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EXECUTIVE SUMMARY

Introduction

This is tne second of three volumes covering a series of tests performed in the second quarter of 1981 on the DOTX 503 boxcar at the Transportation Test Center (TTC) , Pueblo, Colorado. The tests were performed by Rail Dynamics Laboratory (RDL) personnel and were sponsored by the Federal Railroad Admin
istration (FRA), Office of Research and Development in their continuing study of the safety aspects of track-train dynamics. TTie MITRE Corporation 
role was to provide technical assistance to the FRA in planning, performance monitoring and results evaluation. The program was divided into the follow
ing three phases:

• The first, which has been completed, consisted of static testsperformed on each truck of the DOTX 503 Boxcar: these results are
presented in Reference 1.*.

• The second phase, which is the subject of this report, consisted of vibration tests performed on the complete boxcar.
• The third phase will consist of validating the boxcar version of the computer program FRATE and will be reported in Reference 2.

Test Objectives
The primary objective of the test program was to develop a data source on the dynamic properties of freight cars in a form that could be used to 
validate the boxcar version of FRATE, a computer program for analyzing freight car dynamics. Broader objectives were to perform the FRATE 
validation and demonstrate a validation procedure. The end result would be an analysis tool capable of accurate, over-the-road freight car response 
calculations for use by the railroad industry.
Test Description
Tne vibration testing of the boxcar was performed on the Vibration Test Unit (VTU) located in the RDL. The VTU has a system of 12 hydraulic actuators, 
one placed under each wheel of the car acting vertically and one beside each axle acting laterally, with the weight of the car carried by the eight 
vertical actuators. A set of flat and spherical bearings at each truck permits independent motion of' each actuator and enables the VTU to impose 
any combination of motions in five degrees of freedom. The actuators are controlled with a Varian V-73 digital computer.
Four configurations were tested.

• Configuration paper boxes. 1A was with 60 tons of canned food in corrugated

• Configuration removed. IB was the same as 1A but with friction snubbers

• Configuration removed. 2 was the empty boxcar with friction snubbers

• Configuration 3 had the same 60 tons of canned food but in stretch wrap packaging and with friction snubbers.
Two general types o f  v ib ra t ion  te sts  were performed, modal and response. 
Tne modal te s ts  input sin u soida l motions with frequency varied  at a p reset, 
logarithm ic rate  with the o b je c t iv e  o f  id en tify in g  the resonant frequencies 
o f  the car and contents and measuring the d e fle c t io n  shapes at resonance. 
The frequency range and shaker phasing were varied  depending on the 
p a rticu la r  mode being te s te d . The response testin g  con sisted  o f  sim ulating 
three track, con d ition s and measuring the response o f  the carbody and lad in g.

Tne l i s t  o f  References can be found at the end o f  the rep ort.
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The FRATE validation process will consist of an analytical performance of the test procedures and a comparison of analytical and test results.
Summary of Results
There were two significant difficulties encountered in the course of testing. One was due to the character of the friction snubbers: they were very stiff and very effective in subduing vehicle motion, and as a consequence not all modes were found in the "with snubber" configuration. 
The otner difficulty encountered was in the computer programming and shaker motion control for the track irregularity tests. However, despite these 
gaps in the planned testing, because some redundancy was included in the test procedures all objectives were met and the testing was satisfactorily 
completed.
A summary of the modal frequencies obtained in each of the four configurations tested, and a set of FRATE analysis results * is given in 
Table ES-1. The best frequency agreement is seen to occur between the FRATE analysis with friction snubbers and test Configuration IB (without friction 
snubbers). The only mode that is significantly different is the second roll mode. It was concluded that the friction snubber model in FRATE needs to be modified. Further it may be necessary to make a change to the truck suspension roll spring rates, presently tri-linear, to obtain improvement in tne second roll mode without adversely affecting other modes. With these two changes and with stiffness changes’ indicated by the results of truck static tests, it is anticipated that validation of the boxcar version of FRATE will be accomplished with little difficulty.
The, two lading package configurations tested were a corrugated fiberboard box and a plastic stretch wrap. The stretch wrap appeared to protect the 
cans in that they were held firmly together and did not rattle and slide as they did in the fiberboard box configuration. However, there was no signi
ficant difference seen in the overall responses of the two ladings. It was concluded that the pallet used and the height of the lading stack were the 
two factors that determined overall lading responses.
Tne lateral resonant mode of the lading fell in the 1.6 to 2.8 Hertz range, 
with the variation due to the effect of amplitude of motion. These frequencies are low enough to couple with and affect the carbody roll mode 
and have the equivalent effect of a boxcar with more weight and a higher center of gravity. The lading lateral mode also overlaps the carbody yaw mode and can have a detrimental effect on carbody hunting conditions since carbody yaw is the mode commonly involved in body hunting.
Alleviation of the adverse effects of the lateral lading mode can be obtained by the use of a more rigid pallet, by having minimum voids between 
lading stacks and by filling the voids with a durable dunnage.
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TABLE ES-1 MODAL FREQUENCY SUMMARY, 70 TON BOXCAR, HERTZ

^CONFIGURATIONDATA

MODE

PREDICTION 57.5 Ton Part Time Snubbers

CONFIG 1A 60.1 Ton
SnubbersIn

CONFIG IB 60.1 Ton
SnubbersOut

CONFIG 2 Empty
SnubbersOut

CONFIG 3 59.5 Ton
SnubbersIn

1st Roll 0.7 .69-.98 .54-.69 .84-1.00 .65-1.2
2nd Roll 1.6 N.A. 2.5-3.0 3.04 3.40-4.0
Yaw 1.7 N.A. 1.65-1.71 2.3-2.6 N.A.
Bounce 2.2 N.A. 2.05 3.81 2.1-2.8
Pitch 2.9 3.4-4.5 2.77 4.34 3.3-4.4
Body Torsion — 12.4 & 

14.1 13.67 S. 15.36
13.125 & 
14.75

13.178.
14.8

Body Bending — Above Above Above Above20.0 20.0 20.0 20.0
Lading Lat. 3.0 1.7-2.8 1.65-1.71 — 1.60-2.4
Lading Vert. 9.0 8.5-8.7 9.00-9.25 — 8.25-8.5

NOTES:
N.A. - not available (snubbers remained locked)Body Torsion - Two modes were found: (1) coupled with carbody yaw;
(2) uncoupled.
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1. INTRODUCTION
This report contains the results of vibration tests performed on the DOTX 503 Boxcar, a 70-ton high cube with Barber S-2-C trucks, at the Transportation Test Center (TTC) in Pueblo, Colorado in May of 1981 under the sponsorship of the Federal Railroad Administration • (FRA) . The purpose of the testing was to obtain the dynamic response characteristics of the boxcar, including the effects of three configu
ration changes. The test results will be used in the validation of the boxcar 
version of FRATE (Freight Car Response Analysis and Test Evaluation), a computer program for analyzing freight car dynamics, as well as to provide informa
tion on boxcar dynamics for the railroad industry (suppliers and operators).
The test program is in three phases. The first consisted of static tests performed on each truck from the DOTX 
503 Boxcar to determine its stiffness and damping properties under vertical, 
lateral, and roll load conditions. The results of these truck characterization 
tests have been reported in Reference 1.* The second phase consisted of 
vibration tests performed on the complete boxcar and is the subject of 
this report. The third phase will consist of the validation of the boxcar version of the computer program FRATE and will be reported in Reference 2. A 
test report by Wilson of Boeing Services International, Inc. (BSI), has also been issued (Reference 3) summarizing the testing of phases 1 and 2. ,
1.1 Background
Current trends in U.S. railroading are 
towards heavier freight cars, higher speeds, and more cost-effective maintenance of cars,and way. Each of these 
trends puts the freight car closer to a critical edge of safety: loads are
higher on both' track and car; margins are reduced, both knowingly, for cost
saving purposes, and unknowingly, because track and car design are 
largely empirical; and wear rates and failure rates are increased.
Because of decreased margins, the 
dynamics of the freight car have become more important and in many cases have become the incremental difference between safe and unsafe operations. 
The car dynamics not only can cause or be a contributing cause to a derailment, 
but also can have caused,wear or failure

*The l i s t  o f  R e fe r e n c e s  can  b e  found
a t  th e  end o f  th e  r e p o r t .

in the component which caused derailment. With recognition of its increasing importance in the safe operation of railroads, there have been continuing experimental and theoretical efforts aimed at obtaining better definitions and understanding of freight car dynamics. The resulting increased knowledge and analysis capability is being used to aid the development , of design changes and to quantify safety margins.
1.2 FRATE
One of the FRA's involvements in the area of track-train dynamics has been in. the development and validation of FRATE (Freight Car Response Analysis 
and Test Evaluation). The program was initially set up for the analysis of 
trailer on flatcar (TOFC) and was validated for that configuration of 
freight car (Reference 4). The program has been expanded to include 
analysis of boxcars as well as TOFC and a user's manual covering both has 
been issued (Reference 5). The test results of this report will be used to 
validate the boxcar versions of FRATE.
FRATE is a digital computer program which solves a set of coupled 
nonlinear differential equations in the time domain. Solution is obtained- using a Runge-Kutta numerical integration procedure--the analysis procedure 
being to input a force or motion and calculate the resulting response motions and forces. The trucks, carbody, and lading are modeled as 
lumped masses with interconnecting springs. The carbody flexibility is 
included through a normal mode representation.
2. PROGRAM OBJECTIVES
The primary objective of the test program was to develop a source of 
information on the dynamic properties of freight cars in a form that can be 
used to validate the boxcar version of the computer program FRATE. The dyna
mic properties of the test boxcar to be obtained were, (1) its modal charac
teristics and (2) its responses to simulated track condition. The influ
ence that gross weight, friction snubbers , and amplitude of motion have on the boxcar dynamic properties were to be determined. Two types of packaging --corrugated boxes and a plastic stretch wrap--were also tested to 
evaluate their differences. The broader objectives of the program are to validate the boxcar version of the FRATE program and, in' the process, demonstrate a validation procedure and
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make available an analysis tool capable of accurate over-the-road boxcar 
response calculations.
The objectives of the modal testing were to identify resonant frequencies, to define the deflection shape at each resonance, to obtain a measure of the damping associated with each resonance, and to measure nonlinear effects with respect to amplitude of motion and configurational changes.
The term "modal" in correct usage implies a nearness to the orthogonality of normal modes. The freight car "modes" are for the most part damped, coupled and nonlinear and are more accurately termed as resonant conditions rather than modes. However, the terms "mode" and "modal" are 
used in this report as a matter of convenience with the understanding that "resonance" is the more correct 
term.
The objective of the response testing was to obtain a measure of responses on and in the. boxcar to simulations of two track profile conditions and one 
hunting condition.
Comparison between test and FRATE analysis for both types of tests will indicate the accuracy of FRATE. How

ever, the modal comparison will indicate causes of differences, whereas the response tests are a more direct measure of accuracy.
For the lad in g , in add ition  to the
model v a lid a t io n  o b je c t iv e s , the 
r e la t iv e  performance o f  two shipper 
designs were to  be evaluated.

3. TEST CONFIGURATIONS
The vibration testing of the DOTX 503 Boxcar was performed with the boxcar mounted on the Vibration Test Unit (VTU) in the Rail Dynamics Laboratory (RDL) . A photograph of the boxcar on the VTU is shown in Figure 3.1. Two safety restraint systems were used; one to limit roll motions and the
other to restrict longitudinal motions. The roll limiting deviceswere located at four points, one on each side of the carbody opposite each truck. They each consisted of alinkage connected at the side of the boxcar and at the laboratory floor by spherical bearings. The length of the linkages could vary with sliding contact up to a + 3° limit of rollof the boxcar at which point the linkages would bottom against a set of Bellville springs. The longitudinal restraints 'acted through the buff and draft cushioning within the coupling

FIGURE 3.1 THE DOTX 503 BOXCAR ON THE VIBRATION TEST UNIT
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gear with a longitudinal tension force of 20,000 pounds which is within the normal range of consist conditions.
The two lading configurations tested used the same canned food but in different packaging, a corrugated paper box and a stretch wrap package. Both lading configurations used wooden pallets and both were loaded in the boxcar two pallet stacks high, the lower pallet having , four layers of lading packages and the upper pallet 
having five layers. The arrangement of lading on pallets is shown in Figure 3.2. and the arrangement of the pallets in the' boxcar is shown in 
Figure 3.3. The photograph in Figure 3.4 shows the corrugated bpx configu- ration partially loaded in'*Che boxcar.
Testing was performed in the. four 
configurations shown in Table 3-1. A break down of the weight components and center of gravity (c.g.) height is given in Table 3-2. The difference in 
weight between the two ladings is due to the heavier weight of the corrugated 
paper boxes. Boxcar dimensional data is given in Table 3-3.
Measurements of inputs to and responses of the test vehicle were made with 
Endevco Model , 2262-25M15, + 25g,Piezoresistive Accelerometers. Accel
erometer numbering systems and location descriptions are given, in Appendix A. 
Other measurements consisted of Trans-

CORRUGATED PAPER PACKAGE -

Package Size = 18 x 12 x 9 inches

9 packages per layer, 48 x 42 inch footprint

Tek displacement transducers Models 245-000 and 246-000 and two gyros to 
determine carbody roll angles. Video cameras were used to monitor and record visible motions of the car and lading.
The accelerometers used to measureinputs ..to the boxcar were bonded to the car wheels with an interfacing mounting block contoured to fit thewheel as shown in the photograph of Figure 3.5. It should be'' noted that 
shaker control was with displacement transducers built .into the shaker heads 
while the "input" accelerometers were used in the analysis.
The accelerometers used to measurelading response were mounted in blocks 
of wood with the same dimensions as the canned .food,: 'The blocks were made 
rectangular instead of . cylindrical to provide a more accurate orientation of 
the accelerometers. An instrumentedblock of wood took the place of one 
can in each instrumented lading package.. Example installations are 
shown in the photograph of Figures 3.6 and 3.7.
The instrumentation used in the analysis of test results is described in Appendix A.

V  STRETCH WRAP PACKAGE

Package size = 12 x 9 x 8 1/8 inches >

18 packages per layer, 48 x 42 inch footprint

pattern A pattern A pattern B

Pallet surface = 48 x 40 inches
Lading arranged in alternating layers of patterns.A and B.

FIGURE 3.2 LADING ON PALLET CONFIGURATIONS

3



■ V’^  X

■ A End •
Top P a l l e t s  h a v e  5 L a y ers  o f  P ack ag ed  L a d in g  
B ottom  P a l l e t s  h ave 4 L a y ers  o f  P a ck a g ed  L a d in g

FIGURE 3.3 ARRANGEMENT OF LADING IN BOXCAR

FIGURE 3.4 CORRUGATED BOX LADING IN BOXCAR
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TABLE 3-1 BOXCAR CONFIGURATION DATA

ConfigurationNumber LadingPackage Gross Weight (lbs.) Snubbers

1A Paper Box 181700 Active
IB Paper Box 181700 Removed
2 Empty Car 61600 Removed
3 Stretch Wrap 180569 Active

TABLE 3-2 DOTX 503 WEIGHT AND CG DATA

Item Weight
(lb.)

CG Height 
(in.)

W x h(106 lb. in)

Trucks (both) 17400 16.5 .2871
Carbody 44200 67.37 2.9777
Lading (1) 120100 86.0 10.3286
Lading (2) 118960 82.0 9.7547
Carbody & Lading (1) 164300 81.0 13.3063

Carbody & Lading (2) 163160 78.0 12.7324

(1) Corrugated paper box packaging 12) Plastic stretch wrap packaging

TABLE 3-3 BOXCAR DIMENSION DATA

Item Value

Inside Length 50 Feet
Inside Width 9 Feet
Inside Height 11 Feet
Volume 5300 Cubic Feet
Truck Spacing 40 Feet, 10 Inch
Height of Car Floor 43.5 Inches Above Top of Rail
C.G. Height (Empty) 53 Inches Above Top of Rail
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FIGURE 3.5 INPUT ACCELEROMETERS MOUNTED ON BOXCAR WHEEL
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FIGURE 3.7 ACCELEROMETER BLOCK IN STRETCH WRAP PACKAGE

4. GENERAL'PROCEDURE FOR TESTING

The VTU imposes motions at the test 
vehicle wheels w i t h  12 hydraulic 
a c t u a t o r s : one under each wheel to
input vertical motion and one beside 
each axle to input lateral motion. The 
three actuators at each axle are inter
connected through a bearing assembly 
that enables each actuator to move 
independently of the other. W ith this 
arrangement the VTU is able to impose 
any combination of motions in five 
degrees of freedom (vertical, lateral, 
roll, yaw and pitch) as well as r e p r o 
duce a measured or simulated track 
g e o m e t r y . '

A  simplified block diagram of the VTU 
Control System is shown in Figure 4.1. 
The shaker system is controlled using, a 
Varian V-73 Computer (the ICSN ,in 
Figure 4.1). The motions to be 
generated in a test fun are defined' in 
a Run Information File ( R IF). The 
RIF is input to the computer which then 
controls the hydraulic actuators in a 
servo loop using a displacement t r ans
ducer built into each actuator. 
Response measurements can also be 
monitored by the 'ICSN system and the 
test automatically stops when preset 
limits are exceeded.

Recording for. final data analysis is 
made, after analog to digital (A/D) 
conversion, on magnetic tape.

Modal testing was performed by applying 
sinusoidal motions at the wheels with 
the frequency of input varied at a 
prescribed rate through a frequency 
range encompassing the predicted 
resonant frequency. The ;< shaker 
configurations, that is the relative 
phase and amplitude of the twelve 
actuators, were adjusted for each mode 
to be in synergy w i t h  the expected 
deflection shape of that mode. The 
general procedure followed was to 
perform a frequency sweep and to review 
oscillograph records and Brush Recorder 
Charts to evaluate the test results. A  
decision would then be made whether to 
continue to the next test or to repeat 
the test run w i t h  possible variation of 
the test p r o c e d u r e s .

The track condition tests were run w ith 
much the same procedures as the modal 
tests with the R I F  containing a d e f i n i 
tion of wheel-rail interface motions 
simulating the particular track c o n d i 
tion. The test procedures defined in 
References 6. and 7 were followed in 
detail. A  log of the test runs made is 
given in Reference 1. The test report 
of Reference 3 includes further details 
of the test configurations and m e a s u r e 
ments .

Quick look data read-out are made as 
shown in Figure 4.1 using analog signals.
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FIGURE 4.1 VIBRATION T E S T  UNIT C O N TR O L SYSTEM
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5. D ATA PROCESSING PROCEDURE

Objectives of the data processing for 
the two types of tests (modal and 
response) w ere as follows:

(1) , Modal Testing
- identify modes (resonant 

frequencies)
- measure modal damping
- measure modal shapes
- measure nonlinear effects
- identify differences between 

the two types of packaging 
tested

- present data in a form 
suitable for use in 
validation of computer 
program FRATE

(2) Response Testing
- quantify responses of carbody 

and lading for given track 
conditions

Data processing was accomplished at 
three l e v e l s :

(1) Data available during and 
immediately following each 
run:
- sight and sound observa

tions including video 
displays

- Brush recordings of 
selected m e a s u r e 
ments (primarily lading 
accelerometers) 
oscillograph records of 
selected measurements

- Hewlett-Packard analyzer 
spectrum and transfer 
function plots of one or 
two measurements

(2) Data available within one or 
two days after each run
- Bode plots of selected 

measurements (These were 
frequency spectra of the 
ratio of response/input 
acceleration measurement 
showing both amplitude 
ratio and phase angle.)

- PSD (Power Spectral 
Density) of selected 
measurements-used for 
random vibration tests

(3) Final Data:
- Bode plots of all requested 

measurements
- Modal analysis results-- 

this consists of Argand 
(circle curve fitting) 
plots St modal amplitudes 
(print and plot)

The RDL has several packaged computer 
programs that are used in the analysis 
of data. The Bode plot package will 
plot response amplitude and phase 
angle against frequency. The response 
can be as measured values or expressed 
as ratios using a reference m e a s u r e 
ment. The phase angle of the response 
relative to the r e f e r e n c e . measurement 
is plotted on the same sheet of paper 
with the response data, w i t h  the fre
quency axes aligned for easy reference 
between amplitude and phase angle. 
Bode plots can be generated from sine 
sweep test or from random test data. 
In-phase and quadrature phase (CO/ 
QUAD) vs frequency, Power Spectral 
Density, Coherence Function and Time 
Histories are also available.

The Structural Dynamics Research 
Corp. (SDRC) Modal Plus Package was 
used for the most part in obtaining 
modal data. This consisted o f 'CO/QUAD 
plots w i t h  least square, circle fitting 
(Argand plots) to determine modal fre
quency, amplitudes and damping with 
tabular and graphic outputs. The data 
analysis capabilities are discussed 
briefly in Reference 3.

The test requirements and test p r o c e 
dures defined in References 6 and 7 
contain specific details both as to 
tests to be performed and data to be 
measured, recorded and processed. The 
data details included definition for 
each run as to what measurements would 
be processed for each phase (immediate, 
quick look, and final) and w h ich p r o 
cessed data forms were to be a c c o m p 
lished .

The general data handling procedure 
was to first verify that the o b j e c 
tives of each run were accomplished. 
In the case of the modal test this 
would mean that sufficient data was 
available and reviewed to determine 
that target resonance had been found 
and data required for final analysis 
had been properly recorded. In the 
case of response testing, the imm e d i 
ate data would be reviewed to verify 
that the input was as required, that 
there were no anomalies needing 
explanation before proceeding and that 
data were recorded for final analysis. 
At the completion of each run, the 
immediately available data was reviewed 
and the decision made to continue, 
repeat the run, or repeat the run with 
cha n g e s .

The quick look data w ere reviewed as 
they became available to verify or 
correct conclusions based , on immediate 
data and to verify that there were no 
problems with the data recordings.
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6. RESULTS OF D ATA ANALYSIS

Tests were performed for each loaded 
configuration to obtain information on 
12 separate characteristics:

• first carbody roll
• second carbody roll
• carbody yaw
• carbody bounce
• carbody pitch
• carbody torsion
• carbody bending
• lading lateral resonance
• lading vertical resonance
• response to staggered rail
• response to hunting motion
• response to hump-in-rail

Test results on each of these cha r a c 
teristics are presented and discussed 
in this section.

6.1 First Roll Mode

The action of the suspension system 
w i t h  the carbody in roll motion is 
very nonlinear. There are four 
motions which may be involved:

• seated centerplate
• rocking centerplate

• side bearing contact
• centerplate lifted

Furthermore, each of these four 
motions will be complicated b y  the 
following conditions:

• friction snubbers locked or 
sliding

• lateral motion of the truck 
b olster between gib stops

• rocking motions of the side 
f r a m e s ,

Spring rates and snubber forces und e r 
m ost of these conditions were d e t e r 
mined in the testing of R e f erence 1 
and are presented in detail in that 
report. The modal vibration testing 
of this report does not provide a 
separation of the effects of these 
various conditions but does show the 
net results as to resonant frequency 
and overall motion of the carbody. In 
every case tested, it was found- that 
the carbody motion in the first roll 
mode was one of rocking w i t h  the 
center of rotation about an axis half 
way b etween the rails and at a height 
adjacent to the top of the rail. 
Figure 6.1 illustrates the roll 
deflection.

Run 30 Configuration IB Modal Analysis 
f = .677 Hz £= .0302 (Damping Factor)

FIGURE 6.1 C AR B O D Y R O LL M O TIO N  IN F IR S T R O LL M ODE
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The frequency of the roll mode varied 
as a function of gross weight, a m p l i 
tude of motion, snubber condition and 
type of test (up sweep, down sweep or 
d e c a y ) . Table 6-1 is a summary of 
frequencies identified for each of the 
conditions tested. This data was used 
to generate the curves shown in Figure
6.2 w h i c h  will now be discussed in 
d e t a i l .

The input moti o n  in these tests 
consisted of vertical sinusoidal 
displacements at the rail with each 
side moving together and out of phase 
w i t h  the other side. Thus, a s inu
soidal vertical motion of +  0.10 inches 
of each rail results in cross level 
variations of +  0.20 inches and a
maximum cross level difference of 0.40 
inches.

The loaded boxcar without snubbers, 
Configuration IB, is seen in Figure
6.2 to have- the first roll mode, to 
range bet w e e n  0.69 Hertz for small 
input motions, to an extrapolated 0.60 
Hertz for 0.75 inch cross level, differ
ence. The decreasing frequency w ith 
increasing amplitude, is the expected 
softening nonlinear spring character
istic of a rocking centerplate. The 
difference of about 0.05 Hertz (8%) 
between up sweep and down sweep is 
again the expected effect of the 
nonlinear spring characteristic.

FIGURE 6.2 SUMMARY PLOT OF FIRST ROLL MODE FREQUENCIES

TABLE 6-1 FREQUENCY SUMMARY - FIRST R OLL MODE

Config. Test Input
Frequency

Hertz
Damping
(C/Cc) Notes

Run
No.

1A Up Sweep +.05 in .96 -- 0 G r a p h / V i s . 8 "
1A D own Sweep +.15 in .7013 . 0468 9B
1A Up Sweep +.15 in .7215 .0069 59A
1A Down Sweep +.15 in .6887 .1005 Argon Plots 59B
1A Up Sweep +.25 in .70 -- ,0 Graph/Vis. 10

IB Decay -- .67-.70 .02 46
IB Up Sweep +.05 in .677 .0302 30
IB Up Sweep +.10 in . 658 .0318 32
IB Down Sweep +.10 in .579 .0323 32
IB Up Sweep +.15 in — Aborted--Too 

Large
31

2 Decay -- .81-.89 .042-.048 0 Graph/Vis • 64
2 Sweep +.05 in .906 .045 Modal Anal 72

. 2 Sweep +.10 in .98-1.00 -- 0 Graph/Vis 71
3 U p .Sweep +.05 in 1.02 — Snub Squeaks 

Twice
100

3 Up Sweep +.15 in . 688 .0659 Snub Break @
.71 Hertz

101
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6 .2  Second R o ll  ModeThe effect of adding friction snubbers, 
comparing IB (without snubbers) to 1A 
(with s n u bbers), is seen to raise the 
resonant frequency. At an input of 
0.60 inches cross level difference, 
the with-snubber frequency is about 
0.10 Hertz (or 14%) higher than that 
without. At lower levels of input the 
snubbers are seen to have an increasing 
effect in raising the roll frequency,. 
At 0.20 inches input the difference is 
about 0.28 Hertz, or 29%. For levels 
of input below 0.20 inches cross level 
difference the snubbers remain locked 
and the roll frequency jumps upward to 
an undetermined value.

The difference between up sweep and 
down sweep is less w ith snubbers than 
without. The difference in roll 
response due to the change in p a c k 
aging, comparing 1A to 3, is within 
•the range of data scatter ,and is not 
significant.

In Configuration 2 (empty, no snubber), 
the response motions were at larger 
amplitudes, to the point that both 
side bearing and gib clearances were 
exceeded. As a result, the resonant 
frequency curve shows a softening 
nonlinear (decreasing frequency) spring 
characteristic for input amplitudes 
bel o w  0.10 inches and a hardening 
nonlinear (increasing frequency) for 
input motions greater than 0.10 inches 
(see Figure 6.2).

To reiterate this section's opening 
statement, the freight car suspension 
system is very nonlinear when in roll 
motions. The most significant contri
butors to nonlinearity are the fric
tion snubbers, the transition, from 
seated to rocking centerplate and the 
effects of side bearing contact. The 
effects of each of these contributions 
vary with amplitude of motion.

The computer program FRATE presently 
uses an average value for the seated- 
rocking centerplate condition. This 
is considered an accurate simulation 
for conditions other than small a m p l i 
tudes of roll motion. Since small 
amplitude motions do not present a 
problem that needs to be addressed, 
this assumption in FRATE does not 
detract from its utility. FRATE does 
simulate the side bearing contact 
transition and does model the friction 
snubber w ith couloumb damping. Con s e 
quently, validation for roll motions 
will essentially require the adju s t 
ment of coefficients in the model.

The second roll mode motion consists 
of rigid body roll of the carbody 
about a center of rotation that is 
somewhere near the center of gravity 
of the carbody and contents. The mode 
is strongly influenced and subdued by 
the snubbers to the extent that in 
Configuration 1A it had not b e e n  found 
b y  the time the planned testing had 
b e e n  completed. It was concluded that 
in order to find the mode it w o uld be 
necessary to go to higher frequencies 
as well as larger input amplitudes. 
However, it was decided to discontinue 
this search and rely on the results of 
Configurations IB and 3 (stretch wrap 
packaging and w i t h  f r i c t i o n . snubbers) 
for definition of this mode. The 
second roll mode in Configuration 3 
should be essentially the same as 
Configuration 1A. Table 6-2 contains 
a summary of test results for the 
second roll mode.

In Configuration IB, the second roll 
m ode was obtained for two levels of 
input and was found to increase in 
frequency w ith increase in input 
level. This variation is shown in 
Figure 6.3. The deflection shape, 
shown in Figure 6.4, is a rigid body 
rolling motion of-the carbody about an 
axis that is about 106 inches above 
the top of rail and about 22 inches 
above the center of gravity of the 
carbody and contents.

The change from Configuration IB to 2 
was from the loaded to the empty 
condition. The weight was reduced to 
about 39% and, based on data in 
Reference 1, the suspension stiffness 
was reduced to about 56% of the loaded 
v a l u e s . The frequency change can be 
estimated b y  the square root of the 
ratio of stiffness over weight 
c h a n g e s ; t h u s , the .Configuration IB 
frequency of 2.6 Hertz w o uld be 
expected to change to 3.1 Hertz for 
Configuration 2.

The second roll mode for Configuration 
2 was obtained by performing decay 
tests. The frequency was determined 
to be 3.04 Hertz compared to the 
expected 3.1. The mode shape obtained 
is shown in Figure 6.5 and is seen to 
be a roll motion of the carbody about 
an axis that is about 100 inches from 
top of rail (the center of gravity of 
the carbody is about 67 inches above 
top of r a i l ) .

In Configuration 3, the frequency 
jumped to 3.89 Hertz and the center of 
rotation shifted down to the plane of 
the center plate as can be seen in 
Figure 6.6.
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TABLE 6 -2  FREQUENCY SUMMARY--SECOND ROLL MODE

Config. Test Input
Frequency
(Hertz)

Damping
(C/Cc) Notes Run

1A Up Sweep +. 1 in Max Freq = 
3.0 Hz 

Max Amp not 
Reached

f = 3 Hz 11

1A Up Sweep +. 3 in No Records 12

1A U p /Dn Sweep +. 2 in Max Amp not 
Reached

f = 3 Hz 14

18 Up Sweep +.2 in 3.00 (Up) 
2.94 (Dn)

0 Graph/Vis 33

IB Up/Dn Sweep +.05 in 2.630 (Up) 
2.525 (Dn) 
2.60 (Up) 
2.54 (Dn)

. 0304 

.0266
Modal Anal 

0 Graph/Vis

34/35

2 Decay +.10 in 2.7 .03 Decay 65

2 Decay +.05 in 3.0 .06 Decay 66

3. Up Sweep +  .2 in 3.0 or 0 Graph/Vis 102

3 Up Sweep +. 1 in 3.0-3.5 
3.89 . 0429

0 Graph/Vis 
Modal

103

Run 35A 2nd Roll Sweep Up + .05 in Input 
f “ 2.638 Hz £= .0304 (Damping Factor)

FIGURE 6.3  S U M M A R Y  PLO T OF SEC O N D  ROLL MODE  
FR EQ U EN CIES

FIGURE 6.4 CARBODY ROLL MOTION IN SECOND ROLL MODE,
CONFIGURATION 1B
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In the change from Configuration IB to 
3 the total lading was decreased by 
1140 pounds and the lading height 
dropped about 8 i n c h e s . The combined 
effect of those two changes was to 
lower the roll inertia of carbody and 
contents by about 5% and in turn cause 
the second roll frequency to be higher 
by about 2.5%, a change from 2.6 to 
about 2.7 H e r t z . It w a s , theref o r e , 
assumed that the actual change from 2.6 
to 3.89 Hertz as well as the shift in 
tne center of rotation was primarily 
due to the influence of the friction 
s n u b b e r s .

Tne action of the friction snubbers is 
to lock each end of the truck bolster 
to its respective side frame until 
dynamic forces exceed the snubber 
friction force. The snubbers will 
slide only as long as the dynamic force 
is greater than the friction force. 
Under these changing conditions the 
suspension stiffnesses (lateral,
vertical and roll) are either very 
nigh, because one or b oth spring nests 
are locked out by the snubber or are 
equal to the spring nest spring rates .

For small dynamic motions the friction 
snubbers remain locked and the e f f e c 
tive suspension system is very stiff. 
As tne dynamic motions are increased a 
level will be reached where the fric
tion forces are exceeded and the s nub
bers start to move. Thus, in each 
cycle of the dynamic motion there is a 
portion where the suspension is stiff 
and a portion where the suspension is 
soft and the combined effective stiff
ness is a weighted average of the two 
conditions. As the amplitude of motion 
is increased the portion of each cycle 
w ith sliding snubber will increase and 
tne effective stiffness is decreased.

It must therefore be concluded that the 
second roll mode will change with a m p l i 
tude of motion both as to resonant 
frequency and center of rotation: for
increased amplitudes the frequency will 
decrease and the center of rotation 
will go up. The results obtained for 
Configuration IB and 3 are concluded to 
be the limits of this variation: IB
test results without snubbers are 
assumed to be the limit condition for 
very large amplitudes of motion with 
snubbers; Configuration 3 test results 
represent the other extreme of r e l a 
tively small amplitudes of motion and 
where the snubbers are sliding a small 
portion of each cycle.

There was some carbody distortion noted 
in the deflection shape for C o n f i g u r a 
tion 3, Figure 6.6, w h ich was not found 
in any of the other roll modes. Its 
p r esence was probably due to the h igh 
frequency (3-89 Hertz) and the low 
center of rotation. This amount o f  
distortion is to be expected and its 
presence is pointed out as a passing 
observation.

Configuration 2 Second Roll From Decay of Run 66 f - 3.04 Hz •
FIGURE 6.5 CARBODY ROLL MOTION IN SECOND ROLL MODE, 

CONFIGURATION 2

f “ 3*89 Hz C, =. .043 (Modal Damping Factor)
FIGURE 6.6 CARBODY ROLL MOTION IN SECOND ROLL MODE,

CONFIGURATION 3
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6 .3  Yaw Mode

The yaw mode was similar to the second 
roll mode in that the snubbers had an 
overpowering effect. In both Configu
rations 1A and 3 the snubbers remained 
locked throughout the testing, which in 
both cases was from 0.5 to 6.0 Hertz. 
There was no detectable yaw mode in 
Configuration 1A. In Configuration 3 
tne y a w  m ode was determined to be at 
6.0 H e r t z .

In the two configurations without 
snubbers, IB and 2, the yaw mode fre
quency was found to fall in the 1.6 to 
2.6 Hertz range. Figure 6.7 shows v a r i 
ations of frequency w i t h  amplitude of 
input. The relative amplitudes of 
lateral mot i o n  of carbody, lading and 
trucks are shown in Figure 6.8 while 
yaw motion of the carbody is shown in 
Figure 6.9.

The lading lateral resonance, w ith the 
yaw inode locked out by the snubbers, 
was found to be between 1.6 and 2.6 
Hertz depending on the amplitudes of 
motion (see Section 6.8). The net 
effect, as found in Configuration IB 
testing, is a highly coupled carbody 
yaw/lading lateral mode between 1.65 
and 1.71 Hertz.

It must be concluded for the general 
case that the carbody. y a w  resonance can 
be anywhere from 1.5 to 6.0 Hertz 
depending on amplitude of the yaw 
motion generated (body hunting), the 
condition of the friction snubbers, the 
vehicle gross weight, and dynamic p r o 
perties of the l a d i n g . It is also 
likely that ,tne y a w  mode behavior is 
similar to the bounce mode in that 
tnere is some critical amplitude of yaw 
motion beyond w h ich the motions increase 
abruptly to violent l e v e l s . This is 
discussed further in the following 
section (bounce m o d e ) .

FIGURE 6.7  CARBODY YA W  M ODE FREQUENCY SUM M ARY

i

B End of Vehicle Lateral Motion (Relative Amplitudes) 
45X Top of Lading 14.12 31X Top of Carbody 6.73
32X Bottom of 5.81 16X Bolster 4.41

Carbody
14X Sideframe -.49

FIGURE 6.8 RELATIVE LATERAL MOTIONS IN YAW MODE,
CONFIGURATION 1B,f = 1.708 H,
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TABLE 6-3 FREQUENCY S U M M A R Y — BOUNCE MODE

Config TEST Input Bounce Mode Notes Run
(+ in-) F r e g . (Hz) Damping (C/Cc]

1A Up
A f

Sweep 
= .2

0.10 (Suppressed By Snubbers) Q = 1.4 when snubbers 
start to slide at 3.4 
Hertz

15

1A Up
A f

Sweep 
= .2

0.20 (Suppressed By Snubbers) Q  = 3.35 w hen snubbers* 
start to slide at 2.8 
Hz
Q = 4.2 when carbody 
motion becomes 
p i tch at 3.0 Hz

16,57

1A Up
A f

Sweep 
= .1

0.20 (Suppressec By Snubbers) Q = 2.35 when snubbers 
start to slide at 2.6 
Q = 2.56 when carbody 
motion becomes pitch at 
3.0 Hz.

21

IB Decay 0.05 2.05 .005 Q = 7.5 @ 2.0 Hz 39

2 Decay 0.03 3.81 .02 Q  = 26.7 @ 3.7 Hz 78

3 Up Sweep 0.20 (Suppressec By Snubbers) Q  = 3.74 @ 2.8 Hz when . 
snubbers start to slide 
& carbody motion 
changes from bounce to 
pitch

104

3 ■Up Sweep 0.30 (Below 2.39 Hz) Snubbers start to slide 
@ 2.39 Hz. Carbody r e 
sponse 1.5" (Q=5); test 
stopped to avoid damage

107.

3 Up Sweep 0.23 (Below 2.39 Hz) Snubbers start to slide 
@ 2.39 Hz. Carbody r e 
sponse @ 1.2 in (Q=5.2)

108

16



6 .4  Bounce Mode

A  summary of the results of bounce mode 
testing is given in Table 6-3 and the 
frequency response curves are shown in 
Figures 6.10 and 6.11.

Witnout snubbers the bounce mode was 
easily found by the decay test method. 
The mode was at 2.05 Hertz in Configu
ration IB and 3.81 in Configuration 2.

The bounce mode was suppressed by the 
snubbers to a degree that is dependent 
on- the amplitude of the input motion. 
In Configuration 1A w i t h  0.10 inches 
input at the rails (see Figure 6.10), 
the response is essentially flat through 
tne frequency range tested, with a small 
step up at 3.4 Hertz where the snubbers 
start to slide. At the input level of 
0.20 inches the snubbers start to slide 
in the 2.6 to 2.8 Hertz range and, 
because of being closer to the bounce 
mode frequency, the response amplitude 
ratio is larger. The response is 
further complicated in that the carbody 
p i tch mode is near 3.0 Hertz and the 
carbody motion changes from bounce to 
p i tch when the excitation frequency is 
near that frequency.

Tnere w ere three levels of input tested 
in Configuration 3: 0.20, 0.30 and
0.23 incnes. The data are summarized 
in Figure 6.11. The 0.20 level was
tested first and the results were very 
similar to Configuration 1A; in both 
cases the response was low through what 
was the bounce mode without snubbers 
and tnen jumped to a carbody response/ 
rail input ratio of between 3.5 and 4.0 
after whicn the carbody motion changed 
from bounce to pitch. At the 0.30 
input level the snubbers started to 
slide at 2.4 Hertz and quickly reached 
amplitudes that were large enough that 
the test director stopped the test to 
avoid damage. At the 0.23 inch input 
level the snubbers again started to 
move at 2.4 Hertz and the response 
again jumped to a high, level. But in 
this case tne response fell off at 
frequencies above 2.4 Hertz and the 
carbody motion did not change from 
bounce to pitch. Figure 6.12 shows the 
v a r iation of the bounce mode frequency 
w i t h  input level changes for Configu
ration 3. The figure also notes the 
decay test results for Configuration IB 
and 2.

In summary the snubbers very effectively 
suppress the bounce mode for low level 
of input at the rails. However, above 
some critical input level the responses 
will quickly become dangerously large. 
For a sinusoidal input near the bounce 
mode of 2.05 Hertz this critical level 
is about +  0.25 inches.

Test Condition Legend
Run Config. Input 

(± in.)
Af

(Hertz)
-------- 1Snu

Locked
—>ber
Sliding

15 1A 0.10 0.20
- a -

17 1A 0.20 0.20 — e - — — « —

21 1A 0.20 0.10 .. ..* ..

38 IB 0.20 0.20 No Snubber

P = Motion has changed from Bounce to Pitch

FIGURE 6.10 BOUNCE TEST RESPONSES, CONFIGURATIONS 1A & 1B
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Test Condition Legend - Configuration 3

Run
No.

Input 
(± in.)

Snul
Locked

bers
Sliding

104 0.20 --- A —

108 0.23

107 0.30 •••••»...
P = Motion has changed from Bounce to Pitch

FIGURE 6.11 BOUNCE TEST RESPONSES, CONFIGURATION 3
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6 .5  P itc h  Mode

The pitch mode behavior was much like 
the bounce mode in that without snubbers 
the mode was easily found w ith decay 
tests and w i t h  snubbers the mode was 
suppressed to a degree that varied with 
the level of input motion. Table 6-4 
contains a summary of the frequencies 
identified. The data are also plotted 
in Figure 6.13 showing graphically how 
the snubbers and input levels w o r k

together to cause v a r iation of the 
pitch mode frequency.

The input levels were not increased to 
higher levels as they w ere in the bounce 
mode testing, however it is v e r y  likely 
that the behavior is the same. That 
is, as the level of input mot i o n  is 
increased beyond +  0.25 inches the
pitch motion of —  the carbody will 
quickly increase to destructive 
a m p l i t u d e s .

TABLE 6-4 FREQUENCY SUMMARY--PITCH M ODE

C o n f i g . Test Input Pitch Mode Notes Run
(+ -in) (Freq/Hz) (C/Cc) No.

1A Up
Sweep

0.1 3.0 Snubber breaks @ 4.46 Hz 
(90° @ 5.5 Hz)

T 9  •

1A Up
Sweep

0.2 3.805 .049 RDL Modal A n a l ./Snubber 
breaks @ 3.63 Hz 
(90° ® 4.3 Hz)

20

IB Decay 0.1 2.77 .047 From O'Graph data 42

2 Decay 0.15 4.34 .015 From O'Graph data 80
3 Up

Sweep
0.2 3.696 .014 RDL Modal Anal. 106

FIGURE 6.13 PITCH FREQUENCY VARIATIONS
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6 .6  Body T o rsio n  Mode

Two carbody torsion modes were found 
for each configuration tested and have 
been designated here as Torsion Mode 1 
and Torsion Mode 2. Mode 1 occurs at a 
slightly lower frequency than Mode 2 
and is coupled w i t h  a yawing motion of 
the carbody. Mode 2 is more represen
tative of an uncoupled torsion mode. A  
summary of the frequencies identified 
is given in Table 6-5 and deflection 
shapes representative of each mode are 
shown in Figures 6.14 and 6.15.

The objective of testing the cars with 
doors open, (Run 3) and doors closed, 
(Run 4), was to show that the doors had 
little effect on b ody stiffness. This 
would allow all runs to be made with 
doors open thus permitting observations 
of the behavior of the lading during 
the tests. This hypothesis was proven 
when the torsion frequencies changed 
less than three percent in Mode 1 and 
four percent in Mode 2. However, the 
direction of the frequency change 
indicated that the carbody was stiffer 
when the doors were open. This is 
opposite from the expected and no 
logical explanation has been found.

A  second finding that was not expected 
was that the carbody torsion modes were 
essentially the same for empty and 
loaded c o n d i t i o n s . The lading has its 
own resonant frequencies, about 2 Hertz 
lateral and 8 Hertz vertical, and a 
major portion of the lading mass is 
isolated at the torsion mode frequen
cies. That is, the pallets are acting 
as soft springs in the 12-15 Hertz 
range permitting the lading to be 
stationary relative to the motion of 
the floor. However, there is some 
portion of the lading which does move 
w i t h  the carbody floor and its mass 
would be expected to lower the torsion 
frequencies. Furthermore, the motion 
of tne lading measured is large enough, 
even though smaller than the carbody 
motion, to expect that the lading would 
influence the torsion inode.

FIGURE 6.14 BODY TORSION MODE DEFLECTION SHAPE CONFIGURATION 
1A, 12.72 Hz

RGURE 6.15 BODY TORSION MODE DEFLECTION SHAPE CONFIGURATION 
1B, 15.36 Hz

TABLE 6-5 BODY TORSION M ODE FREQUENCIES

Config. Mode l(l) 
Hertz/C/Cc

Mode 2 
Hertz/C/Cc

Run
No.

1A (Car Door Open) 12.72/.1012 U . 7 / C 2 ) 3
1A (Car Door Closed) 12.44/.1065 14.l/(2 ) 4
IB 13.67/(2 ) 15.36/.0805 37
2 13.125/.0146 14.75/(2) 81
3 13.17/.1022 14.8/(2) 99

(1) Mode 1 and Mode 2 as designated here are both apparent body torsion
modes. Mode 1 is coupled with carbody yaw (see Figure 6.14) where Mode 2 
has the appearance of uncoupled body torsion (Figure 6.15).

(2) These frequencies were obtained from frequency response plots or 
oscillographs and no damping values w ere obtained.
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There w e r e  a number of resonances found 
in the 12-20 Hertz range in the search 
for the carbody bending mode. However, 
in the final evaluation, it was c o n 
cluded that the bending m ode was not 
found, and was, in fact, above 20.0 
H e rtz and out of the range of interest.

Modal analyses were performed by the 
R D L  using their modal analysis computer 
pro g r a m  for modes identified in Runs 18 
and 105, Configurations 1A and 3 r e s p e c 
tively. These modes were determined to 
be at 16.86 and 16.79 Hertz. The
d e f l ection shapes are shown in Figure 
6.16. These deflection shapes are
r e p r e sentative of a bounce mode w ith 
some b o d y  bending and not of a true 
ben d i n g  mode. Further explanation is
found b y  referring b a c k  to the bounce 
m ode data in Section 6.4. The bounce 
m ode was found to be between 2.0 and 
2.5 H e rtz depending on the amplitude of 
input, and providing the input level 
was above the threshold level to cause 
the friction snubbers to slide. At
lower input l e v e l s , that i s , w i t h  the 
friction snubbers locked, the vertical 
suspension system increases in stiffness 
b y  a factor of about 50 (from Reference 
1). This stiffness increase would 
cause the bounce m ode to shift from 
2.0-2.5 Hertz to 14-18 Hertz. W i t h
these two corroborating pieces of data, 
i.e. the expected frequency of carbody 
b o u n c e  w i t h  locked snubbers match the 
modes of Figure 6.16 and the deflection 
shapes measured are representative of 
boun c e  m o d e s , it was concluded that the 
Figure 6.16 modes initially identified 
as carbody bending are actually locked 
snubber bounce modes and further that 
the carbody bending mode is at some 
hig h e r  frequency.

Some of the other resonances noted in 
the 12-20 Hertz range were identified 
from visual observations to be local 
resonances of carbody side panels, the 
r oof and the doors. Since measurement 
of these r e s o n a n c e s , was not an o b 
j ective of this test the instrumen
tation was not of the number and l o c a 
tion needed to characterize them.

6 .7  Body Bending Mode

f - 16.86 Hz 
C = .023

16.79 Hz 
.064

FIGURE 6.16 CARBODY BENDING MODE DEFLECTION SHAPES

t
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The apparent physical differences 
between corrugated paper and stretch 
wrap packaging is that the stretch wrap 
is stiffer and tighter. Stretch wrap 
is stiffer in that deflections under 
load in any direction are less, and 
tighter in that the cans in the p a c k 
ages have less relative motion between 
each other. One would expect that the 
resonant characteristics in pallet 
stacks would be quite different 
— stretch wrap at a higher frequency 
and with less damping. Vibration test 
results do not show a significant 
difference within the data scatter. 
(Data scatter caused b y  differences 
between location in the car and by 
differences in the car configuration.) 
The explanation of this unexpected

6 . 8 .  Lading Modes

G eneral O bservation s

b e havior is that the stacked lading 
resonant characteristics are apparently  
determined b y  the pallet and not the 
lading packaging. With the same pallet 
and the same weight lading, the r e s o 
nances are essentially the same.

6.8.1 Lateral Lading Mode

The lateral resonance mode of the lading 
was found b y  performing frequency sweeps 
w ith sinusoidal yaw motions input at the 
wheels. That is, lateral sinusoidal 
motion was applied at each axle w i t h  a 
180° phase difference between the A  
and B trucks. The hunting simulation 
used the same input motions and those 
results w ere used to identify the lading 
resonance as well as the resonance 
search runs. Resonances were identified 
as b e ing at the frequency of m aximum 
response as shown by oscillograph data

TABLE 6-6 LAD I N G  LATERAL M O D E  R ESPONSE DATA

Config. I n p u t (1) 
(Inches)

Freq.(2 ) 
(Hertz)

ResDonse A 4 5 X ^ ^
Run
No.Fundamental

(g's/in)
Total
(g's)

1A .05 2.62 .25/0.36 0.29 5

1A .15 2.16 .45/0.94 0.54 6

1A .30 1.92 .53/1.41 0.90 7

1A .2 2.02 .43/1.03 0.53 22

1A .4 2.00 .55/1.34 1.30 23

1A .6 1.70 .68/2.30 2.30 24

IB .05 1.71 .19/0.64 .28 36

IB .2 1.65 .49/1.76 1.07 49

IB .1 1.68 .28/0.97 .65 50

3 .2 1.96 .50/1.27 .70 91

3 .4 1.79 .55/1.76 1.85 92

3 .6 1.60 .61/2.33 2.08 93

3 .05 2.27 .30/0.51 .35 97

(1) Single amplitude of lateral sine motion at each axle, A  & B trucks at 180° 
phase to each other

(2) frequency of maximum amplitude of response in fundamental or modal frequency 
as determined b y  analyzer

(3) A m p H t u d e  of fundamental obtained by manual filtering of all other 
frequencies. Measurement A 4 5 X  is lateral acceleration at top of lading, left 
side of vehicle, at B end. See Appendix A  for measurement locations.
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FIGURE 6.17 FREQUENCY SUMMARY, LADING LATERAL MODE, VARIATION 
WITH INPUT

and Bode plots. The computerized modal 
analysis program was used to identify 
more accurately the resonant frequency 
and to define the modal deflection 
shape.

A  summary of modal frequencies and 
responses is given in Table 6-6. The 
modal frequencies are also plotted in 
Figure 6.17 against input amplitude and 
in Figure 6.18 against, lading response 
amplitude. In v i e w  of the difference 
in lading packaging between Con f i g u r a 
tions 1A .(corrugated boxes) and 3 
(stretch wrap) there is a surprising 
degree of similarity of modal frequen
cies comparing Figure 6.17 and 6.18. 
The deflection shapes for all three 
configurations are also v ery similar, 
the lading stack rotating as a rigid 
body about the base, as shown in 
Figures 6.19, 6.20, 6.21 and 6.22.

These two facts, that the lading mode 
is not changed in packaging and that 
the flexibility is concentrated at the 
base, indicates that the bottom pallet 
is the controlling flexibility in the 
lading lateral mode.

The difference bet w e e n  the lading 
lateral modes for Configurations 1A and 
IB is greater than expected since the 
only change to the test configuration 
was to remove the friction snubbers. 
The two results, 1A & IB, are closer in 
Figure 6.18 than they are in Figure 
6.17 suggesting that frequency v a r i a 
tions of these modes are more closely 
related to response amplitude than 
input at the rail.

The tendency for the lading lateral 
mode to decrease in frequency w i t h  an 
increase in amplitude is probably due 
to the nonlinear nature of the stack, 
made up of the complex, elements of 
bounce, slide and shearing distortion.

The conclusion was reached that for 
pallet stack configurations tested the 
lading lateral mode will v ary from 1.5 
to 2.5 Hertz and is relatively insensi
tive to packaging variation.

FIGURE 6.18 FREQUENCY SUMMARY, LADING LATERAL MODE, VARIATION 
- WITH RESPONSE
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I

FIGURE 6.19 LADING LATERAL MODE DEFLECTION SHAPE FIGURE 6.21 LADING LATERAL MODE DEFLECTION SHAPE
CONFIGURATION 1A, 0.05 INCH INPUT CONFIGURATION 1B, 0.05 INCH INPUT

I lI l

FIGURE 6.22 LADING LATERAL MODE DEFLECTION SHAPE 
CONFIGURATION 3, 0.05 INCH INPUT

FIGURE 6.20 LADING LATERAL MODE DEFLECTION SHAPE 
CONFIGURATION 1A, 0.15 INCH INPUT
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The vertical resonance mode of the 
lading was found by performing a 
frequency sweep, w ith sinusoidal 
vertical input at all eight wheels. 
The input amplitude was controlled to a 
constant +  0.30 g's when the input
frequency varied from 5.0 to 20.0 
H e r t z . One run was . made for each 
configuration.

The test data were processed into two 
forms for analysis: (1) oscillograph
r e c o r d s , w h ich present acceleration / 
time history of selected accelerometers, 
and (2) response ratio of a larger 
selection of accelerometers. The 
response ratio / frequency p l o t s , (Bode 
p l o t s ) , were obtained using a wheel 
accelerometer as the reference. In 
addition, in order to define better the 
lading stack characteristics, the 
vertical accelerometers in the two 
instrumented stacks at either end of 
the boxcar w ere referenced to the 
vertical accelerometer at the boxcar 
floor level at the appropriate stack 
location.

The Bode plots w ith a wheel 
accelerometer as reference were det e r 
min e d  to have large errors at the lad
ing resonance; that is, the responses 
indicated were almost two orders of 
magnitude larger than shown by the 
oscillograph records and the Bode plots 
using a boxcar accelerometer as r e fer
ence. The wheel referenced Bode plots 
were not used for this reason. The 
cause of the error was attributed to 
the high level of harmonic content in 
the wheel acceleration data.

6 . 8 . 2  L ading V e r t i c a l  Modes The lading vertical resonance data is 
summarized in Table 6-7. The "Q" values 
given are the ratio of the vertical 
acceleration at the top of the lading 
to the vertical acceleration of the 
carbody floor at the same location. 
These same data are shown again in the 
Bode plots in Figures 6.23 through 6.25 
for the B End and Figures 6.26 through
6.28 for the A  End.

The response curves are seen to be 
similar in that the resonant frequen
cies are between 8.5 and 8.7 Hertz, 
with the peak generally truncated due 
to package separation. W i t h  the sep a r a 
tion /truncation, the max i m u m  response 
frequency varied between 8-9 Hertz as 
illustrated below.

TABLE 6-7 LADING VERTICAL RESONANCE SUMMARY
Config. B End Lading A  End Lading

F r e q . 
(Hertz)

44Z/33Z
,(Q)

Freq.
.(Hertz)

54Z/41Z
(Q)

Run No.

1A 8.68 11.4 8.50 13.0 18
IB 9.25 10.4 9.00 7.1 40
3 8.25 9.7 8.50 14.4 105

(1)44Z - Vertical Accelerometer, Top of Lading, B End
33Z - Vertical Accelerometer, Carbody Floor, B End
54Z - Vertical Accelerometer, Top of Lading, A  End
41Z - Vertical Accelerometer, Carbody Floor, A  End
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FIGURE 6.23 FR EQ U EN C Y  RESPO N SE, LADING V E R TIC A L MOTION,
CO N FIG U R A TIO N  1A, B END
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FIGURE 6.24 FR E Q U E N C Y  RESPO N SE, LADING V ER TIC A L MOTION,
C O N FIG U R A TIO N  IB , B END
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FIGURE 6.25 FR EQ U EN C Y  RESPO N SE, LADING V E R TIC A L  MOTION,
CO N FIG U R A TIO N  3, B END
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FIGURE 6.26 FR EQ U EN C Y  RESPO N SE, LADING V ER TIC A L MOTION,
CO N FIG U R A TIO N  1A, A  END
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FIGURE 6.27 FR EQ U EN C Y RESPO N SE, LADING V ER TIC A L
M OTION, CO N FIG U R A TIO N  1B, A  END
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A  suggested linear model of the lading 
vertical mode would be 8.6 Hertz with 
Q=14 for the pallet and stack c o n f i g 
uration tested.

An initial comparison of lading 
acceleration responses in the oscillo
graph data showed that Runs 18 and 105 
were very similar to each other and 
different from Run 40. The similar
ities were in the harmonics super
imposed on tne input frequency and the 
amplitude of lading response. Lading 
response in Run 40 was different in 
that it had a very clean sine wave at 
tne input frequency and the amplitude 
of response was low in comparison. The 
data are summarized in Figure 6.29. 
Lading response from Runs 18 and 105 
are c o m b i n e d , by e n v e l o p i n g , into two 
c u r v e s ; one for the response at the 
input frequency and the other for the 
total response, i.e., the combined 
total of fundamental and harmonics. 
For Run 40 the total response is also 
the response at the input frequency. 
Tne lading accelerations with snubbers 
are seen to be 23 times greater than 
witnout friction snubbers. That is, 
the friction snubbers cause a much 
harsher ride within the frequency range 
of the lading vertical resonance.

A h  observation should be made on the 
degree of similarity of the ' lading 
responses for the corrugated boxes, Run 
18 and the stretch wrap packaging, Run 
105. Lading resonance modes are not 
sharply defined. They are affected by 
such things as the pallet condition and 
properties, the package stacking 
arrangement, the degree of slip between 
packages and the point at which package 
separation occurs. What was found in 
these tests was that the variation 
between packaging was less than the 
variation between different locations 
within the boxcar for the same packaging 
configuration.

Vertical Sinusoidal Motion Input of- + 0.30 g at Wheel-Rail 
Interface. Data from Oscillograph Records

FIGURE 6.29 COMPARISON OF LADING VERTICAL RESPONSE WITH AND 
WITHOUT FRICTION SNUBBERS
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6^9_ Response to Staggered Rail 
“ Simulation

I'he low joint profile characteristic of 
staggered joint bolted rail was s i m u 
lated b y  a rectified sine wave form as 
specified in Reference 6. This was 
accomplished by imposing the rectified 
sine motion vertically at each wheel 
with time delays to produce 90° phase 
difference between right and left 
wheels and to : reproduce the fore and 
aft time delays that are dependent on 
axle spacing, truck spacing, rail 
length and track speed. The amplitude 
of the rectified sine input to the 
wheels was controlled using the shaker 
piston displacement tranducers in a 
feed back loop w ith the computer driven 
shaker control systems.

Accelerometers mounted on each wheel 
were used to measure the actual wheel 
motion for recording and analysis of 
test data. As it turned out, the 
impulse acceleration due to the low 
joint cusp simulation was 40-50 times 
the basic sine wave acceleration so 
that the only information obtained from 
the wheel accelerometers was due to 
wheel shock. In the analysis of car- 
body response data it was assumed that 
the amplitude of the rectified sine 
input motion was at the specified test 
level.

The acceleration shocks experienced by 
the wheels at the simulated rail joints 
are summarized in Figure 6.30. Despite 
the scatter of data the "g" levels are 
seen to vary linearly with track speed. 
The recorded "g" levels are probably 
lower than actual for two r e a s o n s : 
firstly the actual joints will have 
some rail end misalignment and gapping 
that will increase the severity of the 
shock, and secondly the test data was 
recorded after going through a 35 Hertz 
low pass filter. The duration of the 
wheel shock pulses as indicated by the 
data processing system was about .025 
seconds, which is also the filter 
characteristic. If the shock pulses 
were actually shorter than the filter 
characteristic, for example, . .010 
seconds, the filter would have a t t e n 
uated the magnitude and registered a 
pulse width characteristic of the 
filter. There is consequently the 
strong probability that the wheel 
shocks are of higher "g" level than 
recorded but there is no way of d e duc
ing the actual unattenuated "g" level; 
Figure 6.30 is presented as a lower 
limit of wheel shocks due to rail 
j o i n t s .

15 20 25 30 35 40
Track Speed for 39 Foot Rail - MPH

FIGURE 6.30 STAGGERED RAIL TEST. SHOCK IMPULSE AT WHEEL
DUE TO RECTIFIED SINE CUSP AT SIMULATED RAIL JOINT
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The primary reason for performing the 
staggered rail test was to measure the 
roll response of the carbody. The 
results are presented in plots of 
lateral response of the top of the 
carbody against the frequency of the 
i n p u t . (Note that the input frequency 
is defined as having a wave length 
equal to the rail . length. The 
frequency of the functions used to 
generate the rectified sine wave is by 
definition half the input frequency. 
Note also that all amplitudes shown 
are single amplitude, noted as S.A.) 
In these plots the input frequency is 
shown at the bottom and the track 
speed is shown at the top using the 
relationship

f = v/\

Where
f = input frequency in Hertz 

= 2 x f ( r e c , sine) 
v  = track speed in feet per 

second
X. = rail length in feet,

assuming 39 foot rail, and converting 
frequency to miles per hour ( M P H ) :

M P H  = 26.591 x f

The amplitude of the carbody roll 
response is given b oth as inches of 
lateral deflection at the top of the 
carbody ‘and as carbody roll angle 
using the equation:

<(> = X/h x 57.3

Where
<f> = carbody roll angle in 

degrees, S.A.
X  = amplitude of .lateral 

motion at top of the 
carbody (measurements 
3 IX, 37X and 39X) in 
inches, S.A.

h = vertical distance of the 
measurement point from 
top of rail in inches.

This equation assumes that the roll 
moti o n  of the carbody is about a 
center of rotation that is at the top 
of rail, as was found to be the case 
for the First Roll Mode in Section 6.1.

Tne data are plotted to show the 
effect of input level for each 
configuration tested, Figures 6.31 
through 6.34, and to show a comparison 
between the configurations, Figures
6.35 through 6.37. For configurations 
w i t h . friction s n u b b e r s , the frequency 
(speed) of maximum roll angle is seen 
to v ary significantly with input 
amplitude, Figures 6.31 and 6.34. In 
Configuration 1A the critical speed is 
seen to be 24, 21, and 18.6 M P H  for 
input levels of 0.10, 0.20, and 0.30

inches respectively. These same 
numbers are also seen to occur for 
Configuration 3; however, the a d d i 
tional test at 0.50 inches showed the 
same critical speed as 0.30 inches 
(18.6 MPH).

Without snubbers, Configuration IB 
(loaded) and 2 (empty), the roll 
frequency did not change when the 
input level was increased from 0.10 to 
0.20 inches: 0.60 Hertz for the
loaded condition (Figure 6.32) and 
0.80 Hertz w hen empty (Figure 6-33). 
Because of the large response at 0.20 
inches the Configuration IB testing 
was discontinued. The Configuration 2 
test at 0.30 inches indicates that the 
critical frequency is still at 0.80 
Hertz but that when the roll motion 
reaches about 1.9 degrees, the linear 
range of the truck suspension system 
is exceeded and the nonlinear p r o p e r 
ties limit the response. The 'o s c i l 
lograph data shows that, both in the 
0.20 and 0.30 inch runs,' nonlinear 
effects are evident w hen the carbody 
roll motion reaches 1.6 degrees.

There are two conclusions that can be 
drawn from comparing the effects of 
configuration changes in Figures 6.35,
6.36 and 6.37. The first is as e x p e c 
ted, the friction snubbers reduce the 
magnitude of the carbody roll response 
by 60-70%. The second conclusion is 
that the lading package change from 
cardboard boxes to plastic stretch 
wrap had no measurable effect on the 
roll response, of the carbody in the 
staggered rail rest.
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The objective of the Hunting S imula
tion tests was to impose lateral 
motions on the trucks that would 
result in the truck lateral and 
carbody yaw motions characteristic of 
body hunting and to observe the 
responses of carbody and lading. 
These results were to be used in two 
ways: first to provide data on the
response of carbody and lading during 
body hunting and second to provide a 
basis for demonstrating the accuracy 
of the FRATE model.

The four configurations tested are 
compared in Figure 6.38 for a yaw 
input of 0.20 inches (or equal to +  
.047 degrees of yaw motion). The two 
configurations with snubbers, 1A, with 
corrugated boxes and 3, with stretch 
wrap packaging, were also tested to 
input levels of 0.40 and 0.60 inches: 
response data is plotted in Figures 
6.39 and 6.40. A  summary of response 
ratios is given in Table 6.8.

Two general observations are made. 
First the friction snubbers are 
effective in suppressing carbody 
motions, at least to the 0.60 inch 
level tested. (This input amplitude 
corresponds to the hunting motion of a 
truck where rail gauge clearance is 
1.2 inches.) The second observation 
is that the stretch wrap lading 
responds at slightly larger amplitudes 
than does the corrugated box.

6 .1 0  H unting S im u la tio n Lading response data is also plotted 
in acceleration units of gravity ("g") 
in Figure 6.41 for input level of 
0.20, 0.40, and 0.60 inches. In all 
cases there was bumping of the lading 
where the bumping was of two types: 
wi t h  large lateral motion of the l a d 
ing the top of the stack bumped the 
side wall of the carbody and wi t h  one 
"g" vertical acceleration the top 
packages would bounce. This is easily 
recognized in the oscillograph traces; 
without bumping, the acceleration time 
history is a reasonably smooth sine 
wave. Wi t h  bumping, there are h i g h 
frequency transient vibrations in 
evidence, the magnitude of w h ich is a 
measure of the severity of the b u m p 
ing. Examples of time traces are 
shown in Figure 6.42.

The data plotted in Figure 6.41 shows 
that the "g" response of the lading 
package at the input frequency is 
essentially the same for both types of 
packaging. That the "g" levels can be 
equal even though the stretch wrap 
deflection amplitude is larger is 
possible because the maximum values 
for the stretch wrap occur at a lower 
frequency. The data shows that the 
high frequency "g" levels are about 
the same for both packagings but that 
maximum values are reached at different 
f r e q u e n c i e s .

Finally it appears that in the hunting 
simulation, the lading, in either p a c k 
age, experiences severe and potentially 
damaging acceleration loadings.

F IG U R E  6 .3 8  H U N T IN G  S IM U L A T IO N  T E S T  W IT H  0 .2 0  IN C H  ( ± .0 4 7 ° )  Y A W
IN P U T . C A R B O D Y  A N D  L A D IN G  L A T E R A L  M O T IO N S  C O M P A R E D
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FIGURE 6.39 HUNTING SIMULATION TEST, RESPONSE TO 0.40 INCH (± .094 °)
YAW  INPUT. CARBODY AND LADING LATERAL MOTIONS COMPARED

2.0

1 .5

1.0

0 .5

L1.2 1 .4 1.6 1.8 2.0FREQUENCY - HERTZ
2.2 2 .4

FIGURE 6.40 HUNTING SIMULATION TEST, RESPONSE TO 0.60 INCH (± 0 .14 °)
YAW  INPUT. CARBODY AND LADING LATERAL MOTIONS COMPARED
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TABLE 6-8 RESPONSE IN HUNTING SIMULATION
Approximate R e sponse Ratios

Without Snubbers W i t h  Snubbers

Measurement Location 0.2 In. 
Input

0.2 In. 
Input

0.4 In. 
Input

0.6 In. 
Input

Carbody (31X) 3.8 1.5 1.5 1.3

Corrugated Box (45X) 8.3 5.5 3.5 3.1

Stretch Wrap (45X) ' -- 8.0 5.3 3.5

NOTE: Response Ratios are Response/lnput.

FIGURE 6.41 HUNTING SIMULATION, COMPARISON O F ACCELERATIO NS  
IN LADING PAC KAG ING .M EA SUREM ENT NO. 45X

3 8



Ac
ce
le
ra
ti
on

CO

*00

i

.5 —

44Z 0,- V ' A / n/ W ' A a *

- 1 Second
• 5 r

h -I------- 1------- K  I------- I--------1--------k  hTime
,5 —

45X 0 AA/V\
.5 -

Without
Bumping

Initial
Bumping

Severe
Bumping

FIGURE 6.42 EXAMPLE TIME TRACES OF LADING ACCELERATIONS 
SHOWING CHARACTERISTIC WAVEFORM WITH AND 
WITHOUT BUMPING



The increased stiffness of track and 
roadbed at railroad crossings is felt 
as a vertical bump in the track b y  
traversing vehicles. The bump a c t u 
ally has two causal elements; one is 
the increased stiffness of the track- 
tie assemblage, the other is bec a u s e  
the roadbed will have less settling at 
the railroad crossing. These bumps can 
be large enough to cause a vehicle to 
jump the track.

A  vertical bump was simulated in the 
testing with a (l-cosine)/2 function 
(haversine) , with the length of the 
bump and the speed of the car tuned to 
the pitch mode of the test boxcar 
using the following relationship:

V = L fp/1.5

PL = .8 V /fp

Where
V  = car speed, feet per

second
fp = pitch resonant

frequency of the 
boxcar, Hertz 

PL , = pulse length, feet 
L  = truck spacing, feet

Thus, if we have:

fD .= 2.9 Hertz and 
= 40.75 feet

w e  wou l d  u s e : .

V  = 78.78 feet/sec (53.7
mph) and 

PL = 21.73 ft.

To tune for the bounce mode the 
equation would be:

V  = Lfb or = Lfb/2 

Then with
fb = 2.2
V  - = 89.7 or 44.8 ft/sec

= 61.1 or 30 mph 
and PL = 32.6 or 16.3 feet

6 .1 1  R espon se  t o  V e r t i c a l  Bump
S im u la tio n

The shaker input for the testing was 
programmed to a bump duration and time 
delays between axles at and 10% above 
and bel o w  the boxc a r  pitch frequency. 
Problems were encountered in the shaker 
control software and the test was not 
performed for configuration 1A and 
only one successful run was made for 
configuration IB. These results are 
shown in Figures 6.43 and 6.44. The 
response was not in the pitch mode 
(2.77 Hertz) as expected but was 
rather in the bounce mode of 2.05 
Hertz.

Problems in the shaker computer 
control programming continued in the 
testing of Configuration 2 and again 
only one successful- run was made. The 
.results of this run are presented in 
the time his t o r y  . plots of Figure 
6.45. The plots of vertical accele
rations at b o t h  ends and center of the 
carbody show that b o t h  the bounce and 
pitch modes were present. The center 
of the carbody was moving at a steady 
3.78 Hertz motion': while the ends of 
the carbody were moving at 4.06 Hertz 
w i t h  a .274 Hertz amplitude modulation. 
Using the trigonometric formula:

sin x +  sin y = 2 sin (1/2 (x +  y)) *

cos 1/2 (x - y)

and letting x = bounce frequency 
and y = p i t c h  frequency

then:

x = 3.78 Hertz 
l/2(x +  y) = 4.06 Hertz 
1/2 (x - y) = .274 Hertz

from which y  = 4.33 Hertz.

The input pulse duration was .271 
seconds and the maximum carbody 
responses were +1.5 and -2.6g at 4.06 
Hertz (this comes to up .89 and down 
1.54 inches) at the truck location and 
+  .95g at 3.7,8 Hertz (or +  .65 inches) 
at the carbody center.
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In Configuration 3 there w ere three 
runs made using a vertical track bump
1.0 inches h i g h  w i t h  three different 
pulse durations and speed s i m u l a t i o n s . 
The time history plots in Figures 6.46 
are from the first run and are r e p r e 
sentative of all three. The boxc a r  
response motions were very quickly  
damped out (in about one and a h a l f  
cycles) and were in the 2.7 to 3.0 
Hertz range w h ich is within the fre
quency range of the pitch mode. A  
summary of results is given in Table 6.9,

The acceleration level of responses is 
seen to increase w i t h  the h i g h e r  speed 
runs, but the slowest run is seen to 
h a v e  the largest Q  (output/input ratio).

The responses for Configuration 3 are 
relatively small leading to the c o n 
clusion that w i t h  the strong snubbers 
the boxcar bounce and p i tch m o t i o n  are 
w ell controlled for the t r ack bump 
characteristic o f  railroad crossings.

TABLE 6-9 TRACK I R REGULARITY TEST RESULTS--CONFIGURATION 3 
(Units are A c celeration in g's Except as Noted Otherwise)

Measurement
Item

R u n  94

Max. Min. Peak

Run 95

Max. Min. Peak

Run 96

Max. Min. Peak

Input 1AZ

t , Actual 
t , Desired

+.48 -.40 .52 +.70 -.60 +.72 .88 -.87 .96

.349 sec = 1/2.87 Hz 

.400 sec = 1/2.50 Hz
.303 sec 
.333 sec

1/3.30 Hz 
1/3.00 Hz

.264 sec = 1/3.79 Hz 

.294 sec = 1/3.40 Hz

Carbody
33Z

41Z

+.32 -.32 -.56
(2.87 Hz)

+.36 I -.24 I .52 
(2.75 Hz)

.42 -.44 -.70
(2.98 Hz)

.44 I -.46 I -.70 
(2.60 Hz)

.55 -.60 -.82
(2.91 Hz)

.58 I -.60 I -.72 
(2.85 Hz)

Lading
44Z

50Z

Average Q

+.30

+.20

0.655

.35

.20
+.55

-.33

.50

.26

.60

.41

.20
-.75

-.32

.70

.36

.60

-.50

-.30

.95

.54

Notes: See Figure 6.46 for definition o f  t  , M a x . , Min. and Peak. Numbers
in Table are g's acceleration.
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7.1 Modal Test Results

A  summary of the modal frequencies 
obtained in each of the four config
urations tested, as well as a set of 
FRATE analysis results is given in
Table 7-1. There are 12 blanks in
this 45. element matrix: the analytic
prediction did not include body t o r 
sion and b o d y  bending; there are no
lading modes in the empty configura
tion; the b ody bending mode was det e r 
mined to be above 20 Hertz and out of 
the range of interest arid planned 
testing; and, because of the o v e rwhelm
ing effects of the friction sriubbers, 
there were three modes not found in
Configuration 1A and one not found in 
Configuration 3.

7. SUMMARY DISCUSSIONS Nevertheless, the modal testing was 
concluded to have b een successfully 
completed. Complete sets of modes 
were obtained for Configurations IB 
and 2 (loaded and empty w i t h  no snub-' 
bets) and these two are the primary 
cases needed to v alidate the FRATE 
program exclusive o f  the friction 
snubbers. . The combined results of 
Configurations 1A and 3 are sufficient 
to define the properties and effects 
of the friction snubbers.

Comparison between the FRATE pre-test 
analysis and test results shows best 
comparison w ith Configuration IB even 
though the FRATE analysis included a 
couloumb damping model of the friction 
sn u b b e r s . There are two reasons why
the friction snubber modal may have

TABLE 7-1 MODAL FREQUENCY SUMMARY, 70 TON BOXCAR, HERTZ

.CONFIGURATION
D A T A

PREDICTION 
57.5 Ton

CONFIG 1A 
60.1 Ton

CONFIG IB 
60.1 Ton

CONFIG 2 
Empty

CONFIG 3 
59.5 Ton

MODE
Snubbers 

Part Time
Snubbers

In
Snubbers

Out
Snubbers

Out
Snubbers

In

1st Roll 0.7 .69-.98 .54-.69 .84-1.00 .65-1.2

2nd Roll 1.6 N.A. . 2.5-3.0 3.04 3.40-4.0

Yaw 1.7 N.A. 1.65-1.71 2.3,-2.6 N.A.

Bounce 2.2 N.A. 2.05 3.81 2.1-2.8

Pitch 2.9 3.4-4.5 2.77 4.34 . 3.3-4.4

Body Torsion -- 12.4 & 
14.1

13.67 & 
15.36

13.125 '& 
.14.75

13.17&
14.8

Body Bending -- Above
20.0

Above
20.0

Above
20.0

Above
20.0

Lading Lat. 3.0 1.7-2.8 1.65-1.71 -- 1.60-2.4

Lading Vert. 9.0 8.5-8.7 9.00-9.25 — 8.25-8.5

NOTES:

N.A. - not available (snubbers remained locked)

Body Torsion - Two modes were found: (1) coupled with carbody yaw;
(2) uncoupled.
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b een insufficient: first, a 3,000
pound force v a lue was used in the
model whereas the test vehicle was
measured to be about 5,400 pounds; 
second, the friction snubber was 
modeled in FRATE to be active only 
after side bearing contact. F rom the
test results presented in Reference 1, 
this is not the case and the model 
needs to be modified to be active for 
any relative position of the carbody 
and dependent only on the force applied 
to the snubber. This is not a d i f f i 
cult change to m ake and will probably 
show a significant increase in the 
effectiveness of the snubbers in the 
FRATE p r o g r a m .

In the comparison of modal frequencies 
between FRATE predictions and C o n f i g u 
ration IB, the second roll mode is the 
only freight car mode that differs 
significantly: 1.6 Hertz from FRATE
and 2.5-3.0 Hz from tests. Finding 
the cause of and corrective measures 
for this difference will be tasks for 
the validation effort. However, the 
existing close correlation of the other 
modes provides reassurance that it will

not be difficult to validate the FRATE 
p rogram w i t h  the boxcar m o d e l .

The lateral lading mode ranged from 
1.6 to 2.2 Hertz and was lower than 
the predicted 3 Hertz. The validation  
effort to b e  performed will rev i e w  the 
basis for the 3 Hertz prediction, 
extrapolate the experimental data, 
Reference 5, and make necessary r e v i 
sions to the prediction procedure for 
b o t h  lateral and vertical modes.

In most cases it was found that the 
modal frequencies varied w i t h  a m p l i 
tude of input. The double figures 
given in Table 7.1 are the end points 
of these frequency ranges. These 
modal frequencies are further s u m 
marized in Figure 7.1 b y  showing the 
total frequency variation for each 
m ode over all four configurations. 
Figure 7.1 is helpful in showing the 
extent of frequency overlap for the 
modes b e l o w  4.0 Hertz. Particular 
note should be made of the overlap in 
(1) the carbody yaw and lading lateral 
modes and (2) the carbody bounce and 
p i tch m o d e s .

FIRST
ROLL 1 r
SECOND
ROLL u _ l

YAW c □

BOUNCE l__

PITCH L J

TORSION Cou]lied with Yaw
P Puncoupled TorsLon

BENDING Bounce
.

wit 1 Bendin □ [
LADING
LATERAL t Z1
LADING
VERTICAL s L0 2 4 6 8 10 12 14 16 18 20

frequency - Hertz

FIGURE 7.1 FREQUENCY RANGE OF EACH MODE FOR ALL  
CONFIGURATIONS

46



In studies o f  carbody hunting, the yaw 
inertia o f  the carbody should include 
the dynamic effects o f  the lading l a t 
eral mode. Conversely, in the study 
Of lading environments, the lading 
dynamics coupled w i t h  hunting con d i 
tions should b e  included.

In the study of boxcar response to 
vertical transients, such as railroad 
crossings, the p i tch and bounce must 
b o t h  b e  included in the dynamic a n a l 
ysis .

A  final observation on the modal test 
results is on the strong influence of 
the friction s n u b b e r s . The snubbers 
in all cases m ade the modal frequen
cies m ore sensitive to amplitude. In 
most cases the snubbers caused the 
frequencies to be higher (second roll, 
pitch and bounce) but for some cases 
to be lower (first roll at the larger 
a m p l i t u d e ) . The snubbers were so 
effective for carbody yaw motions that 
they r emained locked and yaw modes 
were not obtainable.

7.2 T r ack Condition Simulation

The p erformance of the DOTX 503 Boxcar 
in the staggered joint rail was good 
in that roll responses were relatively 
small and there was no wheel lift. 
This p erformance is due partly to the 
center of gravity of the vehicle being 
lower than a typical fully loaded 
hi-cube b o x c a r  (see Table 3-2), and 
partly to the h i g h  force characteris
tics of the friction snubbers. Even 
though there w ere no surprises in the 
test results, there are a number of 
observations o f  interest to be made.

The critical speed for carbody roll 
varied significantly w ith the a m p l i 
tude of the cross level variation. 
For the three rectified sine levels of 
0.10, 0.20 and 0.30 inches the criti
cal Speeds w e r e  24, 21, and 18.6 mph  
for b o t h  Configurations 1A and 3. 
W i t h  no friction snubber the critical 
speed was constant at 16.0 mph loaded 
(Configuration IB) and 21.3 m p h  empty 
(Configuration 2).

The response curves, speed versus 
carbody roll angle, were, for the most 
part, typical of a decreasing speed 
run: there is a gradual increase in
roll angle as speed is decreased to a 
maximum and then a relatively abrupt 
decrease in roll angle. The one case 
that did not follow this pattern 
closely was the 0.30 inch test in the 
empty, no snubber configuration.

In this case the response curve was 
typical of a nonlinear condition that 
partially truncated the usual peaking 
curve. it is probable that this n o n 
linear character was caused by gib 
c o n t a c t .

The hunting . simulation resulted in 
carbody motions that w ere o nly slightly 
larger (42%) than the input motions due 
to the snubbers being stiff and r e m a i n 
ing locked. However, the lading 
responses w ere relatively large (5.4 
times larger than input displacement) 
to the point that severe impact shocks 
resulted, due primarily to the lading 
hitting the carbody sidewalls. Maximum 
acceleration measured on the lading was 
2.9g.

Rail car trucks will normally move from 
side to side (hunt), within the limits 
permitted b y  gauge clearance, at a p r e 
dictable frequency that is dependent on 
a number of truck, vehicle and track 
parameters but is primarily a function 
Of speed. Typically, in the speed range 
from 0 to 60 mph, the hun t i n g  will v ary 
from 0 to 2.0 Hertz. Ideally the truck 
will be stable throughout its operating 
speed range and induced hunting motions 
will die out quickly. However, each 
truck-vehicle-track combination has a 
critical speed where the hunting motion, 
once induced, is sustained. Further, 
when the hunting frequency is near a 
body mode (usually carbody yaw), the 
truck hunting motion and b o d y  y a w  mode 
couple into a condition k n own as b ody 
hunting and which is generally more 
severe than truck hunting.

The test philosophy was to assume a 
condition of body hunting existed for 
the test vehicle, to generate the truck 
hunting motions that w o uld occur, and 
then to measure the characteristics of 
the b ody motion.

The results of the hunting simulation 
test followed the pattern found in the 
yaw mode testing. The friction s nub
bers v ery effectively limited the y a w  
motions of the carbody so that a c l a s 
sic b ody hunting condition was not 
induced in those cases w i t h  .s n u b b e r s . 
However, the lading lateral mode fell 
into the same frequency range (1.6-2.8 
Hertz) and large lading responses did 
occur. In tests without snubbers large 
body y a w  motions did result and test 
input levels were limited to 0.20 
inches because of the severity of the 
carbody motions.
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The conclusions drawn are that, w i t h  
this lading configuration, the lateral 
lading mode will couple w i t h  truck 
hunting to produce a kind of b ody  
hunting condition. Further, w i t h  
reduced snubber forces, more typical o f  
an older and weaker set of friction 
s n u b b e r s , body hunting (if encountered) 
will b e  v e r y  severe with a lot of 
lading participation. Al t h o u g h  
derailment conditions are not , i ndi
cated, accelerated wear and increased 
probability of damage to track, truck, 
carbody and lading will result.

The lading dynamics are dependent 
primarily on the pallet and the height 
of the stack. The test configuration 
is consequently fairly typical b u t  as 
the stack height is increased above the 
seven foot stack used, and as the total 
lading weight is increased, the hunting 
response conditions can be expected to 
worsen.

The tests simulating track irregulari
ties typified b y  railroad crossings 
were successfully completed despite 
some computer programming problems for 
the shaker input control. The results 
showed that b oth the pitch and bounce 
modes can be excited by the track bump 
produced b y  typical track modulus 
changes. W i t h  snubbers, the response 
motions are controlled and damp out 
quickly. Without snubbers, the 
response motions are large, nearly 2 
g's, for b o t h  the loaded and empty 
conditions and the bounce and pitch 
motions continue for many cycles.

The total test program including the 
static tests reported in R e f erence 1 
and the v i b ration tests of this report 
are concluded to be successfully 
completed. The stiffness, damping, 
modal and response data obtained and 
reported are extensive and Will be 
extremely valuable and helpful for the 
dynamic modeling and analysis of  
freight c a r s .

Comparison of the results of the 
existing FRATE boxcar model w i t h  test 
results s h o w n s , f o r  the most part, v ery  
close agreement. The changes indicated 
b y  b o t h  the static and vi b r a t i o n  t e s t 
ing are expected to be. easy to do and 
the final validation of FRATE for b o x 
car dynamic analysis is not expected to 
b e  troublesome.

Lading, w hen loaded in typical pallet 
stacks, was shown to have a significant 
influence on the response of the boxcar  
in the harmonic roll responses to s t a g 
gered rail and in hunting conditions. 
Loading configurations that result in 
min i m u m  voids and the filling of voids 
w i t h  durable dunnage are recommended. 
A lso the use of a more rigid pallet is 
r e c o m m e n d e d .

8 .  CO NCLUSIONS
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APP E N D I X  A
Measurements Numbering and Location 

T A BLE A-l MEASUREMENT NUMBER A N D  DESCRIPTION

NUMB E R  

(1Z) A1AZ 

(2Z) A1BZ 

(3X) A 1 C X  

(4Z> A2AZ 

(5Z) A 2 B Z  

(6X) A 2 C X  

(7Z) A 3AZ 

(8Z) A3BZ 

(9X) A 3 C X  

(10Z) A4AZ 

(11Z) A 4BZ 

(12X) A 4 C X  

A13Z 

A 1 4 X  

A15Z 

A 1 6 X  

A17Z 

A18Z 

A 1 9 Y  

D20Z

D21Z

A22Z

A 2 3 X

A24Z

MEASUREMENT DESCRIPTION

Input Accel, Vertical Actuator LA, Left Side 
Input Accel, Vertical Actuator IB, Right Side 

Input Accel, Lateral Actuator 1C 

Input Accel, Vertical Actuator 2A, Left Side 

Input Accel, Vertical Actuator 2B, Right Side 
Input Accel, Lateral Actuator 2C

Input Accel, Vertical Actuator 3A, Left Side 

Input Accel, Vertical Actuator 3B, Right Side

Input Accel, Lateral Actuator 3C
Input Accel, Vertical Actuator 4 A  Left Side

Input Accel, Vertical Actuator 4B, Right Side

Input Accel, Lateral Actuator 4C

Vertical Accel, B Truck, Left Sideframe

Lateral Accel, B Truck, Left Sideframe

Vertical Accel, B Truck, Left End of Truck Bolster
Lateral Accel, B Truck, Left End of Truck Bolster

Vertical Accel, B Truck, Right Sideframe
Vertical Accel, B Truck Bolster, Right Side

Longitudinal Accel, B Truck Bolster Center

Vertical Displacement, B Truck, Left Side, Sideframe 
to Truck Bolster

Vertical Displacement, B Truck, Right Side, Sideframe 
to Truck Bolster

Vertical Accel, A  Truck Left Sideframe 

Lateral A c c e l , A  Truck Left Sideframe 

Vertical Accel, A  Truck Bolster, Left End

N O T E S :

(1 .) Input accelerometers have two (2) sets of notations which are used 
interchangeably.

(2.) Except for the input accelerometer notation in parentheses,
the first letter refers to the instrument type (A = accelerometer,
D = displacement and G  = gyro), and the last letter, (X, Y, Z, & R) 
refers to the sensitive axis of.the instrument--(R = roll).
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TABLE A-

A 2 5 X

A26Z

A27Z

A 2 8 Y

D29Z

D30Z

A3 IX

A 3 2 X

A33Z

A 34Z

A 3 5 X
/

A 3 6 X

A37Z

A38Z

A 39X

A 4 0 X

A41Z

A42Z

A43Z

A44Z .

A43X

A46Z

A P P E N D I X  A
Measurements Numbering and Location 

1 MEASUREMENT N U M B E R  A N D  DESCRIPTION (Continued)

Lateral Accel, A  Truck Bolster, Left End

Vertical Accel, A  Truck, Right Sideframe
Vertical Accel, A  Truck Bolster, Right End

Longitudinal Accel, A  Truck Bolster, Center
Vertical Displacement, A  Truck, Left Side Sideframe to 
Truck Bolster

Vertical Displacement, A  Truck, Right Side, Sideframe 
to Truck Bolster

Lateral Accel, Top, Left Side of Carbody, @ B Truck 
Center Line

Lateral Accel, Bottom, Left side of Carbody, @ B Truck 
Center Line

Vertical Accel, Bottom, Left Side, of Carbody, @ B 
Truck Center Line

Vertical Accel, Bottom, Right Side of Carbody, @ B 
Truck Center Line

Lateral Accel, Top, Left Side of Carbody, @ Carbody 
Center

Lateral Accel, Bottom, Left Side of Carbody, @ Carbody 
Center

Vertical Accel, Bottom, Left Side of Carbody @ Carbody 
Center

Vertical Accel, Bottom, Right Side of Carbody, @ 
Carbody Center

Lateral Accel, Top, Left Side of Carbody, @ A  Truck 
Center Line

Lateral Accel, Bottom, Left Side of Carbody, @ A  Truck 
Center Line

Vertical Accel, Bottom, Left Side of Carbody, @ A  
Truck Center Line

Vertical Accel, Bottom, Right Side of Carbody, @ A  
Truck Center Line

Vertical Accel, Top of Lading, Right Side B Truck 
Center Line

Vertical Accel, Top of Lading, Left Side @ B Truck 
Center Line

Lateral Accel, Top of Lading, Left Side @ B Truck 
Center Line

Vertical Accel, Bottom of Top Pallet of Lading, Left 
Side @ B Truck Center Line
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TABLE A - l

APPENDIX A
Measurements Numbering and L o c a tio n  

MEASUREMENT NUMBER AND DESCRIPTION (C oncluded)

A47X L a te r a l  A c c e l, Bottom o f  Top P a l l e t  o f  L a d in g , L e f t  
S id e  @ B T ru ck  C en ter L in e

A48Z V e r t ic a l  A c c e l, Bottom o f  Bottom P a l l e t  o f  L a d in g , 
L e f t  S id e  @ B T ru ck  C e n te r L in e

A49Z V e r t ic a l  A c c e l, In s id e  Bottom o f  Lower P a l l e t  o f  
L a d in g , @ B T ru ck  C en ter L in e

A50Z 'V e r t i c a l  A c c e l, Top o f  L a d in g , L e f t  S id e , @ Carbody  
C enter

A51X L a te r a l  A c c e l, Top o f  L a d in g , L e f t  S id e , @ Carbody  
C enter L in e

A52Z V e r t ic a l  A c c e l, Bottom o f  Lower P a l l e t  o f  L a d in g , L e f t  
S id e , Carbody C en te r L in e

A53Z V e r t ic a l  A c c e l, Top o f  L a d in g , R ig h t S id e , @ A T ru ck  
C enter L in e

A54Z V e r t ic a l  A c c e l, Top o f  L a d in g , L e f t  S id e , @ A T ru ck  
C enter L in e

A55X
)

L a te r a l  A c c e l, Top o f  L a d in g , L e f t  S id e , @ A Truck  
C enter L in e

A56Z V e r t ic a l  A c c e l, Bottom o f  Top P a l l e t  o f  L a d in g , L e f t  
S id e , @ A T ru ck  C en te r L in e

A57X L a te r a l  A c c e l, Bottom o f  Top P a l l e t  o f  L a d in g , L e f t  
S id e , @ A T ru ck  C en ter L in e

A58Z V e r t ic a l  A c c e l, Bottom o f  Lower P a l l e t  o f  L a d in g , -L e f t  
S id e , @ A Truck  C en ter L in e

GAR R o l l  G yro, Mounted on Carbody S tru c tu re  S ix  (6 )  In ch es  
Above D r a f t  P o c k e t, Car C en te r L in e ,  A End

GBR R o l l  G yro, Mounted on Carbody S tru c tu re  S ix  (6 )  In ch es  
Above D r a f t  P o c k e t, Car C en te r L in e ,  B End
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