS
ON TANGENT)
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Baggage Car Pitch
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FIGURE 49. COMPARISON OF THE PITCH ACCELERATION OF THE

BAGGAGE CAR BEHIND SDP-40F AND E-8 LOCOMOTIVES,.

SECTION 6 (PIECEWISE LINEAR PROFILE PERTURBATIONS

ON TANGENT)
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Baggage Car Roll
RMS Acceleration, rad/sec2

0.7
0.6 I~
05 |-
E-8 Consist
04 |-
03}
SDP-40F Consist
e &
7 — _-
f’ T ——e
0.2
/ .
/
é
0.1 -
0 ] 1 1 1 1
20 30 40 50 60 70 80
Speed, mph - .
Run days: 1118 (E-8 Consist)

FIGURE 50.

1202 (SDP-40F Consist)
COM?ARISON OF THE ROLL ACCELERATION OF THE BAGGAGE

" CAR BEHIND SDP-40F AND E-8 LOCOMOTIVES, SECTION 7
(PIECEWISE LINEAR CROSSLEVEL PERTURBATIONS ON TANGENT)
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Baggage Car Yaw
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FIGURE 51.
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COMPARISON OF THE YAW ACCELERATION OF THE BAGGAGE CAR
BEHIND SDP-40F AND E-8 LOCOMOTIVES, SECTION 8 (PIECE-
WISE LINEAR ALIGNMENT PERTURBATIONS ON TANGENT)
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age Car Sway
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FIGURE 52. COMPARISON OF THE SWAY ACCELERATION OF THE BAGGAGE CAR
BEHIND SDP-40F AND E-8 LOCOMOTIVES, SECTION 8 (PIECE-
WISE LINEAR ALIGNMENT PERTURBATIONS ON TANGENT)

*
Same as ¢ for tangent track. , . l
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In short, for the cases considered, it was almost® impossible to

correlate the coupler motion with that of the baggage car and locomotive.

A set of PSD plots describing the motion of the baggage car at
43 mph is shown in Figure 53. From these and the other plots, the

natural frequencies of the baggage car are estimated as shown below:

Mode Natural Frequency, (Hz)
Bounce : 0.8, 1.22

’ fk
Pitch 0.8, 1.22, 5
Roll . 0.86, 8*%*
Sway _ 0.86
Yaw ' 1.2

3.6.4 Interpretations

Much can be learned by comparing the baggage car acceleration plots
with those of the two locomotives shown earlier in 3.5. For example,
the roll acceleration of the baggage car is higher behind the E-8 than
behind the'SDP—QOF, because the E-8 locomotive itself exhibits higher
roll motion, as can be seen in Figure 42. However, the rapid drop in
the baggage car roll acceleration (behind the E-8) beyond 45 mph is
puzzling and perhaps due to the coupler characteristics. Similarily,
it is surprising that the excessive yaw motion of the SDP-40F locomotive
at high speeds on Section 8 does not cause the baggage car to yaw

excessiﬁely.

*1t may be poésible to infer the locomotive coupler angle from the yaw
angle of the baggage car, the yaw angle of the locomotive, and the
baggage car coupler angle.

**From the PSD plots, the rest estimated from the RMS vs. speed plots.
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It is possible that the coupler dynamic characteristics ﬁstiffness
and damping in various modes) are the cause of the discrepancies. The
force is transmitted through the coupler in lateral, vertical, axial or
twist modes, each with its own transmission characteristics. Since the
roll motion is effectively a combination of roll and sway, most of the
force transmission during roll is in the lateral mode, with some trans-
mitted in the twist mode. Thus, the locomotive yaw and roll motion gets
transmitted in a similar way. However, in the cases considered, roll
causes relatively small lateral motion at the coﬁpler coﬁpared to yaw.*
Since the coupler characteristics are nonlinear, its behavior‘in yaw
and roll can be different. Thus, for high coupler motion in a lateral
direction, the SDP-40F coupler seems to be "soft'"; i.e., the yaw motion
of the locomotive does not get transferred to the baggage car. The E-8
coupler, in comparison, is ""hard" for large lateral excursiomns; i.e., the
locomotive yaw motion is faithfully transmitted to the baggage car.**

In roll, however, the E-8 coupler exhibits softening at higher speeds.
This cannot be explained, because most systems with nonlinear stiffness

characteristics show increasing stiffness at larger excursions. Perhaps

the twist of the coupler at higher roll motion causes this to happen.
3.6.5 Conclusions
The behavior of the baggage car behind a locomotive is affected

not only by the lpcomotive motion, but also by the coupler characteris-

tics. No conclusion can be arrived at regarding the L/V ratio, and

*The peak locomotive coupler angle is about + 1.6° on the pure cross-
level section on the curve (Section 1), whereas it is. about + 4.8° on
the pure alignment section (Section 2). This is for comparison only;
the test data examined in this discussion is from testing on the tangent,
for which the corresponding data are not available.

*%k

The E-8 used in the test was equipped with the H type couplers and the
SDP-40F with the F type couplers. The baggage car was most likely
equipped with the H type couplers. Now, mated H couplers have 0° of
lateral angling at the pulling place, whereas an F coupler mated with
an H coupler results in 1.25° of lateral angling. This may have caused
the SDP-40F coupler seem softer than the E-8 coupler.
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hence, the stability of the baggage car, since the wheel force channels ‘~l

were largely inoperative.

3.6.6 Implication to SAFE -l

The importance of using ﬁerturbed tracks in SAFE is brought out
by this analysis. The perturbed tracks are particularly important

because:

o The behavior of a vehicle can be studied comprehensively

through testing'on such tracks; and

o The effects of one vehicle on others in the consist
cannot be stuéied in thé RDL, which, in its present
configuration, can test vehicles only one at a time,
not joined to one another. And, as discussed in the
preceding pages, the behavior of a vehicle in a con-

sist does affect the performanée of others.
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3.7 EFFECTS OF SPIKE REMOVAL

3.7.1 Question

What are the effects of the line spike removal in the last two

%
cycles of Section 3? Can the vehicle-response on the softer section

be predicted?

3.7.2 Approach

The approach used in answering these questions was to obtain and
study the plots of the lateral wheel force and the L/V ratio (described
by L,. and L ) versus speed. Also, the static lateral stiffness

95 T40Max
results from the Battelle Report [3] were considered in answering the

sééond question. The vehicle motion was not considered, because the
"soft" segment, incorporating only two cycles was created immediately
after the "hard" segment. Thus, it was impossible for the vehicle
motion on the hard segment to damp out and the motion on the soft

segment to achieve a steady state.

3.7.3 Observations

The plots of the L/V ratio and the left lateral wheel force are
shown in Figure 54 and Figure 55, respectively. These figures show

that:

e The lateral wheel force and the L/V ratio increase as
the speed is increased on both the "hard" and the "soft"

sectious;

e The lateral wheel force and the L/V ratios are lower on

the softer section than on the harder section;

e The differences in the lateral wheel force and the L/V
ratio for the two sections increase as the speed is

increased beyond the balance speed.

- .
In this context, "soft" segment means a track which is made compliant
in the lateral direction through spike removal and "hard" segment means
a track without such spike removal.

99



00T

lateral wheel force, kips

— 0 =
50T Lgs
" Lraouax
VEHICLE :  SDP-40F
[ RUNDAY s 1214
SECTION : M, 38
[ VARIABLE : Left Lateral Wheel Force, Axle &4
40-~ CHANNEL NO. : 2 ' ‘
3
P
i
g
r
3cr
[
3
s
3
20_
[
L
101
[
c..JJl..LA w2 4 2 4 4 a2 a2 2 ..1.1.... s a_ a2 R 2 2 o a2 a2 .2 ) a2 4 a2 2
30 40 50 balance speeq; ‘0 70 80
Speed, mph
FIGURE 54. COMPARISON OF THE SDP-40F RESPONSE ON THE "HARD"
AND "SOFT" SECTIONS, LEFT LATERAL WHEEL FORCE
I3



10T

/v , high rall

r ] r——
101' i — -
TD Los
0 = 1,
1.0 T4OMAX
‘" VEHICLE :  SDP-40F
- RUNDAY s 1214
0 9,:__ SECTION : 34, 3S
‘"t VARIABLE : Left L/V Axle 4
 CHANNEL NO. : 69 -
0.8+
3 3H
0,7 o ——
3 m/‘
E J—
o.sE ,,_33_/
0 ‘-‘E «” / s
e JXF ,4 i{ - 4
3 rd - 8 _‘w
3 L _,.,E{
0 4: ’ —":;’/*q--——"— - -
g o >
~14__ P
<4 E;, — - o _‘____,,o_-——'-"
0035 o"‘"‘vé
0.2E
]
0.1 b
3
F
O.G’AA.AI..14 PR U Y U G R W S ...ALIA.L._L PUBEPVIET VU SO G S St Aedecd o b 4 o
30 40 50 balance speed 60 70
speed, mph
FIGURE 55. COMPARISON OF THE SDP-40F RESPONSE ON THE"HARD"

AND "“SOFT" SECTIONS, L/V RATIO

80

-~



3:7.4 Interpretation

From the observations above, one can conclude that a soft track
leads to a lower value of the lateral force than a hard track. The
following describes the reasons for such a behavior and attempts to
predict the differences between the lateral wheel forces on the two

tracks for operation at various speeds.

The approach taken in interpreting the results is based on the
energy transfer in the lateral motion of the vehicle. The mass of the
; vehicle (axle, truck, carbody) possesses kinetic energy in the lateral
direction while traﬁersing these alignment perturbation test sections.

The kinetic energy of the axles, and some additional mass from the

energy in rail deflection, when the lateral velocity of the axle
reaches zero at the peak of.a lateral excursion.** This energy conver-
sion is explained by Figure 56. As shown in the figure, the effective
mass M executes a lateral motion between the two rails, represented by
springs, while negotiating the alignment perturbations; meanwhile, the

energy gets changed back and forth between the potential and kinetic
energies. '

Now for a given kinetic energy of the effective mass, the rail
deflection which gives rise to the same amount of potential emergy can
be calculated for both the soft and the hard sections. This is done by
finding the area under the load-deflection cutves*** (taken from the

Battelle Report [3]) for the two sections, as shown in Figure 57. The

*For "soft" lateral suspension or during operation in a deadband, the
contribution of carbody mass to this effective mass will be small,

An accurate estimate of the effective mass can be made by detailed
analysis of the lateral characteristics of the vehicle and by tests
on the VIU. Another way is to study the impulse (SF.dt) of the force
peak and relate it to the change of momentum. Knowing the axle
lateral velocity before and after impact can then help estimate the
effective mass. '

e ad .
, truck and the carbody ("effective" mass) , gets converted to potential l

*%k
Assuming the loss to be negligible.
kkk

This assumes that the static representation of the track stiffness
is valid under dynamic situationms. ‘
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M = Effective Mass (Axle plus some mass of truck and carbody)
V = Lateral Velocity of Mass
X = Latéral Rail Deflection

FIGURE 56. A SIMPLE REPRESENTATION OF ENERGY TRANSFER IN LATERAL
MOTION
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resulting potential energy versus load curves are shown in Figure 58,
From these curves, the lateral force acting between wheel and rail
can be determined, given a potential energy estimate. This is done

in two ways.

At first, assume that the lateral kinetic energy of the effective
mass is the same in both hard and soft sections ("Equal Energy
Hypothesis'"). Then the peak potential energies for the two sections
should also be the same, and if the lateral wheel force on the hard
section is given, the corresponding force on the soft section will be
that which giveé to the same potential energy in both sections, as shown
in Figure 58. As can be observed from Figure 59, this scheme can
accurately predict the force on the soft section for speeds up to about
65 mph. Beyond that, the predictions are higher than the actual

observations.

There could be several reasons for the increase in the differences
between the lateral forces acting on the two track sectiouns:

%
1. The change in the track stiffness beyond 0.4" deflection

is such that the above discrepancy can be explained;

2. The lateral kinetic energy for the softer track is lower

than that for the stiffer track, especially at higher speeds.

The relationship between the energy in the system and the stiffness

can be demonstrated by a simple spring mass system:

Ix
o}

Spring
Mass, M —MN\— Moving
K Base

. .
Considered to be the limit of the static stiffness characteristics
shown in Figure 57. '
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FIGURE 58. POTENTIAL ENERGY VS. LATERAL FORCE FOR THE HARD AND
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In this system, both x and y are zero initially. At time t = O, —l
the base starts executing a sinusoidal métion with frequency w(rad/s)
and amplitude Yo If the losses are neglected, the spring mass system ,l
will obtain its energy from the datum only during the transient phase;
once a steady state is achieved, the system energy will be conserved.
(at that stage, the net energy flow from the datum will be zero ).
Although the total energy is conserved, the form of energy changes from
kinetic to potential--back and forth. The amount of energy stored in
the system and its dependence on the system parameters (i.e., M, K,

yo,and w) can be determined through the equation of motion:

‘MX

K(y - x) : , (3)

or

K/(MS% + K) y (%)

(in Laplace Transform notation)

X

Tﬁus, velocity,

V = sx =ks/(us? +R) y : (5)
The gain is then:

Gain = ‘m/(K-sz) | (6)

Therefore, for amplitude Yo? the peak velocity would be:

Peak velocity = Ku yO/K - Mm2 7N
Now, total energy = peak kinetic energy = 1/2 M (Peak V)2 (8)
Therefore:
: 2..2
Total energy = 1/2.M- (Kw yO/(K-Mm-)) 9)
Now, for very small w, Mmz << K and thus: _ ‘ l
2 2
Total energy = 1/2 M w'y_ - (10)
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That is, the total energy is independent of K. However, for very large

3
w, Mw” >> K and then:

K2 2
Total Energy = 1 M Yo
2 M2 w2
2 2
= 1 K Yo (11)
2 M mZ

Thus, the total energy is proportional to square of K. Therefore,
at higher frequencies {above the system natural frequency), the energy
imparted by the datum is proportional to Kz. Thus, above a certain
threshold w, a soft spring system would have less energy than a hard

spring éystem.

A similar argument can be made for the lateral energy in the system
imparted by the perturbations.* The vehicle gets the lateral energy '
during the transient motiom. Once it has achieved a steady state, the
total energy remains about the s,ame,,h"< being coaverted from kinetic
energy of lateral motion to potential energy stored in the tracks and
back to the kinetic energy. This energy would be iudependent of the track
stiffness at inﬁut frequencies lower than the system's natural frequency,

but would be strongly dependent once past the natural frequency.

Now, a very rough estimate of the lateral natural frequency of the

axle mass, track stiffness system can be made:

.
Actually, the tracks just act as intermediary; the lateral energy
comes from the longitudinal energy of the vehcile, supplied by the
locomotive.

k%
Neglecting the losses. 1If the losses are not neglected, the pertur=-

" bations keep transferring the longitudinal energy of the vehicle to
lateral enmergy throughout the negotiation of the perturbed section
and not just initially during the transition phase.

109



K = 65000 1b/in (roughly, from Battelles results) "l
M = 10000 1b (On a low end. Actually,we should include
some truck and carbody masses as well) s
Then: : ' . I
w
£ =0 _ 1 \I 12 x 32.2 x 65000
- = )
n 27 . 2m

10000

* 8 Hz

which translates, for a 50 mph sﬁeed, to a perturbation_wavelength of
about 10'. Although the wavelength of the rectified sinewave is 39',
smaller wavelength components exist at the cusps. Also, if the
effective mass were to be higher than 10,000 1b, the natural frequency

will be lower.

Therefore, the natural frequency of this spring mass system could
be exceeded beyond, say, 50 mph, and then the kinetic energy for the
soft track could be lower than that for the stiffer track. This would )
very elegantly explain why the difference in lateral force level '

increases as the speed is increased.

This hypothesis was checked by first estimating the ratio of the
lateral stiffness of the two track sections and then.reducing the
kinetic energy on the hard section by a factor of the stiffness ratio
squared, in order to obtain the kinetic energy on the soft section, and
then the lateral wheel force. The problem of calculating the ratio of
stiffnesses for such a nounlinear system was solved, using the energy

plot and the relationship below:

Energy of hard section for

Ratio of Stiffnesses = —2.Particular deflection 12)
: , Energy of soft section for

the same deflection ‘
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This exercise resulted in a modified plot of the lateral force
prediction, as shown in Figure 59. Such a good match between the pre;
dicted and the measured values indirectly proves that the static repre-
sentation on the track stiffness may be good enough even for the dynamic
situations. However, additional work is fequired to ensure that this

conclusion is valid in all different situations.

3.7.5 Conclusions

The results summarized in this section have shown that the removal
of spikes leads to a reduction in the wheel lateral force. An analysis
of the results shows that a simple spring mass model succeeds in pre-
dicting the forces on the soft segment from those on the hard segmeut,
demonstrating that the static stiffness of the track may be
an adequate descriptor of its dynamic stiffness behavior, at least in
the ranges of the displacement (about 0.4") and frequency (at least 3 Hz)

considered in the analysis,

3.7.6 Implications to SATE

The track lateral stiffness has a significant effect on the lateral
wheel force and the L/V ratio, particularly at high speeds. This
stiffness, therefore, will have to be closely controlled in designing,

building, and maintaining the tracks for SAFE.
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3.8 DIFFERENCES IN CURVE AND TANGENT TEST RESULTS

3.8.1 Question

By comparing the data from the tangent and curved perturbed tracks,

determine the quantitative differences in vehicle response due to cur-

vature.

3.8.2 Approach

Four test sections with 78' wavelength perturbations were

selected to answer the above questiom:
e Section 2 (pure alignment perturbations on a curve):

e Section 4 , (superposed alignment and crosslevel per-

turbation on a curve);
e Section 8 (pure alignment perturbations on a tangent);
® Section 9 (superposed perturbations on a tangent).

The response of the SDP-40F locomotive on these sections, characterized
by wheel and truck forces (lateral), yaw rates (truck), and carbody
accelerations (yaw and sway), was studied for test runs made on 1202
and 1214. The descriptor selected to represent the forces was Lgs;

in most cases, LT40MAX was also plotted. The accelerations were

represented by the RMS values.

3.8.3 Observations

The truck yaw rate channel was found to be non-operational on 1202,
and thus, that response variable was not studied further. The other

variables are plotted in Figures 60 through 69.

Figure 60 shows the wheel lateral forces observed on the pure
alignment perturbation sections on tangent and curve. The same forces

: *
for the superposed perturbation selections are plotted in Figure 61.

* '3
Significant variations in the force levels at the same speed were dlscovered
while plotting this figure. Further examination showed that the variations
were dependent on whether the data were taken earlier during the day or

later, as can be seen in the figure.
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The figures show that for the superposed perturbation sections;
tangent and curve testing generally resulted in similar lateral force
valﬁes, whereas for the pure alignment sections, the lateral forces on
the tangent were muéh lower than the corresponding forces on the curve.
This inference can also be arrived at by studying the time history plots
in Figures 62 and 63.%* Qualitatively, the force peaks on the sections
located on the curve are not only larger in magnitude, particularly
for testing oun the pure alignment sections; but are broadef than the cor-

responding peaks on the tangent sections.

The plots of the sum of left lateral forces (Channel 78), shown in
Figures 64 and 65, indicate once again that the differences in the results
from tangent and curve testing are significantly smaller on the superposed
perturbation sections than on the pure alignment perturbations sections.
The same is found to be true in the carbody yaw accelegation plots shown

in Figures 66 and 67.

The RMS.sway acceleration values are changed to the standard deviation
values, hecause the centripetal acceleration causes mean acceleration on
the curve to be nonzero except around the balance speeds. This standard
deviation value on the curve is generally larger than the RMS value on
the tangent for testing on the pure alignment. sectioms, whéreas the
reverse holds true for testing on the superposed sections, as shown in

Figures 68 and 69.

3.8.4 Interpretations

One of the key reasons for answering this question is to determine-
if testing merely on curves is sufficient or if testing on tangents is-
required as well. For this to be true, the results for testing on a
tangent should be deduced from that on a curve by removing the effects

of, say, the centrifugal force.

From the observations summarized in the preceeding, this is found

to be untrue; i.e., we cannot obtain the tangent results from those

* .
Even at the balance speed, the forces on the tangent were lower than
than those on the curve.

*¥k .
Note the scale difference between the two charts in each figure.

123



on a curve. First, the differences in the two types of results depend
on the perturbation type; for superposed perturbation, the differences
are generally small, but for the pure alignment perturbation, the dif-
ferences are large. Thus, even though subtracting the estimated centri-
fugal force from the Lgg value of the sum of left lateral forces acting
on a truck does make the response on the superposed perturbation section
on the curve very much like that on the tangent, the same is not true
for testing on the pure alignment perturbation sections, as can be seen
from Figures 64 and 65. Similarly, eliminating the centripetal ac-
celeration component does not make the sway response on the curve look
like that on the tangent, as is shown in Figures 68 and 69. Thus, the
differences in the vehicle performance on the curve and on the tangent
do not arise jﬁst because of the effects of the centrifugal force (or

of the centripetal acceleration); other factors, such as wheel/rail

attitude, are responsible as well.

3.8.5 Conclusions

The response of a vehicle on a tangent cannot be predicted from
studying just the response on the curve (using only the test results
and not a validated computer model) or vice versa. The vehicle
studied (SDP-40F) responded in & similar manner to the superposed
perturbation on both the tangent and curve. However, the response on the
pure alignment perturbations on the curve was more severe than that on the

tangent. The suspension nonlinearities are suspected for this discrepancy.

3.8.6 Implications to SAFE

The implications of these results to the design of SAFE is that
testing over both curved and tangent track is necessary to accurately
characterize such a highly nonlinear system as a rail vehicle. The
performance on the tangent may not be estimated from that on similar
curve sections. 1In the particular case §tudied, the operation on the

tangent pure perturbation section was more 'stable" than that on the curve.
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Although testing on curve produces more severe response in general,
because of the nonlinear nature of the system, this may not always be
true (e.g., hunting). Also, the stability of a vehicle depends not only
on the perturbation characteristics (type, magnitude, etc.) but also on

the speed of operation. Generally, the speed on a tangent is higher than

‘that on a curve. Therefore, the perturbations on a tangent can con-

ceivably cause more stability problems than similar perturbations on a
curve. Finally, for model validation, testing on curve alone may be
sufficient. Thus, there seems to be reasonable justificatibn for testing

on both curve and the tangent.
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3.9 SUPERPOSITION OF THE PERTURBATION

3.9.1 Question

Identify the effects of superimposing crosslevel and alignment
perturbations and determine the degree to which the roll and lateral
response are decoupled. Further, determine if these effects are

curvature dependent.
3.9.2 Aggroaéh
The variations in the Lgg5 values of :
e left vertical wheél force,
e left lateral wheel force,
e locomotive yaw angle, and
e locomotive roll angle
versus speed were studied for operation over:
e pure alignment perturbation‘sectipn,
@ pure crosslevel perturbation section, and
e superposed alignment and crosslevel perturbation section
on:
® tangent, and
® curve.

3.9.3 Observations -

The plots mentioned above are sﬁown in Figures 70 through 77. The

following observations can be made from these plots.

*
& On the curve, the lateral wheel force, locomotive yaw
acceleration, and locomotive roll acceleration on the super-

posed perturbation section (Section 4) looked similar to

*The lateral wheel force on the superposed perturbation for the same
speed depends on whether the speed test was performed earlier or
later during the day, as shown in Figures 72 and 73. The same
problem was encountered earlier as discussed in Section 3.8.
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those on the pure alignment section (Section 2). The

same was, however, not true on the tangent; the lateral
force and the yaw and roll accelerations were lower on the
pure alignment tangent section (Section 8) than on the

*
superposed perturbation section (Section 9).

e On the curve and tangent sections, the magnitudes of the
above three variables were generally lower than the
corresponding values on the pure alignment sections and

on the superposed perturbation sections.

o The minimum vertical force levels — on the superposed per-
turbation section on the curve were somewhat similar to
those on the pure alignment section on the curve. However,
on the tangent, the force levels on the superposed per-
turbation section were lower than those on the pure align-

ment section.

3.9.4 Interpretations

_ One of the objectives of this investigation is to determine if the
performance on the pure perturbations can be deduced from étudying that
on the éuperposed perturbations. If that were true, a large number of
perturbed track sections need not be built in a stability assessment

facility such as SAFE. Unfortunately, this is not true.

First, the alignment perturbations affect not only the lateral
wheel force and the yaw motion, as they should, but also the roll motion
of the vehicle. 1In fact, for the cases considered; the roll motion
caused by the alignment perturbations completely masks the effects of
the crosslevel perturbations on the same. Thus, it would be impossible.
to deduce the effect of crosslevel perturbations from that of the super-

posed perturbations, at least for the locomotives considered.

. .
The left lateral truck force (Channel 78) also exhibited similar behavior.

k%
- Figures 70 and 71 show Lg5 values corresponding to the minimum vertical

force and not the maximum. - With wheel unloading being oae of the con-
cerns, the minimum value is the more important of the two.
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The effect of the pure alignment perturbations can be deduced from
that of the superposed perturbations, but that seems to hold true only
for testing on a curve. 1In case of the tangent testing, there is a
substantial difference between the vehilicle performance on the pure align-
ment perturbations and that on the superposed perturbations. The sus-
penéion nonlinearities aré suspected to be responsible for this anomaly.
As shown in Figuré 78, there is a dead band in the lateral stiffness
of the SDP-40F suspension. Very likely then, during operation over the
pure alignment perturbation tangent track, the axle remained more in
this dead band region, causing relatively low levels of forces and
accelerations, than during operation over the superposed perturbation

track, when influenced by the crosslevel input.
3.9.5 Conclusions

The effects of the alignment perturbations on the lateral as well
as roll motion of the vehicle tend to dominate the effects of crosslevel
perturbation on the same, at least\for the relative magnitudes of the
two perturbations types incorporated in the PTT track. The lateral and
roll responses are not decoupled, both being excited by the alignment
perturbations. In addition, these effects are curvature dependent. The
vehicle response on the tangent, in both lateral and roll modes, is
significnatly more severe on the superposed perturbatibns than that on
either of the pure perturbations. On a curve, on the other hand, the
response on the superposed perturbation section is similar to that omn

the pure alignment sectiom.

3.9.6 Implications to'SAFE

Testing on both pure and superposed perturbations will be required,
since it does not seem possible to deduce the responses on the pure per-
turbation sections from those on the superposed sections. For the cases:
considered, the performance on the superposed perturbation was less
"stable" than that on either of the pure perturbation sections. However,
for the reasons identified earlier in Section 3.8, testing on both pure

and superposed sections will still be necessary.
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3.10 CHESSIE REGRESSION ANALYSIS
3.10.1 Question
How well do the Chessie regression equations explain data from PTT?

3.10.2 . Approach
The L95 values of the lateral wheel force were plotted against speed

for both the E-8 and SDP-40F operating on test Sections 3 aad 4, and
for the SDP-40F operating on Sections 5.1, 5.2, and 5.3. These were
then compared with the predictions made using the Chessie regression
equation [7]. These equations, along with the type and range of track

descriptors used in the analysis, are shown in Figure 79.

3.10.3 Observations

The above mentioned plots are shown in Figures 80 through 84. As
can be seen from the plots, the predictions on Sections 3 and 4 do not
match the actual observations, whereas the predictions on Sections 5.1,

5.2, and 5.3 are somewhat similar to the observations on those sectioms.

3.10.4 Interpretations

Table 6 compares the range of Chessie track descriptors with those
of the five perturbed track sections of the Perturbed Track Test (PTT).
By these descriptors, the PTT sections are not included in the range of
validity of the Chessie test regression equations. However, it is impor-
tant to note that the measurement of gage, g, was intended as a sur-
rogate for high-rail alignment during the Chessie analysis. Given the
typiéal trend of track degradation in revenue service (i.e., low-rail
misalignment is minimal compared to high-rail misalignment), gage varia-
tions are reasonable approximations ofvhigh-rail alignment deviatioms,
In PTT Sections 3 and 4, gage variations were kept low, while there were
substantial high-rail alignment deviations. For this reasom, the des-
criptor 02g (the square of the standard deviation of the gage measure-

ments) is small compared to the variations it was intended to measure.

The closest agreement between Chessie prediction and actual PIT

data are on Sections 5.1, 5.2, and 5.3, possibly because Section 5 pertur-
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TABLE 6. COMPARISON OF THE TRACK DESCRIPTORS FOR CHESSIE
TEST AND PTT (SECTIONS 3, 4, AND 5)
PTT -SECTTION
PTO S
DESCRIPTORS CHESSIE 3 4 5.1 5.9 5.3
E} degrees 2->3 1.501 1.471 1.506 | 1.500 1.496
. degrees .13 » .32 ,0.017 0.056 0.029 0.022 0.015
0.010 » 0.270 0.0164 0.088 | 0.068 0.062

ozg, inch?

0.0045




bations are high-rail misalignment only, for which gage variation
measurements have a similar interpretation as Chessie gage variation

measurements.
3.10.5 Conclusions

The Chessie regression equations predict the lateral wheel force
(high rail) reasonably well for Sections 5.1, 5.2, and 5.3, i.e., sections
with similar track descriptors as those observed in the Chessie test.
These predictions are accurate at the balance speed and lower than the
test observatioﬁs at higher speeds. For the other alignment perturbation

sections, the predictions are quite poor.

3.10.6 Implications to SAFE

The regression techniques may be useful in extrapolating the vehicle
performance on revenue service from that on a test track. However, the
experience of PTT has shown that the regression equations should be
applied only within the range of input parameters for which they were
derived. - Otherwise, totally inaccurate results may be obtained. Thus,
care should be exercised in using the regression techniques for

analyzing data from SAFE.
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3.11 LOCAL TRACK GEOMETRY

3.11.1 Question

Determine how well the variations in lateral wheel and truck forces

are explained by cycle to cycle variations in local track goemetry.

3.11.2 Approach’

The Lgg values of each cycle of the left lateral wheel force
(Axle 4) and truckside force in Section 4, were obtained for different
AE. These were compared with the track geometry for each cycle, expressed

in terms of Fourier coefficients.

3.11.3 Observations

The wheel force signatures in PTIT sections are different for each
perturbation cycle. Figure 85 shows the differences in cycle—by-cycle
%heel forces* for Sections 1, 2, 3,ana 4. The four pulées of wheei
forces on Section 4 were further analyzed to give separate Lgs for each
of the cycles. These values, plotted in Figure 86 over a range of speeds
(shown as a range of AE), show that not only are there differences between
each pulse at any speed, but pulse characteristics are also speed de-
pendent. For example, at a low speed (40 mph), the Lg5 value is the
highest on the. first cycle and the lo&est on the fourth., However, at a

high speed (70 mph), the Lg5 reaches the maximum on the last cycle.

fhe local track geometry has been expressed quantitatively in terms
of Fourier component amﬁlitudes at differeﬁt cycles, as shown in Figure 87,
For each cycle, 78 ft. wavelength is the prime component (it is a 78 ft.
wavelength piecewise linear perturbation section), whereas the others are
1/2, 1/3 and 1/4 multiples of the prime component. It should be noted
that the definition of "cycle' selected in the test plan is different

from that used in developing the plot shown in Figure 86.

3.11.4 Interpretations

One of the problems encountered in this analysis is the definition

of a cycle. The peaks of the lateral force coincided with the sharp

The truck side forces exhibited similar behavior. Therefore, they are
not plotted.
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peaks incorporéted in the design of the plecewise linear perturbations.
Thus, in the study of the effects of local geometry, the cycles had to
be defined in sgch a manner that éach cycle will contain one pertur-
bation peak. However, in performing the cycle-by-cycle geometry
analysis, a perturbation cycle was defined in the same way as in

the perturbation design. Thus, the results showed in Figures 86 and 87
cannot directly be compared to give quantitatively the effects of local

track geometry on wheel forces. Some qualitative observations can,

however, be made.

The wheel forcé depends on the relative motion between the wheel
and the rail. The rail moves relative to the wheel because of deflection
and geometry variations along the length of the track. The wheel motion,
on the other hand, is tied to the motion of the rest of the vehicle.
During a study of the lateral motion of the wheel, the.yaw ;nd sway
motions of the vehicle should particularly be considered. The force on
the wheel in any cycle then depends on the local track perturbations and
the effect of the vehicle motion on the wheel in that cycle. Since
vehicle motion is speed dependent, one of these two factors may be more

important than the other at any given speed.

At 40 mph (AE = -1.3), the local track geometry effect seems to -
dominate the véhicle motion effect in generating the wheel force. This
is because the Lgs value of the lateral force at 40 mph is much larger
on the first cycle than on the fourth cycle. Since the track was redomne,
after the panel shift incidence on 1201, the cycle amplitude at the end
of the test section was lower than that in the beginning of the section.
This is confirmed by the Fourier analysis (although for different
cycle definition), as shown in Figure 87. Thus, the lateral force be-
havior discussed above is likely to be related directly to the local
variatiouns in perturbations. However, at 70 mph (AE = 2.2), the Lgs
value of the lateral force reaches the maximum on the last cycle. This
may be ﬂue to the effect of vehicle motion on the wheel motion. (At
70 mph, the yaw motion of the SDP-40F is sharply higher than that at 40
mph, as shown in Figures 31 and 32.)
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3.11.5 Conclusions

The local behavior of the lateral wheel force (cycle~to-cycle be-
havior is affected by both the local track geometry, as well as by ﬁhe
motion of the vehicle and 1ts.characteristiés. The relative influence of
the two factors on the wheel force depends on the vehicle speed. For the
cases studied, at low speeds (40 mph), the influence of the local track
geometry tends to dominate, whereas at high speeds (70 mph), the vehicle
motion dictates the cycle-by-cycle variations in the lateral wheel force

and the effects of the local behavior of geometry are suppressed.

3.11.6 Implications to SAFE

If it is assumed that the low speed variations in the force values
were largely due to the local track geometry even big differences in’
cycle geometry (as those shown in Figure 87), lead to relatively small
variations in the force'peaks; the Lgg values in Figure 86 for low
speed (AE = -1.3) lie within 7 kips and 5.5 kips. Thus, the tolerance
used in the PTT perturbation design (+ 1/8 inches) should prove to be
valid, even for the design of SAFE test track. ’

152



3.12 PANEL SHIFT

3.12.1 Question

How can response data be used to anticipate panel shift?

: *
3.12.2 Approach

Truck force data were examined and compared in Track Sections
4.3. (i.e., third cycle of Section 4) where no panel shift occurred,

and Section 4.4, where panel shift did occur.

Section 4.4 was chosen because wayside lateral force data were
available in it for a particular run. This allowed the responses of
trucks 1, 2 and 3 to be compared with that of truck 4, which had wheel
force instrumentation. This comparison led to ratios between the forces
of trucks 1, 2 and 3 to the force of truck 4, as a function of distance,

in Section 4.4. These ratios are shown in Table 7.

The ratios were then assumed to hold for other runs in Section 4.4
as well as for all runs in Section 4.3. Since truck 4 data were
available for these other sections and runs, it was possible to
synthesize truck lateral force data for them. These synthesized
response curves were examined to see if the force traces for
Section 4.4 (for the test runs in which paﬁel shift occurred) were
qﬁalitatively or quantitatively different from the force traces in

Section 4.3, where panel shift never occurred.

In addition, a small quantify of L/V data available from BCL for

a run in Section 4.4 was examined,

3.12.3 Observations

Panel shift occurred in Section 4.4 starting with Run 120108. This
was a 65 mph run and caused a very minor shift. A significant shift
occurred in Run 120109, at 70 mph; and in run 120110, at 75 mph. In

the next run, number 120111, at 65 mph, no further shift. occurred.

In addressing this question, more than any other, the need for additional
data was strongly felt. The occurrence of panel shift was unplanned,
and, consequently, the instrumentation did not record much of the data
required to determine its cause. In the following, however, an attempt
is made, based on inadequate data, to determine how a panel shift can
be anticipated. As can be expected, this required making several
assumptions which are only partly confirmed or unconfirmed.
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" TABLE 7. SCALING FACTORS FOR THE LATERAL FORCES IMPARTED BY
THE FOUR TRUCKS ON SECTION 4.
£ 3
LOCATION IN SECTION 4.4
CRIB NO.
TRUCK NO. JOINT 5 10 15 20

1 - 0.66 | 0.77 1,00 | 1.42 | 1.44 | 2.03 | 0.86
2 - 0.73 | 0.74 0.81] 0.37 ] 0.39 | 0.47 | 0.43
3 - 0.66 | 0.79 0.91 1 1.28 | 1.61 | 2.50 | 2.29
4 - 1.00 | 1.00 1.00 { 1.00{ 1.00 | 1.00 | 1.00

*
Referenced to the lead axle of each truck.




Table 8 shows the synthesized data for Sections 4.3 and 4.4, for
Runs 120107 through 120111,

Figures 88 and 89 show the data in Table 8 plotted as time

functions:

Run Section
Figure 88 (a): 120107 4,3
(b): 120108 4.3
(c): 120109 - 4.3
(d): 120110 4.3
Figure 89 (a): : 120107 4.4
(b): 120108 4.4
(e): 120109 A
(d): 120110 b.b
(e)” 120111 A

Note that these are truck forcés for the high rail side only.

Figure 90 (from BCL) compares ghe force levels for a single axle,
for a truck high rail side and for a truck (all wheels), using data
from Section 4.4, The significant points shown by the figure are that
the single axle forces are much lower than the truck forces and may
therefore be disregarded; and that the truck forces for the high rail
side are virtually indistinguishable from those on both sides. Thus
the one-side data in Figures 88 and 89 may be considered to be the

same as panel forces.

Figure 91 (from BCL) shows L/V ratios in Section 4.4, for a single
axle, for a truck high rail side and for an entire truck. The L/V
ratios are higher for the single axle, but not by enough to counteract
the effects of the much lower lateral force values shown in Figure 90.
Also, the truck high rail L/V values are higher than the total truck
L/V values. This suggests that the total truck lateral force and L/V
values are of prime interest. Unfortunately, the only truck L/V data

available (other than those for truck 4) are those shown in Figure 91.
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*
TABLE 8. SYNTHESIZED VALUES OF LATERAL FORCE ON SECTIONS 4.3 AND 4.4
FROM EACH OF THE FOUR TRUCKS

LOCATION SECTION 4.3 [ _____SE_(_.‘IJ_(H_\l_Jc_,_/c_‘_'_ I '
ST - 3 g SHLFTED ON RUNS N
(lil}lll NO.) (NEVER SUIFTED) ( FTE RUN 8, 9, 10)
Jro 2.5 % 7.5 10 12.5 15 17.5 20 JI 2.5 5 7.5 10 12.5 15 17.5 20
RUHE, SPEED
120107,60
TRUCK 1 24 33 35 31 10 0 0 0 139 33 29 6 0
2 27 32 28 8 3 0 0 33 37 27 8 8 1 0 NO
3 24 34 32 28 11 0 [ 30 40 30 28 32 8 0 SHIFT
4 43 37 43 35 22 7 0 0 0 30 45 50 33 22 20 3 0 0
120L08,65 .
TRUCK 1 35 45 55 78 43 30 0 35 45 60 88 76 61 "3 VERY
2 | 3 43 45 20 12 7 1] 39 4) 49 23 21 14 2 MINOR
I 35 46 50 70 48 J8 0 : 35 46 55 79 85 75 9 . SULFT
4 52 53 58 55 55 30 15 0 0 34 53 58 60 62 53 30 4 0
120109, 70 ‘ A
TRUCK 1 4) 58 88 114 108 122 39 40 50 76 111 108 142 43
2 47 56 71 30 29 28 19 44 48 62 29 29 33 22 SHIFT
3 431 59 80 102 121 150 10) 40 51 69 100 121 175 115
4 45 ) 65 75 88 80 75 60 45 0 . 4ho b0 65 76 78 75 70 50 0
120010,75 R
TRUCK 1 40 68 92 128 127 152 58 12 35 62 85 130 148 63
2 44 65 75 33 34 35 29 13 3 50 22 35 34 31 SILFTY
3 4 70 84 115 142 188 153 12 36 56 77 145 183 167
4 25 6 388 92 90 88 75 67 60 5 18 45 62 60 90 7 713 60
120111,65 . '
TRUCK 1 3% 40 55 B84 72 30 10 26 40 46 65 86 122 19 NO
2 39 I8 45 22 20 7 5 29 38 37 17 23 28 19 MORE
3 35 4l 50 26 a1 33 27 26 41 42 59 97 150 103 SHIFT
4 45 53 52 55 59 50 15 12 7 20 40 52 46 46 60 60 45 10
® Wayside data from #120108, Section 4.4 lead to the scaling Factors
® Truck 4 data were read from brush charts
® Trucks 1, 2,and 3 were ohtained from (Truck 4)n(scaling factor)
*Inst:mtnnenus left lateral truck force (three wheels, high rail), In thousands of pounds.
SECTION 4.3 SECTION 4.4
W AL1CNMENT
L) [ N [ [ °
ST 5 10 15 20 Jr 5 1w 15 20
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The data corresponding to truck 3 from Figures 88 and 89 were
I analyzed to determine the peak and LDS values, where LDs is the value
’ of force exceeded for 5 crib lengths. The results are shown in

I o Figure 92.
The following observations can be made from the data presented:

e Truck 1 had an L/V value of 0.58 (Figure 91) when
panel shift occurred. However, this may not be the
limiting value of L/V, since it is not clear that
Truck 1 caused the panel shift. Corresponding to that

value of L/V are maximum truck lateral forces of:

87,000 1bf (Figure 89(b));

L =
L = 142,000 1bf (Figure 89(c)); and
L = 147,000 1bf (Figure 89(d)).

However, the latter two values are suspect, since the
) scaling factors used in synthesizing force traces may not

apply to the post-panel-shift geometry.

e Peak lateral forces were probably caused by trucks 1 and

3 (Figures 88 and 89), truck 3 being generally higher.

e At 70 mph, truck 3 had a peak lateral force of 175. kips and
4 and LD5 of 120 kips in Section 4.4. This resulted in a
significant panel shift. At 75 mph, in Section 4.3,
however, truck 3 had a peak force of 187 kips and LDS
of 140 kips without causing a panel shift (Figure 92).

e In the range of speeds considered here, the extrapolations
of force values should be non-linear; i.e., if data have
been obtained for forces at speeds up to 70 mph, the
prediction for a 75 mph run should not be from a linear

I - , extrapolation.
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3.12.4 Interpretations

The primary factors involved in panel shift are:
(a) truck laterai forces;

(b) truck L/V ratios;

(¢) track strength; and

(d) compressive forces in the rail.

Item (d) cén presumably be eliminated from consideration for the
PTIT track. Given this, Section 4.4 may have experienced a panel"
shift, while Section 4.3 did not, because (i) its force levels were
higher, (ii) L/V ratios wetre higher, énd (iii) its strength was lower.
The synthesized data presented above suggest that force levels
experienced in Section 4.3 were at least as high as those in
Section 4.4. The remaining possibilities, therefore are that the
L/V ratios in Section 4.4 were lower than those in Section 4.3, or
thgt the strength in Section 4.4 was lower. Adequate data were not

available to check either of these possibilities.

If one wishes to speculate, then an argument could be made that
truck 3 caused the panel shift; that in Run 120108 (when incipient
panel shift occurred), its peak force was 85 kips and its LD5 77 kips,
and that for the same run, truck 1 had peak L/V of 0.58 and a
peak truck L of 87 kips. Scaling peak L/V in the ratio of peak L,
one might argue that truck 3 also had a peak L/V of 0.58. (The data
suggest that for this run, 120108, there was little difference between
trucks 1 and 3.) Thus, a combination of L = 85 kips and L/V = 0.58

may have caused the panel shift.
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Now, assuming that the critical lateral force for panel shift

is:

L = L +f£V (13)
where

LS = Lateral strength

V = Vertical load

f = Friction coefficient,

then a pair of values lying on this line are:

L = 85 kips, V = 0.58 = 147 kips.
Thus,

85 = Ls + £(147),
or

LS = 85 - 147 f£.

The following table shows Ls,as a function of f:

£ 0.1 0.2 6.3 0.4

L (kips) 70 55 41 26

L3

Test data from a panel pull test could be used to determine f
or Ls' If this were done, Equation (13) could be used as a guide to

*
incipient panel shift.

A similar analysis was performed using the axle forces for Run 120108

(L = 41 kips and L/V =0.9) obtained from Figures 90 and 91. This
analysis indicated that the combination of L = 41 kips and L/V = 0.9

for the axle is less severe (as far as panel shift is concerned) than
the combination of L = 85 kips and L/V = 0.58 for the truck, unless

f is larger than 0.45. Even then, the increase resistance to panel
shift caused by the vertical forces of the other axles in the truck
will have to be negligible in order for the axle to cause a panel shift.
This is considered unlikely.
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3.12.5 Conclusions

e Data were inadequate for an unequivocal answer to the‘
question posed in Section 3.12.1. Additional wayside
data--force values and dynamic deflection--would have

been invaluable.

® Real-time synthesis of force traces of the type described
above should be carried out in order to anticipate panel
shift.

e Equation 13 should be validated and calibrated.

e The best available criterion at present is that a peak
truck lateral force of 85 kips combined with a peak L/V
of 0.58 is adequate to cause panel shift for the particular
track used for this test. These numbers will vary signi-

ficantly with track strength.

3.12,6 Implications to SAFE

In order to ensure safety during testing at SAFE, a derailment
criterion should be formulated to address various modes .of derailment,
such'és wheel climb, rail roll over, panel shift, and so on. Then,
during ﬁesting, a number of onboard and wayside data channels should be
monitored,. so that warning can be provided if derailment in any mode is
likely. Although no definite panel shift criterion has émerged from
this study, primarily due to the lack of data, the following statement

provides a basis for an initial assessment:

A peak truck lateral force of 85 kips combined with a peak
L/V of 0.58 was adequate to cause panel shift on the per-
turbed track. ‘
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4. CONCLUSIONS AND RECOMMENDATIONS

As mentioned in Chapter 1, the two primary objectives of conducting

the PTIT data analysis were:

e To gain further understanding of the vehicle/track inter-

action; and

o To provide data to assist in designing, developing, and

operating SAFE.

This section summarizes the conclusions regarding the mechanism of
track/vehicle interactions, the implications of these conclusions to

SAFE, and some suggestions on how to improve such tests.

The conclusions and the discussion of the implications of the
results to SAFE are strictly valid only for the vehicles employed, for
the tracks used, and for the operating conditions present during the
test program. These speculations are, in most cases, preliminary and
may not be valid for all vehicles, tracks, or operational environments;

however, a framework for discussion is.provided.

4,1 SUMMARY OF CONCLUSIONS

4.1.1 Locomotive Performance

The maﬁor difference in the behavior of the SDP-40F and E-8 loco-.
motives is the large yaw motion exhibited by the SDP-40F locomotive
on relatively long wavelength (78 foot 1) alignment perturbations at
speeds which cause the input to be at about 1.4 Hz. In the tests per-
formed, this motion resulted in high lateral wheel forces (the 95th
percentile value of the wheel lateral force of up to 35 kips) and high
L/V ratios (Lgs value up to 0.8). This high yaw motion of the SDP-40F

may be one of the contributing factors to its derailment tendencies.

4,1.2 Baggage Car Performance

The tested baggage car was generally more excited while trailing the
E-8 locomotive than while trailingthe SDP-40F locomotive. The differences

in the behavior of the baggage car behind different locomotives seem to
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stem not only from the variations in the locomotive motion, but also
from differences in the coupler characteristics. The baggage car wheel
force and coupler angle channels were largely inoperative. Thus, no
conclusion can be reached regarding the relative stability of the

baggage car trailing either of the two locomotives.

4.1.3 Testing on Tangent and Curve

The response of a vehicle on a tangent cannot be predicted from
only a study of its response on a curve (i.e., using only the test
results, without using a validated computer model) or vice versa. For
example, the response of SDP-40F to the superposed crosslevel and align-
ment perturbations on tangent was similar to that on a curve. However,
the response to the pure alignment perturbations on the curve was more

severe than the corresponding response on the tangent.

4.1.4 Superposition of Perturbations

On a tangent, the vehicle response, in both the lateral and roll
modes, is more severe on the superposed perturbation sections than on
either of the pure perturbation sections. On a curve, on the other
hand, the response on the superposed perturbation section is similar to
that on the putre alignment section. In the testing on the track segments
with superposed perturbations, the effects of the alignment perturbations
on the lateral, as well as roll, motion of the test vehicle (SDP¥4OF)
tend to dominate the effects of the crosslevel perturbations. The
lateral and the roll responses are not decoupled, both being excited by
the alignmeﬁt perturbations. These responses are, in addition, curvature-

dependent.

4.1.5 Local Track Geometry

The cycle-to-cycle variations in the lateral wheel force, as a
vehicle negotiates a perturbed track section, are caused by both the
local ﬁrack geometry, as well as by the motion of the vehicle. The
relative influence of the two on the wheel force depends on the vehicle
speed. For the cases studied, at low speeds (40 mph), the influence of
the local track geometry tends to dominate, whereas at high speeds (70 mph),
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the vehicle motion dictates the cycle-by-cycle variations in the lateral

wheel force.

4.1.6 Rail Surface Condition

The positive lateral force on all three surfaces increases as the
speed is increased. Also, the positive lateral force on the sanded
surface is usually higher than that on the dry surface; the force on

the lubricated surface is usually lower than that on the dry surface.

The negative L/V ratios* for the wet and the lubricated rail are
generally lower than those for the dry and the sanded rail. Also, the
differences in the negative L/V ratio for the different rail surface
conditions cannot'Be correlated to the differences in the positive
lateral force. From the results obtained, it is not clear if the
negative L/V ratio can be employed as an indicator of the rail surface
condition. A more reliable indicator may be the positive lateral force

of a reference vehicle.

4.1.7 Use of Chessie Regression Equations

The predictions from the Chessie regression equations [7] are
somewhat similar** to the lateral wheel force (high rail) for tests on
Sections 5.1, 5.2, and 5.3; i.e., sections with perturbations similar
to those on the Chessie track. For the other alignment perturbation

sections, the predictions do not match the test results.

4.1.8 Repeatability

Since the PTT was not conducted with a repeatability analysis in
mind, very few repeat runs were made. Thus, only a preliminary con-
clusion can be reached regarding repeatability: perturbed track tests
are fairly repeatable, along the complete speed range (35-75 mph), and
repeating a test sequenéé only two to three times will be sufficient to

obtain valid results.

* I
The inward lateral force on wheel is negative L, see page A-13.

kk
Within + 30%.
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4,1.9 Behavior of Statistical Descriptors

| The 95th percentile (Lgs) is generally a good substitute for the
’ peak value, particularly for predicting trends. For the cases con-

sidered, the Lgg value for the lateral wheel force stayed within the
I Lroomax and Lpgomax Vvalues.
A crude estimate of the time history characteristics can be made
by studying the relative magnitudes of the statistical descriptors, such
as the mean, peak, Lgs, Lroomax> LT40MAX> and Lpgomax values; i.e., the
descriptors considered in this analysis. Similarly, the descriptor
magnitudes can be estimated from observing the time history plots of

a variable.

4,1,10 Spike Removal

The removal of some spikes will reduce the lateral wheel forces on

the tfack. An analysis of the results indicates that a simple spring-
 mass model is adequate for pfedicting the forces on the "soft" segment
on a perturbed track (i.e., the segment with some of the spikes pulled
out) given the forces on the "hard" segment. If this contention were
to be valid in all situations, then the static lateral stiffness ade-

*
quately represents the dynamic stiffness of the track.
4.1.11 Panel Shift

Data were inadequate for determining an unequivocal method of
predicting panel shift. However, the best available criterion at
present is that é peak truck force of 85 kips when combined with a
peak L/V of 0.58 was adequate to cause a panel shift on the perturbed
trﬁck. These numbers will vary significantly with track strength and

stiffness,and other combinations of L and L/V may also cause panel shifts.

4.1.12 Achieving Steady State

. The lateral wheel force achieves a steady state rapidly; the ver-
l ’ tical wheel force and the lateral acceleration take slightly longer to

o achieve steady states. Also, there are no significant differences among

* ,
, I The V/T Interaction Test, performed recently on a laterally compliant
Chessie track, should help answer this question.
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the responses of the vehicles considered (SDP-40F, E-8, and the baggage
car), or the responses of the vehicles on a tangent and on a curve, as

far as the time required to achieve a steady state. |

4,2 IMPLICATIONS TO SAFE

The above results have many implications for the design and oﬁeration ' I
of SAFE. These implications are summarized in the following paragraphs.
The development of SAFE is Being performed by four working groups, each

assigned aspects of the design development.

Group 1l: Vehicle and Track Test Plans and Analysis
Group 2: Track Design Construction and Maintenance
Group 3: Data Management and Instrumentation

Group 4: Operations

The results of the data analysis are useful primarily for the first

three aspects of SAFE design, as discussed below.

4.2.1 Vehicle and Track Test Plans and Analysis

e The usefulness of testing on perturbed track, a major
element of SAFE, 1is amply demonstrated by the PTT results.
As summarized in Chapter 3, much can be learned through
testing a vehicle at different speeds over perturbations
of various types and wavelengths. It is true that some of

the testing can be done in the Rail Dynamics LaBoratory

(RDL); however, RDL testing will only approximately

duplicate testing on perturbed track, since some of the

aspects of track (such as compliance and damping) may‘

be difficult to simulate in the laboratory. In additionm,
some types of field testing cannot be replaced by testing
in the RDL; e.g., the effect of the locomotive on baggage
car performance will be impossible to study. Thus, RDL

should be used in conjunction with (e.g., for assisting

~-in test planning, validating "simple" models, etc.), and .

not instead of, testing on a perturbed track.
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The SDP-40F testing can be interpreted as Direct Perfor-
mance Testing on SAFE. From the results of this testing,
(see Section 3.5), one should be able to predict the
stability problem with the locomotive ﬁsing the complete
SAFE track. Thinking along these lines will prove helpful

in developing plans for testing and data analysis.

Some of the statistical descriptors considered in Section 3.1
will prove useful in analyzing the data generated from SAFE.
A study of the correlation between these descriptors,

for response of vehicle to different track perturbations

at different speeds, will assist in predicting the values

of these descriptors from easily observed characteristic

values such as maximum and minimum.

Test runs repeated on two . to three days with nominally
identical conditions will generally be sufficient to provide

data in which confidence -can be placed.

The rail surface condition should be closely controlled
to obtain consistent results. The effects of the rail
surface condition on some of the variables (negative L/V,

for example) 1s quite dramatic.

The regression techniques may be useful in extrapolating
the vehicle performance on revenue service from that on
the test track. However, the experience of PTT has shown
that the regression equations should Be applied only with-
in the range of the input parameters for which they were
derived. Otherwise, totally inaccurate results can be
obtained. Thus, care should be exercised in empldying

these techniques for analyzing data from SAFE.
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4.2.2 Track Design, Construction, and Maintenance

Testing on both tangent and curve is necessary to charac-

terize such a highly nonlinear system as a rail vehicle.

Similarly, testing on both pure and superposed perturbations
will be required; i.e., it may not be possible to predict
the performance on pure perturbations from that on the

superposed perturbations, and vice versa.

The number of perturbation cycles used in the perturbed
track test (i.e., five cycles) seems adequate for ensuring
that the key response variables reach a steady state. How-

ever, for applications requiring more than 1-2 cycles at a

" steady state, additional perturbation cycles will be needed.

The track lateral stiffness has significant effects on the
lateral wheel force and the L/V ratio, particularly at high
speeds. Thus, this stiffness will have to be closely
controlled in designing, fabricating, and maintaining the

test tracks at SAFE.

The lateral force levels are relatively insensitive to
small variations in track perturbations. The type of
tolerance used at PTT seems adequate to produce reasonably

consistent force levels.

The importance of incorporating different wavelengths in

the perturbations is demonstrated by the results of the loco-
motive testing. For example, the behavior of the SDP-40F
locomotive on the 78-~foot wavelength alignment perturbation
section could not have been predicted from that on the 39-

foot wavelength section.

4.2.3 Data Management and Instrumentation

The need to have reliable instrumentation is demonstrated
by the analysis of the PTT data. For the most part, the
instruments at PTT performed adequately, and an enormous

amount of good data was collected. However, some
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instruments, such as the baggage-car wheel forces and the
coupler angles, did not function, causing some difficulties
during the data analysis. The specification of instruments
essential to achleve the test objectives should be a
necessary part of a test plan. Then, should an instrument

fail, the testing can be suspended until it is fixed.

e The lateral wheel force of a reference vehicle can probably

be used as a crude indicator of the rail surface condition.

e The occurrence of panel shift is a possibility while testing
on alignment perturbation sections. An onboard or wayside
monitor which measures truck forces and L/V ratios can be
used to provide warning if derailment in any mode is likely.
As mentioned earlier, the best available criterion at
present is that a peak truck lateral force of 85 kips
combined with a peak L/V of 0,58 seems adequate to cause
panel shift. This criterion is, however, strictly valid
only for the type of track which was used for PTT, i.e., a
new and carefully constructed track. Por a track with

different track strength, this cfiterion may not be valid.

4.3 SUGGESTIONS FOR FUTURE TESTS

The data analysis repeatedly indicated that PTT was a well-
planned and a well-run test: ihis is demonstratéd by some of the
conclusions which indicate that reproducing the PTT-type environment
would prove adequate for other similar tests, such as those slated

for SAFE. However, a few suggestions may help in designing similar

tests in the future,

1. The objectives of the test program should be specified
in greater detail before the test runs are made. 1Ideally,
the objectives should be elaborated to such an extent
. that they can be used to discuss what the Einél results
will look like. Our experience in doing this for the
V/T Interaction Tests has shown that such discussions and
a document summarizing this discussion, serve many

purposes:
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The chances of misunderstanding the test objectives
are minimized. This is particularly important for
a test program requiring participation of many or-

ganizations.

Since the data required to produce the final results
are explicitly known, various test elements which
produce these data, such as instrumentation, data
acquisition system, test operation plan, etec., can

be developed with assurance that adequate results
will be produced if everything works perfectly. Also,
redundancies can be incorporated in case everything
does not work perfectly. Finally, the tests can

be suspended temporarily if some crucial data are

not being acquired until the instruments and/or data

acquisition system are fixed.

Not having such a document for PTIT had some effect
on the data analysis, particularly in answering the
question on baggage car dynamics. In that case,
some of the necessary instruments were not working
while data were being acquired. Also, since the
number of repeat test runs was insufficient, the
question on test repeatability could not be answered

adequately.

2. The development of the following instruments will be useful

for tests such as PTT:

An instrument which can measure forces and identify
the wheel/truck causing these forces, where a panel
shift occurs., The difficulties in developing such an
instrument are obvious: either a large section of
track has to be instrumented, or every conceivable

wheel set in the consist has to be capable of force

measurement.
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e An instrument which can identify the location of the

l wheel/rail contact point (or points). This would have
. been particularly useful in quantifying the correlatioms
between the positive and the negative wheel lateral
I forces and the rail surface conditions.

e A device to quantify the rail surface conditions.* As
mentioned in the conclusions, a reference vehicle that
measures the positive wheel lateral force can help
quantify the surface condition, but for a quick local
measurement, the use of a reference vehicle may not be

feasible.

1 I *

"i.e., the ccefficient of friction
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APPENDIX A

DETAILS OF PTT INSTRUMENTATION
AND CONSIST CONFIGURATIONS
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TABLE A.1 CHANNEL ASSIGNMENT FOR THE SDP-40F CONSIST

INSTRUMEN~ (ADL DATA

TATION IBASE CHANY  CHANNEL
CYLMNEL NOJNEL NO. ABBREVIATION CHANUNEL DESCRIPTION
0 1 LLVaFAXa VERT FQORCS NJe & AXL LFT LUCO
t 2 LLLwFAX4 LAT F2RCE NTa« ¢ AXL LFT LUCO
2 3 LRVwWFAX4 VERT FURCE NCe 4 AXL KIGHT LOCO
3 4 LRLAFAXS LAT FURCE NOe« 4 AXL RIGHT LUCU
3 S LLVaFAXS VERT FZCL N e & AXL LFT LZCO
. 5 6 LLLWFAXS LAT FORCE MOe 5 AXL LFT LICU
) 7 LRVWFAXS VERT FURCE NCoe S5 AXL RIGHT LOQOCU
7 3 LRLWFAXS LAT FIrCE NT o 5 AXL RIGHT L7C2
8 9 LLVWFAXS VERT FORCE NO., &6 AXL LEFT LOCO
9 19 LLLWFAX6E LAT FORCE NGe 6 AXL LEFT LOCD
10 11 LRVwFAXbH VERT FTKRCE NTe & AXL RIGHT L2CZ
11 12 LRLWFAXO LAT FO~CE NGe 6 AXL ~IGHT LUCO
12 13 LLALDAXSG ALD CON CHARTS ‘
13 14 JRN4RVD VERT DISPLCYNT JRNL 3 R
14 15 JRNSARVD VERT DISPLCMNT JURNL S R
15 16 JRNO6RVD VERT DISPLCMNT JRML o R
10 17 JRNGLVD VERT DISPLCMNT JRNL 4 L
17 18 JRNSLVD VERT OISPLCMNT JrMNL 5 L
18 19 JRNOH6LVD VERT DISPLCHANT JRNL o L
19 249 AX4D AXLT DILSPLCYMT TRCK AXL 4
20 21 AX50 AXLE DISPLCHMNT TRCK AXL S
21 22 AXoU AXLE OISPLCANT TACK AXL &
22 23 TKF BF M FRAMZ M7TIGN NCe | BLITR/TiIKCK F
23 24 TKREBFM FRAME MOTIUN NGe 2 OBLSMI/THRCK R
24 25 CBDY1VA VERT ACCLRTN NGe 1 CARWODY
25 26 C3LUY2VA VERT ACCLRRTN NCe 2 CARBTOY
20 27 cgLYJdva VERT ACCLITHN NCes 3 CAR3QDY
2 23 CBUY4VA VERT ACCLRTN NUe 4 CARBODY
28 29 CuDYSVA VERT ACCLRTN NCe 5 CARUYGDY
29 30 C8UYELA LAT  ACCLRTH Nue 6 CARJIQOY
30 31 CBDY7LA LAT S ACCLKTN NGe 7 CAxIJOY
31 32 TKFFLA LAT ACCL2TN NCe 1| TRCK FRCGM =
32 33 TRKFERLA LAT ACCLKTN NGe 2 TRCK FROM F
33 3a AX4lLA LAT ACCLRTN NCe 4 AXLE
34 2s AXSLA LAT  ACCLRTN NCe 5 aAXLS=
Js & ) AXSULA LAT ACCLRTN NT, &6 AXLt
30 37 AX4RVA VERT ACCLRTN NGCGs 4 AXLET R
37 33 AXSKVA VERT ACCLRTN NCe 5 AXL=ZE R
38 k1Y) AX6BRVA VERT ACCLRTN NIs 6 AXLE R
39 40 AX4L VA VERT ACCLRTN NGe 4 AXLE L
49 41 AXSLVA VERT ACCLRTN NCe 5 AXLZ L
41 42 AXol VA VERT ACCLAIATN - N=, 6 AXLE L
42 43 TKFYAW YAW NQ. 1] TRCK F
43 44 TKRYAW Yaw NCe 2 TRCK F
44 45 wWVEL WND VLCTY LIC:
45 46 WOIR #aND DRECTHN LCcu -
46 87 LTMCRNT TRCTN MTR CRT LCCuU
47 48 LBPRSSRKR BRAKE RRS3R LIC~
48 49 BCRVF VERT FORCE B3G CAr RGHT
49 S92 BCRLF LAT FURCE [CRVTY CA& RHGT
S0 91 BCLVF VERT FTRrCE duos CAR LEFT
S1 52 BCLLF LAT FORCE GuS LA LIFT
52 22 LCPLF LAT FONRCE LGCU CPLK
93 54 LCPVF CVIRT | FUiKCE LICY CPLR
54 55 LCPLGF LOUNG FORCE LLCD CPLK
g5 So LCPVANG VERT ANGLE LCCU C2LR
56 .o 57 LCPLANG LAT ANGL S LICD CPLiv
57 53 BCCPVANG VERT ANGLE 533G Canl CrPLR
58 59 BCCPLANG LAT ANGLE BGG CAR CPLR
59 0d BCuDYlva VTRT ACCLRNTN NZT. .1 CHODY BG LR
eV 61 8CcuOY2VA VERT ACCLRNTH NCo 2 CR3CY 25 CK
61 62 BC30Y2VaA VERT ACCLRNTM NU. I CriICY SG Ci
b2 oJ BCBOYalLA LAT ACCLANTN NCe 4 CR=CY 836G CR
63 64 BCBDYSLA LAT ACCLRNTN NQOe 5 CRACY 3% CR
82 635 BCBDY7LA LAT  ACCLRNTN T=7 CRJIDYCY BG Cr
0H SPEED SPEZID .
67 FIT.TALD FLTRO ALD
(a2} | DFALDI PUIST FrM 1ST aLn
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" TABLE A.1 (continued)

! '

FNSTRUMEN— | ADL DATA

i TATION BASE CHAN- CHANNEL

CHANNEL No.| NEL NO. ABBREVLATION CHANNEL DESCRIPTION
€9 LOVLWFAG (/D) ‘
70 LOVRWFAS (4)/(3)
71 LOVLWFAS (6)/(5)
72 LOVRWFAS (8)/(7)
73 LOVLWFA6 (10)/(9)
74 LOVRWFA6 (12)/(11)
75 SLEWF (2) = (4) + (6) = (8) + (19) - (12)
76 SV6WF (1) + (3) + (5) + (7) + (9) + (11)

_ 77 SL60SV6 (75)/(76)

78 SLLWF (2) + (6) + (10)
79 SVLWF (1) + (5) + (9)
80 SLLOSVL (78)/(79)
81 SLRWF (4) + (8) +(12)
82 , SVRWF (3) + (7) + (11)
83 SLROSVR (81)/(82)
84 NAXWF4 (2) - (&)
85 NEGLOVAL ~(2) if (2) < zerv; zero otherwise
86 NEGLOV4R —(4) if (4) < zero; zerc ctherwise
87 LOCSWAY 0.519 (30) + 0.48 (31)
88 LOCBOUNC 0.33 (25) + 0.47 (28)
89 LOCROLL 32.2%0.22 [(25) - (26)]
90 LOCPITCH 32.2x0.02 [(25) - (28)]
91 LOCYAW 32.2x0.02 {(3D) - (30)]
92 BAGSWAY 0.5 [(63) + (64)] _
93 BAGBOUNC 0.5 (60)=-0.04 (A1) + 0.54 (62)
94 BAGROLL 32.2x0.27 [(62) - (61)]
95 BAGP ITCH 32.2x0.02 [(60) = (62)]
96 BAGYAW 32,2 0,02 [(82) = (AD]

NOTE: Numbers in paranthesis are Data Base Channel Yumbers.
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TABLE A.2. CHANNEL ASSIGNMENT FOR THE E-8 CONSIST

INSTRUMEN~ ADI. DATA
TATION  [B.SE CHANY  CHANNEL
CHANNEL # INEL NO. | ABBREVIATION CHANNEL DESCRIPTION
1 1 LLVAFAX4 | VERT FORCE NOe 4 AXL LFT
1 2 LRVWFAXS VERT FORCE NCe 4 AXL RGHT
2 3 LLLWFAX4 LAT FORCE NGO 4 AXL LFTY
3 4 LRLaFAXY LAT FURCE NCa 4 AXL RGHT
4 S LOVLaFAXG | LAT FORCE NUe 4 L/V LFT.
5 6 LOVRWFAX4 | LAT FORCE NOe« 4 L/V RGHT
15 7 ALDRA » ALD
20 8 RUGPAVERT VERT RQP A
21 9 RAPAL AT LAT - RupP tAe
22 10 RUP3VERT VERT RQP 8¢
213 11 RUPBLAT LAT RQP i
1% 12 BVERTSILL | vERT ACCLRTIN 3% SI0E SILL
25 13 YAWTRKA . YAN TRCK *A¢
26 la YAwTRK3 YAd TRCK B
27 15 BCLVF VERT FURCE BUG CAR LFT
28 lo BCLLF LAT FORCE BGS CAR LFT -
2. 17 BCRVF VERT FORCZ 8GG CAR RGHT
39 18 BCRLFE LAT FUIRCE Bou CAR RGHT
31 e BCCVANG . VERT ANGLE 8GG CAR CPLR
32 120 BCCLANG LAT ANGLE 83u CAR CPLR
3 21 BCVACN1 VERT ACCLRTIN NO. I CKBLUY 38636 CAK
Iu 22 BCVACN2 VERT ACCLRTN MNO. 2 CR3DY 3GG CAR
35 23 BCVACNJ "VERT ACCLRTN NU. 3 CRHDY BGG CAR
35 24 BCLACN4 LAT  ACCLRTN NO. 4 CR80Y BGe Cak
37 25 BCLACNS | LAT  ACCLRTIN NGe. 5 CRBOY 8GG CAR
39 26 TSLACN LAT ACCLRTN T~5  CkBOY
35 27 SPcED SPEED
14 23 ALUF ILT FLTRD ALv
2% DFRALDI OUST FROM 13T ALD
n MATUTA () = (4)
31 LOCSWAY 0.5 [(9) +(11)]
32 LOCBOUNC 0.5 (8)+0.417(10) +0.08(12)
33 LOCROLL 32.2 [0.22(12) - 0.22(10)]
34 LOCPITCH 2 32.2 [0.02(8)-0.QZ2(.10)+0.002(12)]
35 LOCYAW 32.2 [0.02(11) - 0.02(9)]
36 BAGSWAY 0.5 [(24)Y + (25)]
37 BAGBOUNC 0.5 (21) - 0.04(22) +0.54(23)
38 BAGROLL 32,2 x0.27 [(23) - (22)]
39 BAGPITCH 32.2x0,02 [(21) - (23)]
40 BAGYAW 32.2x0.02 1(25) - (24)]
41 NEGLOVAL -(5) if (3) < zero; zero otherwie
42 NEGLOV4R -(6) if ()< zero; zero otherwise

NOTE: Numbers in parenthesis are Data Base Channel Numbers
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1.

APPENDIX B

SPECIFIC QUESTIONS WHICH CAN BE ANSWERED THROUGH
PTT DATA ANALYSIS

For SAFE Feasibility

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

Was the influence of imbalance on lateral wheel forces
that was observed in the Chessie test reproduced in the

Perturbed Track Test?

Were the locomotive and baggage car vertical carbody
resonances found in the Chessie test also found in the
PTT? Was the damping factor of these resonances dependent

on whether testing occurred in the curve or in the tangent?

Were the effects of sanding and rain seen in the Chessie

test reproduced in the PIT?

Significant differences were found in the middle axle
lateral forces of the SDP-40F and E—B. Were these
differences observed in the PTT?

Major differences were observed in the lateral forces
of corresponding axles in the four SDP-40F trucks in the
Chessle test. Were similar differences observed in the

PTT? What 1s the reason that these differences occur?

The trailing axle lateral forces seen in the ICG and Chessie
tests were different from one another. Was a comparable

observation made in the PTT?

Baggage car vertical carbody acceleration levels increased
in the Chessie test when the SDP-40F trailing truck axles
were shimmed., Was a similar indication of vibration
coupling between the locomotive and the baggage car seen
in the PTT? |

The baggage car lateral forces were significantly
different for the SDP-40F and E-8 consists in the Chessie
test. Were these differences seen in the PTT? Why do

they occur?



1'9.

1.10

1.11

Alignmeyr,. g2....rbation wavelength was found in the Chessile
test to be an important determinant of lateral force level. _

Was. this true in the PTT?

How well do the regression equations developed from the
Chessie and BN tests predict the results of the PIT,

and vice versa?

Are data developed in the PTT adequate for the application

of system identification procedures?

2.A " For Providing Inputs to SATE Design and Operation

2.1

2.2

2.3

2.4

(Effect of alignment perturbation type.) For the
SDP-40QF, E-8 and baggage car: What differences were
observed between sections 2, 3 and 5 in the values

of the following variables:

~—axle lateral forces? ~-axle L/V ratios?

~-truck lateral forces? --truck L/V ratios?

~-cab lateral acceleration "=~=truck yéw angle?
levels?

(Effect of superimposed crosslevel and alignment for curve’
and on tangent.) What differences were observed between
sections 1, 2, and 4 and between 7, 8, and 9 in the values

of the following variables:

--axle lateral forces? --axle L/V ratios?
. ==axle vertical forces? --truck lateral forces?
~~truck L/V ratios? --truck yaw angle

-~cab lateral and roll acceleration levels?

(Imbalance versus alignment-pettﬁrbation-type.) Do the

lateral force data from sections 2, 3 and 5 show similar

trends as functions of imbalance?

(Curve vs. tangent.) What are the differences in response

between the following palrs of sections: .

=-~1 and 7? (crosslevel) - axle lateral and vertical forces
: and L/V ratios and cab lateral

and roll acceleration levels.



2.5

2.6

2.7

2.8

2.9

-~2 and 8? (alignment) ~ same response variables

as .2.1

-4 and 9? (alignment and crosslevel)--same response

variables as 2.2

For low, mid,>and high speeds, what is the build-up of
response over the length of a perturbed section, and what
are the response decay rates, as determined by the spatial

variation of the amplitude of:

--axle and truck lateral forces and L/V ratios in
sections 2, 3, 8 and 9? (alignment and superimpcsed
alignment and crosslevel, curve and tangent)
--Axle and truck lateral vertical forces in sectiouns
1, 6, and 7? (profile and cross level, curve and tangent)
~~Carbody vertical acceleration levels in section 67
(profile)
--Carbody yaw and lateral acceleration levels in sections

2, 3, and 8? (alignment, curve and tangent)

.~=Carbody roll acceleration levels in sections 1 and 77

(crosslevel, curve and tangent)
-~truck yaw angles and axle latéral displacements in

sections 2 and 3 and 8? (alignment, curve and tangent)

What differences were caused in the axle and truck lateral
forces 1n section 4 due to the track shift that occurred

in the course of SDP-40F testing?

How much test replication is needed in order to obtain

accurate estimates of response?

What range of speeds should testing cover, and how

finely should this range be covered?

What magnitude of varlability does rail surface condition
(especially rain, snow, and oil) introduce into lateral

forces and L/V ratios?



1%

2.10

2.11

2.12

2.13

2'14

2.15

2.16

2.17

2.18

Does one SDP-40F or E-8 locomotive behave like another

insofar as lateral forces are concerned? Is locomotive

-orientation or position important?

Does one SDP-40QF or E-8 truck behave like another insofar I

as lateral forces are concerned? 1Is truck position

important? .I

Is there coupling between vehicles in the consist

(loco-to-loco and loco to baggage car)? .

Was there a demonstrable correlation between drawbar

forces and lateral forces?

What is the relationship between lateral force levels and

perturbation amplitude, wavelength, and shape? H

What 1is the effect of superposition of crosslevel and

alignment on curve and tangent?

Do lateral force and L/V ratio signatures determined
from wayside instrumentation compare well with onboard

measurements?

(Profile versus crosslevel.) Are vertical force unloading

trends similar in sections 6 and 77

What were the magnitudes of peak lateral forces and L/V
ratios observed for the 4-~axle locomotives and the three
types of freight car (100 ton hopper, tank car, TOFC)?
What were Ehe effects of imbalance on the peak lateral

force levels? What was the extent of vertical force

- unloading? What difference did it make to peak lateral

forces and L/V ratios and to vertical unloading whether

the freight cars were empty or loaded?

B-4



3. For Describing the Behavior of Six-Axle Locomotives

3.1

3.2

3.3

3.4

What is the quantitative relationhip between axle and
truck lateral and vertical forces and L/V ratios and
carbody lateral, vertical, and roll acceleration

levels and the following independent variables:

--speed?

--imbalance?

--rall surface condition?

--perturbation type?

--perturbation amplitude?

--curvature?

--coupler misalignment?,

--primary suspension damping?

--truck position (lead versus traill locl and lead

versus trail truck)

What are the resonant frequencies and damping ratios
for the various carbody vibration modes? What
combinations of speed and perturbation wavelength would
critically excite these modes? 1Is the modal damping

the same for curving as for operation on tangent track?

Is there a relationship between carbody acceleration

levels and axle and truck force levels?

What 1is the quantitative relationship bgtween baggage
car and locomotive carbody acceleration levels and

the following independent variables:

-=-speed?

--imbalance?
--perturbation type?
--coupler misalignment?

--primary suspension damping?

12



3.5

3.6

3'.7

3.8

3.9

3.10

3.11

3.12

3.13

What is the réason why imbalance has different effects

on lateral forces of the E~-B and SDP-40F locomotives?

Why 4is the trend of lateral force with increasing
imbalance different for different perturbation types?

Does significant coupling exist between the two
locomotives in each consist, as determined by lateral
and vertical forces on the leading truck of the trailing
locomotive as well as the carbody acceleration levels of

the trailing locomotive?

Was the behavior of the baggage car in the E~-8 consist
any different from that of the baggage car in the SDP-40F
consist, as determined from lateral forces and carbody

acceleration levels?

Were the mean axle and truck lateral forces different
in the perturbed and unperturbed sections of the

curve?

Did the mean truck yaw angle and truck curving force
correspond to the value expected in a 1.5 degree curve
if the axles assume radial positions or as would be’

predicted by the friction center method?

Did the SDP-40F trucks show either any stick-slip

motion or any instability tendency?

How representative is one locomotive of its type?
One truck?

Do peak lateral axle forces occur when the relative
lateral displacement between the axles and the truck

is large, so that no further lateral force play exists?

B-6



4, For Determining Important Track Descriptors

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

What is the difference in lateral forces when one has

either:

--track alignment variations, or

--high rail alignment variations?
(Compare sections 3 and 5.)

Can peak lateral force levels be related to the rate
of change of high rail alignment in the neighborhood .
of joints (including simulated joints)?

What differences, if any, were observed in lateral
force signatures in section 4 as a result of the
track shife?

Did removal of line splkes from alternate ties have an

observable effect on lateral force? On rail deflections?

Can the response to perturbations of different track
geometry variables (gage, alignment, crosslevel, profile)

be linearly superposed?

How critical is the phasing between lateral and vertical

perturbations in determining L/V ratios?

How critical is the phasing of the spectral components
of an alignment perturbation in determining lateral
force magnitudes? -Which frequency components contribute

most to the response?

Does the track geometry car accurately measure variations

of curvature within a curve?

-



APPENDIX C

STATISTICAL METHODS USED IN
DETERMINING TEST REPEATABILITY



C.1 INTRODUCTION

This'appendix contains the two methods used in determining the
repeatability of test. As mentioned in Subsection 3.2, Table 3 was
developed using the results from several repeat tests performed at
35 and 40 mph on 12014 and 1208. The method used in developing this
table is described in C.2. The second method required an assumption
that a polynomial describes the variations in a test variable as a
function of speed and any difference between the test results and the
fitted curves are errors to be used in making repeatability estimates,
as discussed in C.3,

C.2 STATISTICAL CALCULATION OF THE CONFIDENCE IN
RESULTS FROM REPEAT TESTS

If we assume that the parameter being measured through testing
(say, the peak value of lateral force) has 'a normal distribution, we
can say with confidence level of (1 - a) x 100% that the true mean
value of the parameter Mo will be- bounded by:

_ Stn;a/Z ‘ o S
XK-——————— &£ U, £ X + °

/A RS P

tn;a[Z
— (c.1)

2
[}

sample size (number of tests)’

calculated mean

ni
il

a2 - percentage point of student t distribution (see Table C-1)

n=N-1
S2 = calculated unbiésed estimates of variance
P UE T
s° = T - @9, | (c.2)
s N-l i=1 1 ° -
3
>
X
i
- i=1 W
2 —_— A . - (c.3
X N (c.3)



TABLEC.1

' *
Percentage Poiots of Student ¢ Distribution

Value of 1,., such that Probs, > £,.,] =

0.10 0050 0025 0010 0.005

=

3.078 6314 12706 31.821 63.657
1.886 2920 4303 6565  9.925
1.638 2353 3182  4.541 5841
1533 2132 2376 3947 4.604
1476 2015 2571 3365  4.032

1.440 1541 2.447 3143 3.707
1415 1.895  2.365 2998 3.499
1397 1.860 2306  2.896  3.355
1383 1.833 2262 2821 3.250
1372 1812, 2338 2364 3.6V

OV AN Wb W

11 1363 1796 220l 2718 1.106
130 138 1782 _ 2179 2.681  3.058
2T93003500 LTI 2060 2650 .3.012
1471335 0 LT6l 2185Y 20624 2977
15 1341 0 1753 2131 2602 2947

16 1337 1746 2120 2583  2.921
17 1333 1740 2010 2.567 2898
18. 1330 1.734 | 2.10r  2.552 2873
19 1328 1729 2093 °"2.539 2861
20 1325  1.725 2086 2.528  2.845

21 1333 172 2.080 2518 2831
22 1321 1717 2074 2508 2819
23 1319 174 2069 2500 2.807
24 1318 1.7 2.064 2492 2797
25 1316 1.708  2.060 2.485 2787

26 1315 1706 2086 2479 2779
27 1314 1.703 2052 2473 2771
28 1313 1901 2.048 2467 2763
29 1311 1699 2045 2462 2756
30 1310 1.697 2.042 2457 2.750

40 1303 1.684 2021 2423 2704
60 1.296 1.671 - 2000 2390 2660
120 1.289  1.658 1980 2358 2.617

a = 0.995, 0.990, 0.975, 0.950, and 0.900 follow
from 1, jce = =1,

".'ﬁ Source: Bendat, J.. S., Piersol, A. G., Random Data
Analvsis and Measurement Procedures, Wiley,

Interscience, 1971.
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For example, the values of S2 and x for vertical wheel force Max
value at 40 mph were found to be 0.423 and 42.597, respectively, from
the four samples available. For 95% confidence level, a= 0.005 and
t3;0.025 = 3.;82, from Table C.1. Then:

st
3:0-025 /5,423 x 3.182
/a 4

= 1.02, as shown in Table 3.

C.3 REPEATABILITY ESTIMATE FROM A REGRESSION STUDY

C.3.1 Curve

A regression study was performed on the two days of_train forces
data, shown in Figure 10, in an attempt to functionally relate train '
speed (S) to lateral force (Lgs5). Up to 4th order polynomial functions
of the form Lgg = @ + IRy si + ¢ were studied, where a,B84{ are parameters
estimated by least souares regression techniques, and € are normally
and independentally distributed errors - the inherent variability of
lateral force. Table C.2 displays the regression statistics for 1, 2 3,

and 4th order models, showing clearly that the 2nd order model is most
G s L

appropriate (see the F-statistic) ”y;”

A look at the regression residuals shows that the results from the

” first and second days are different from each other both in the average

response of lateral force to speed. and -in the variability of that response.
Specifdcally;nrie second day'show a higher expected ‘force for a given
speed and shows a much tighter error distribution around the expected
values of force. Separate regressions for each day show this discrepancy
(Table C.3) with the estimate of the unexplained variation for the first
day being over eight times larger than the sécond day's variation. How-
ever, each day 1s still best represented by a quadratic prediction

equation.

Bartlett's test for equality of variance was used to compare the
variance estimates obtained each day. The results showed that the error
variances are significantly different at greater than a 99% confidence

level.
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TABLE C.2.

MODELS, CURVE

REGRESSION STATISTICS FOR 1, 2, 3 and 4th ORDER

o o 2 - Mean ngare
er F-statistic R Error 5¢ (¢)
1 371 .94 4.15
F 2 623 .98 1.29
3 428 .98 1.25
4 377 .99 1.07

L

95 ~ 25.13 - .922 S + .0144 S

2

TABLE C.3. STATISTICAL DIFFERENCES IN TWO DAYS OF TESTING,

CURVE

| e 2 . T Mean Square

F-statistic R Sxonentoc Eppopr §2 ()
Ist DAY 299 98 1.34
2nd DAY 2501 .998 .16
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TABLE C.4.

REGRESSION STATISTICS FOR 1, 2, 3 AND 4th ORDER

MODELS, TANGENT

ORDER F-Statistics R® MSE_= S%(e)
1 22.2 67 4.76
2 12.1 7 4.61
3 61.0 95 .82 l
4 53 96 .72
2

Los

= 154.58 - 8.06 S + .144 S™ - ,0008074 S

Third order equation without high speed outlier:

F-Statistic
91.1

4 I
: |
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