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EXECUTIVE SUMMARY

The High Performance, High Cube Covered Hopper Car 
Project was initiated in 1980, as part of the Track Train 
Dynamics Program, with a view to promoting improved designs 
of cars. The supply industry was invited to develop and 
submit improved designs of covered hopper cars for test. 
Performance guidelines were issued for new car designs and 
included the outline for a test program. This document 
called for the testing of a current design (base line case) 
covered hopper car, against which each prototype car would be 
compared. A test base car was obtained on loan from the 
Missouri Pacific Railroad. A series of reports will describe 
in detail the base car test series. This particular report 
describes the rock-and roll and bounce regime tests.

The rock-and-roll and bounce tests were conducted on 
shimmed track sections in the Linear Induction Motor (LIM) 
track and Balloon Loop at the Transportation Test Center in 
Pueblo, Colorado. Both empty and loaded car tests were 
conducted.

For the rock-and-roll regime, the measurements of 
primary interest were the car body roll angles and vertical 
wheel loads, with particular regard to wheel lift and 
suspension system spring travel.

For the bounce regime, the vertical accelerations at the 
car body center plate and wheel loads were of primary 

interest.
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The bounce and rock-and-roll test runs were conducted in 
such a manner that the resonance condition could be 
determined within 1 mph of the true resonant speed.

It was found from the results that track curvature did 
not affect the resonant roll speed of the vehicle. The 
maximum roll response was attained when the car body roll 
natural frequency coincided with that of the rail joint input 
frequency. The resulting maximum peak-to-peak roll angles on 
tangent track ranged from 9.3 degrees for the empty car to
10.6 degrees for the loaded car. The results from the curved 
track tests were comparable. It should be noted that the 
maximum peak-to-peak roll angle recommended in the AAR 
Guidelines is about 6 degrees.

The vertical wheel loads, measured on the leading wheel 
set of the empty car, were also comparable in both the 
tangent and curved track tests. Dynamic load factors 
exceeding twice the static wheel load were found in all of 
the test runs.

In the case of the loaded car, the maximum wheel loads 
were developed at speeds near the resonant speed of the 
vehicle. Dynamic load factors of more than 2.0 and sustained 
wheel unloadings, with a distance duration of 6 feet, were 
noted in the critical speed range of 15.5 to 19 mph.

The results of the bounce tests indicated that the car 
body vibrated at its input excitation frequencies and their 
harmonics. The vehicle experienced its bounce and pitch 
resonances near 56 mph, for which the natural frequency of

the car body on its suspension system coincided with the
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frequency at which the car passed the 39-foot rail joints.
A brief summary of the results is as follows:

Rock-and-Roll Tests

Track
Vehicle
Config­
uration

Critical
Speed
(mph)

Peak-to-Peak 
Roll Angle 
(degrees)

Vertical
Minimum
(lb)

Wheel Load 
Maximum 
(lb)

Tangent Empty 24.8 9.3 0 21,000
Loaded 16.7 10.6 0 78,000

Curved Empty 24.4 9.3 0 22,500
Loaded 18.0 9.8 0 68,500

Bounce

Vertical Acceleration Vertical Wheel Load
Vehicle Critical
Configur­ Speed r mis -i peak -i Minimum Maximum
ation (mph) L g ' s J L g's J (lb) (lb)
Empty 70 mph* ★ * * *

Loaded 56.3mph 0.4 1.2 9,500 58,000

* Not determined, because the critical speed was above the 
maximum speed tested.

The wheel loads shown here are the "peak" minimum and 
"peak" maximum values, and represent the absolute minimum and 
maximum values. Other statistical characterizations are 
discussed in the report.
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LIST OF SYMBOLS AND ABBREVIATIONS
Symbol
(or)

Abbreviation Definition
AR4 A-end (leading ), right side, fourth axle of the 

vehicle.
AL4 A-end (leading), left side, fourth axle of the 

vehicle.
L/V Ratio of lateral to vertical wheel load.
AL A-end (leading), left side.
AR A-end (leading), right side.
ALD Automatic location detector.
LIM Linear Induction Motor (the name of the track 

where the rock-and-roll tests were conducted).

CG Center of gravity.
L5* The level that is exceeded ninety-five percent 

of the time.
L95* The level that is exceeded five percent of the 

time.
LTD6MIN* The minimum of all levels that are continuously 

sustained over a six foot length of track.
LTD6MAX* The maximum of all levels that are continuously 

sustained over a six foot length of track.
RMS* Root mean square.
STD* Standard deviation.

* See Appendix A for more detailed descriptions.
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1.0 INTRODUCTION
The cooperative international Track Train Dynamics 

Program initiated a High Performance, High Cube Covered 
Hopper Car Project in 1980 with the objective of encouraging 
the development of an improved covered hopper car. industry 
derailment statistics pointed to the need for improving the 
performance of this car type, particularly the roll 
stability. After careful review of available dynamic 
performance test data, a set of performance guidelines were 
developed. These were described [1]* in terms of dynamic 
performance regimes, such as hunting, curving, curve entry, 
rock-and-roll and bounce.

These guidelines were published and railway industry 
suppliers were encouraged to develop cars with improved 
performance that would meet the provisions of the performance 
standards. After a review of industry-published test data, 
it was concluded that sufficient data were not available for 
the conventional 100-ton high cube covered hopper car. Thus, 
the project plan called for testing of a current design (base 
line case) covered hopper car, against which each new 
prototype car would be compared. The base car was obtained 
on loan from the Missouri Pacific Railroad for use in the 
test program.

* Numbers in square brackets [) refer to the References, 
listed in Section 10.0 of this report.
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This report describes the dynamic test program and 
results for the roll, pitch and bounce regimes. The 
rock-and-roll performance of a covered hopper car is one of 
the major elements of the program, because of its 
relationship with operational safety.

The overall test series also examined other performance 
aspects of the base car, and these are reported in a total of 
four volumes. This report is Volume 1. Volume 2 [2] 
describes the hunting performance, Volume 3 [3] describes the 
curving performance and Volume 4 [4] presents a summary of 
all of the base car performance tests.

2.0 TEST CAR
Figure 1 shows the base car, a 100-ton covered hopper 

car with a capacity of 4750 cubic feet. The car is 57 ft., 4 
in. over strikers and with a truck center distance of 45 ft., 
9 in. The estimated center of gravity height is 95 inches
loaded and 61 inches empty, above the top of rail. The car 
was equipped with conventional three-piece trucks, with 

constant-column friction damping and double roller 
conventional side bearings. Each spring group had seven AAR 
D-5 outer coil springs and nine AAR D-5 inner coil springs, 
with a capacity (at solid height) of 95,698 lb.. Other 
pertinent car dimensions are shown in Figure 2.

The test car was selected to be generically 
representative of a class which have exhibited performance 
deficiencies during revenue service operations.
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3.0 TEST PROGRAM
The Dynamic Performance Test Program was designed to 

quantify the essential parameters, for each dynamic 
performance regime, with which the base car could be judged 
and compared in relationship to any new prototype car. The 
dynamic performance regimes that are neccessary to 
characterize the performance of a car are related to wear and 
stability, and include curving, curve entry, hunting, 
rock-and-roll and bounce. The test program was designed 
around available track sites at the Transportation Test 
Center in Pueblo, Colorado, as shown in Figure 3. A Test 
Matrix summary for the rock-and-roll and bounce tests, 
including the test tracks that were used, is shown in Table
1. The rock-and-roll tests utilized perturbed track sections 
in the LIM (Linear Induction Motor) track and the Balloon 
Loop, which were shimmed in accordance with the pattern shown 
in Figure 4. Automatic location detectors (ALD) were placed 
on each of the test tracks to identify the various track 
loops and test sections. This system uses retroreflective 
markers on the track, and an infrared light emitting source 
and receiver system on the test car. For the LIM tangent 
track rock-and-roll section, ALD markers were placed at both 
ends of the shimmed section, which was approximately 400 feet 
in length. The curved track rock-and-roll section on the 
Balloon Loop was 400 feet long and was designated, for data 
reduction purposes, as Section 3 of the Balloon Loop. A 
guard rail was provided to prevent derailments. The Balloon

Loop is a 7-1/2 degree curve with a 4-1/4 inch superelevation,
5
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Table 1

Test Matrix Summary for the Base Covered 

Hopper Car Tests

DYNAMIC PERFORMANCE REGIME LOADED EMPTY TEST TRACK USED

TANGENT ROCK-AND-ROLL X X LIM

CURVE ROCK-AND-ROLL X X BALLOON

BOUNCE X X LIM
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resulting in a balance speed of about 30 mph.

4.0 TEST RUNS FOR ROCK-AND-ROLL AND BOUNCE
The test runs were made in one direction only over the 

perturbed sections. The general methodology was to locate 
the resonance condition within 1 mph, and to quantify the 
performance throughout a reasonable range of operating 
speeds. For the rock-and-roll tests, a speed increment of 2 
mph was initially chosen. After bracketing the resonant 
speed range within 2 mph, intermediate speeds were then run. 
The runs started at 12 mph for the loaded car and 20 mph for 
the empty car. In each case, the runs continued until it was 
determined that resonance had been reached and passed, and 
the resonant speed was accurately located. The procedures 
were identical for both the curved and tangent track 
rock-and-roll runs.

The test runs for empty and loaded car bounce were 
conducted in a similar manner. The speed increments were 5 
mph, starting at 20 mph, until the resonance condition had 
been achieved or the limiting track speed was reached.

5.0 TEST CONSIST AND INSTRUMENTATION
The test consist included, in order, a four-axle 

locomotive, the AAR-100 Research Car, a loaded 100-ton open- 
top hopper car, serving as a buffer car, the test car, and a 
follow-on buffer car. The A-end of the test car was the 
leading end in all of the tests.

The AAR-100 Research Car has been designed for data
9



collection, and includes a PDP 11/34 computer and associated 

hardware which was recently installed. An instrumentation 

block diagram for the on-board data collection system and 

transducer input cable connections is shown in Figure 5.
The data acquisition system was under the control of a 

general purpose data acquisition software program, described 

in Section 6. In all cases, a sampling rate of 256 

samples/sec was used for each of the channels.

The transducers used for the rock-and-roll and bounce 

performance tests included two instrumented wheel sets, an 

angle-of-attack measurement device on the A-end (leading) 

truck and roll gyros. The vertical and lateral force 

measurement strain gages on each instrumented wheel, and the 

roll gyros were the principal transducers for the 

rock-and-roll tests. They were selected so as to directly 

evaluate the rock-and-roll performance. Other transducers 

were used to obtain supplementary information, that would be 

useful for modeling purposes, and for gaining insights into 

the effects of possible parametric variations of the design 

hardware. These parameters included spring displacements, 
side bearing forces and side frame/bolster relative 

displacements.

The instrumented wheel sets were of the IIT Research 

Institute design [5], in which each wheel had strain gages 

mounted on the wheel plate and electrically connected so as 

to form six separate full Wheatstone bridges: three vertical, 

two lateral and one position (lateral). After cross-channel 

corrections, the output from each was used to provide

10



Figure 5. Block Diagram Showing the Data Collection System on 

the AAR-100 Research Car.
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continuous vertical and lateral load measurements. This was 

done in real time by use of a dedicated microprocessor for each 
wheel set. A lateral to vertical load (L/V) ratio measurement 

was also provided continuously. Each microprocessor handled 
twelve channels of data (from one wheel set) and had its own 

analog-to-digital converter. It could also convert the digital 

data back into an analog format, for display on a strip chart 

recorder.

The vertical load range was 0 to 100,000 lb., the lateral 

load range was +100,000 lb. and the L/V ratio range was + 10.

A side view of the instrumented wheel sets is shown in Figure 6.

The angle-of-attack measurement framework can also be seen 

in Figure 6. The angle-of-attack for each wheel set was 

obtained by measuring the lateral displacement of the wheel 

relative to the rail, by means of probes that contacted the 

running surfaces of the rails. The probes had a range of + 2.0 
inches and were located ahead of and behind each wheel.

Automatic location detector (ALD) markers were used and 

speed measurements were made in all of the rock-and-roll and 

bounce tests. A summary of transducers for the rock-and-roll 

and bounce regimes is given in Table 2, and the locations of 

these transducers are shown in Figure 7.

Typical locations and transducer mountings are shown in 

Figures 8, 9 and 10. Figure 8 shows the rate gyro for roll 

angle measurements, which incorporated an integrator in the 

associated signal conditioner to provide roll displacements 

directly in degrees. Figure 9 shows a vertical spring group 

displacement transducer, of the bending-beam-type, equipped

12



Figure 6. Instrumented Wheel Sets and Associated Angle-of- 

attack Measurement Frame for the A-end (Leading) 

Truck.
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Table 2

Summary of Instrumentation for the 
Base Car Performance Tests.

Measurement Parameter and Transducer
No._________________ Location_____________________________ Type

1 Automatic Location Detector —

2 Research Car Speed —

3 AR3 Wheel/Rail Displacement 
Rear Probe Bending Beam , Strain Gaged

4 AR3 Wheel/Rail Displacement 
Front Probe . Bending Beam , Strain Gaged

5 AR4 Wheel/Rail Displacement 
Rear Probe Bending Beam , Strain Gaged

6 AR4 Wheel/Rail Displacement 
Front Probe Bending Beam , Strain Gaged

7 AR3 Vertical Wheel Load Instrumented Wheel Set.

8 AR3 Lateral Wheel Load Instrumented Wheel Set.

9 AR3 L/V Ratio Instrumented Wheel Set.

10 AL3 Vertical Wheel Load Instrumented Wheel Set.

11 AL3 Lateral Wheel Load Instrumented Wheel Set.

12 AL3 L/V Ratio Instrumented Wheel Set.

13 AL4 Vertical Wheel Load Instrumented Wheel Set.

14 AL4 Lateral Wheel Load Instrumented Wheel Set.

15 AL4 L/V Ratio Instrumented Wheel Set.

16 AR4 Vertical Wheel Load Instrumented Wheel Set.

17 AR4 Lateral Wheel Load Instrumented Wheel Set.

18 AR4 L/V Ratio Instrumented Wheel Set.

19 AL3 Spring Travel Bending Beam , Strain Gaged

20 AL4 Spring Travel Bending Beam , Strain Gaged

21 BL :Side Bearing Load Load Cell.

22 BR ,Side Bearing Load Load Cell.

14



Table 2 (Continued)

Measurement
No.

Parameter and Transducer 
Location Type

23 A-end Roll Gyro Rate Gyro with Integrator
Circuit.

24 B-end Roll Gyro Rate Gryro with Integrator
Circuit.

25 AL3 Side Frame-to-Bearing 
Adaptor, Longitudinal
Displacement Bending Beam, Strain Gaged.

26 AR3 Side Frame-to-Bearing 
Adaptor, Longitudinal
Displacement Bending Beam, Strain Gaged.

27 AL4 Side Frame-to-Bearing 
Adaptor, Longitudinal
Displacement Bending Beam, Strain Gaged.

28 AR4 Side Frame-to-Bearing 
Adaptor, Longitudinal
Displacement Bending Beam, Strain Gaged.

29 AL3 Side Frame-to-Bearing 
Adaptor, LateralDisplacement Bending Beam, Strain Gaged.

30 AR3 Side Frame-to-Bearing 
Adaptor, Lateral
Displacement Bending Beam, Strain Gaged.

31 AL4 Side Frame-to-Bearing 
Adaptor, Lateral
Displacement Bending Beam, Strain Gaged.

32 AR4 Side Frame-to-Bearing 
Adaptor, Lateral
Displacement Bending Beam, Strain Gaged.

33 A-end Lateral Acceleration
at Car Body Center of Gravity Bell & Howell Accelerometer.

34 B-end Lateral Acceleration
at Car Body Center of Gravity Bell & Howell Accelerometer.

35 AL Side Sill Lateral
Acceleration Bell & Howell Accelerometer.
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Table 2 (Continued)

Measurement
No.

Parameter and 
Location

Transducer 
_ Type.............

36 AR Side Sill Lateral
Acceleration Bell & Howell Accelerometer.

37 BL Side Sill Lateral
Acceleration Bell & Howell Accelerometer.

38 BR Side Sill Lateral
Acceleration Bell & Howell Accelerometer.

39 AR3 Bearing Adapter Lateral
Acceleration Setra Accelerometer.

40 AR4 Bearing Adapter Lateral
Acceleration Setra Accelerometer.

41 BRl Bearing Adapter Lateral
Acceleration Setra Accelerometer.

42 BR2 Bearing Adapter Lateral
Acceleration Setra Accelerometer.

43 A-end Center Plate
Vertical Acceleration String Potentiometer.

44 B-end Center Plate
Vertical Acceleration String Potentiometer.

77 A-end Left Truck Swivel String Potentiometer.

78 A-end Right Truck Swivel String Potentiometer.

79 A-end Right Spring Travel String Potentiometer.
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Figure 7. Transducer Locations for the Base Car Tests.
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Figure 8. Rate Gyro for Measuring Car Body Roil Angles, Mounted

on the Centerline of the Test Car Center Sill, Near
the End Sill.
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Figure 9. Strain-gaged Bending-beam-type of Transducer, for 

Measuring Test Car Spring Travel (Deflection).
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Figure 10. Vertical Acceleration Transducer, Mounted on the

Center Sill Flange Near the Car Body Center Plate.
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with strain gages and having an effective linear range of + 4 

inches. Figure 10 shows a typical vertical accelerometer 

near the body center plate. These were of the 

strain-gage-type, with a range of + 6.0 g.

6.0 DATA ACQUISITION

The digital data acquisition software was comprised of 

five program modules, each dedicated to a specific part of 

the data acquisition.

An initialization file was created by one of the program 

modules and provided system runtime information, such as the 

sample rate, channels to be acquired and tape record length, 

to the data collection modules. For additional test 

condition information, test and channel descriptor records 

were written to this file. The channel descriptor record 

provided information on each data channel, including the 
characteristics of the transducer used and its calibration 

values.

At the beginning of the data acquisition process, the 

test and channel descriptor records were written onto tape. 

Communications among the various data acquisition 

peripherals, data collection and transfer were controlled by 

the acquisition program data collection modules.

The outputs from the transducers were sent first to the 

associated signal conditioners. In order to prevent aliasing 

of the high frequency information, the signals were filtered 

at about 100 Hz. The filtered signals were then amplified to 

a level suitable for the analog-to-digital conversion process.
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Next in line was the patch panel, by means of which the 

conditioned signals were sent to the analog-to-digital 

converter. The ANDS 5400 analog-to-digital converter 

digitized the high-level analog input signals and the 

resulting data were transferred by direct memory access 

techniques to the tape recorder buffers in the computer. The 

digitized data were recorded on magnetic tape until the data 

acquisition was terminated. During data collection, four 

simultaneous channels of digital-to-analog output monitoring 
on strip chart recorders could also be supported by the 

program.

The remaining program modules were dedicated to playing 

the digitized data back after data collection. In this mode, 

the digital data were converted back into analog signals for 

display on a strip chart recorder.

A Quick-look Program could be used to check the 

statistical properties of the data (in engineering units) for 

selected test runs, in order to permit the test crew to 

examine the integrity of the data.

7.0 DATA REDUCTION AND ANALYSIS

The data were collected on digital tapes for each of the 

test runs in each performance regime. The tapes were copied 

at the Transportation Test Center in Pueblo, Colorado, and 

then sent to the AAR Chicago office for data reduction and 

analysis on the DECSYSTEM-2060 mainframe computer.

The subsequent processing of the test data was 

accomplished in three categories, as follows:
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1) Data re-formatting,
2) Data pre-processing and

3) Data analysis.

The first phase in the data reduction was the 

preparation of the raw data for detailed examination. The 

data (in binary format) were first converted to the 

DECSYSTEM-2060 format. The calibration signals recorded 

prior to data collection were compared with the nominal 

calibration values for each measurement. The sensitivity 

factors (ratio of mechanical input to electrical output) were 

recalculated, and the data (in volts) were then converted 

into engineering units. Before storing the data in the data 

base, the ALD photocell voltage time history was processed 

for section identification, by using a routine which 

interpreted the specific time intervals between the recorded 

pulses.

The next step in data reduction was to prepare the data 

for analysis. During data collection activities, many 

problems can arise for a variety of reasons and spurious 

values can be injected into the data. Failure of the analog- 

to-digital converter, resulting in high bit dropouts, failure 

of the magnetic tape drive, causing a temporary record loss, 

transducer malfunction and extraneous noise picked up in the 

test environment are all examples of some of these problems. 

As an example, random points present in the data may 

introduce spurious frequencies into the power spectral 

density (PSD) plots, show false peaks, bias the probability

density function (PDF) plots and subsequently alter the

23



characteristics of the physical phenomenon inherent in the 
data. It is, therefore, necessary to detect and eliminate 

"outliers" in the overall data reduction process, before a 

detailed data analysis can begin.

The key parameters of interest, such as wheel loads and 

accelerations, were plotted and hard copies of these plots 

were studied. An interactive pre-processing program was then 

used to remove any detected level shifts and trends, outliers 

and other types of errors. This program also allowed the 

user to examine the probability and power spectral density 

plots, as well as to digitally filter the data within a 

specified frequency bandwidth. Finally, all of the selected 

portions of data were made ready for analysis.

In the last phase of the data reduction, programs were 

used to determine maxima, minima, rms and mean values, 

standard deviations and other statistical descriptors that 

are used to determine the exceedences of various threshold 

levels. The data reduction and analysis procedures are 

described in Appendix A. The key parameters that were 

selected to quantify the performance of the vehicle in the 

prescribed test regime are described in the following 

sections.

8.0 TEST RESULTS FOR THE ROCK-AND-ROLL REGIME
The primary objective of the data reduction and analysis 

in the rock-and-roll regime was to determine the effects of 

extreme car body roll on the low speed operation of the base 

covered hopper car, running over a perturbed track section
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with staggered rail joints. The key parameters, used to 
describe the dynamic performance of the vehicle, were:

1) Peak-to-peak car body roll angles, used to identify
the critical rock-and-roll speed of the vehicle, and
2) Vertical wheel loads.
As a result of excessive car body roll, significant 

dynamic loads are imposed on the truck components, 
particularly after the car body rolls onto the side 
bearings. Depending upon the magnitude of the roll, the 
weight of the car may, in effect, be shifted onto the side 
bearings, resulting in spring bottoming and wheel lifts. The 
vertical load distribution on all four wheels of a truck may 
also vary considerably.

Maximum and minimum levels of the wheel loads, as 
measured at the leading wheel set of the leading truck, along 
with their associated time durations, were obtained, and the 
dynamic wheel loadings and unloadings calculated. The 
statistical descriptors used to quantify the maximum wheel 
load levels were the peak and L95 values. The L95 value of a 
parameter is defined as the level which is exceeded only 5 
percent of the total time [6]. The wheel unloading is 
described in terms of a minimum "peak" load and a minimum 
load level, called the LTD6MIN, that is sustained 
continuously over a 6-foot-long track segment.

8.1 Rock-and-roll on Tangent Track
The test data were reduced and analyzed for the
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base car in the empty and loaded conditions. In order 
to determine the critical speed of the empty base car, 
the roll angle time histories were plotted and studied 
for all of the test runs. Two of these traces are shown 
in Figures 11 and 12, which represent the response of 
the vehicle for an extreme case of rock-and-roll. A 
steady state response was observed at speeds below the 
resonant roll condition. At 20.77 mph, an average 
peak-to-peak roll angle of 4.5 degrees was experienced. 
As the speed of the vehicle increased, the response of 
the vehicle changed. At 30.5 mph, the roll response was 
no longer a steady state one, since the amplitudes of 
the motion varied with time, as found in nonlinear 
systems. A maximum peak-to-peak roll angle of 7.3 
degrees was noted in this case.

The resonance condition, occurring at a speed 
where the car body experienced its maximum roll angle, 
was determined to be between 24 and 25 mph. The roll 
angle time history (Figure 13) for the leading end of 
the carbody at 24.84 mph showed a maximum peak-to-peak 
roll angle of 8.9 degrees. The corresponding value for 
the trailing end was 9.3 degrees (Figure 14).

To illustrate the peak roll response and show the 
location of the critical rock-and-roll speed, the 
maximum roll angles are plotted as a function of vehicle 
speed for the leading and trailing ends in Figure 15.
As seen in this figure, the trailing end of the car body 

rolled slightly more than the leading end.
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Figure 11. A-end Car Body Roll Angle Time History, for the 

Empty Base Car at 20.77 mph in the Rock-and-roll 

Regime on Tangent Track.

Figure 12. A-end Car Body Roll Angle Time History, for the

Empty Base Car at 30.53 mph in the Rock-and-roll

Regime on Tangent Track.
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Figure 13. A-end Car Body Roll Angle Time History, for the 
Empty Base Car at 24.84 mph in the Rock-and-roll 
Regime on Tangent Track.

Figure 14. B-end Car Body Roll Angle Time History, for the

Empty Base Car at 24.84 mph in the Rock-and-roll

Regime on Tangent Track.
28



Regime on Tangent Track.



An examination of the vertical wheel load time 

histories for the AR4 (leading end, right side) and AL4 

(leading end, left side) wheels at 24.84 mph, in Figures 

16 and 17, respectively, shows t(hat the right wheel 

experienced wheel lift during each cycle of motion and 

had higher levels of wheel loading. For both wheels, 

the peaks contained high frequency components, 

indicating that the input excitations arose from random 

track irregularities, as well as the intentional track 

perturbations. It was also noted that the sharp peaks 

in the vertical wheel loads were spaced 39 feet apart, 

corresponding to the locations of the rail joints.

Figures 18 and 19 show the maximum and minimum 

vertical wheel load levels \/s. speed for the AR4 and AL4 

wheels, respectively. The maximum wheel loads were 

approximately 21,000 lb. for the right wheel and 16,000 
lb. for the left wheel. As seen in these figures, the 

L95 values were somewhat stable for both wheels, with 

average values on the order of 11,000 and 13,500 lb. for 

the left and right wheels, respectively. The 

corresponding minimum values in the same figures 

indicate that both wheels experienced wheel lifts at 

every test speed. The time durations of these wheel 

lifts were, however, very short and the zero-level wheel 

load was sustained for only 20 to 40 milliseconds, 

depending upon speed. As seen in these figures, the 

average LTD6MIN value of 2,000 lb. over a 6-foot

distance indicated that there was, assuming a static
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Figure 16. AR4 Vertical Wheel Load Time History, for the Empty 
Base Car at 24.84 mph in the Rock-and-roll Regime on 
Tangent Track.
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Figure 17. AL4 Vertical Wheel Load Time History, for the Empty

Base Car at 24.84 mph in the Rock-and-roll Regime on

Tangent Track.
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18. AR4 Vertical Wheel Load vs. Speed, for the Empty Base Car in the

Rock-and-roll Regime on Tangent Track.
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Figure 19. AL4 Vertical Wheel Load vs. Speed, for the Empty Base Car in the
Rock-and-roll Regime on Tangent Track.



wheel load of 7/800 lb., a continuous 70% wheel 
unloading during most of the test runs. Extensive wheel 
unloading resulting from empty car rock-and-roll is not 
a widely recognized phenomenon, but has been reported by 
other investigators [7].

This behavior can be explained by examining the 
interaction of the frictional forces that are developed 
in the suspension system of a relatively light weight 
empty car. During the tests, the base car was equipped 
with constant-friction snubbed trucks, in which the 
bolster and side frame partially interacted through 
spring-loaded friction snubbers. During the relative 
motions between the truck bolster and side frame, 
Coulomb-type frictional forces were induced at the 
friction wedge surfaces. In the empty car condition, 
these forces did not allow sufficient motion between the 
truck components, resulting in a somewhat stiffer 
suspension system. This reduced the ability of the 
suspension system to absorb and dampen the energy 
supplied from the track and, therefore, the car body 
rolled excessively with associated wheel lifts.

The reduction and analysis of the test data for the 
loaded car was carried out in a similar manner. Figures 
20 and 21 show the roll angle time histories for the 
leading end of the test car at 13.19 and 20.4 mph, 
respectively. In both figures, a transient response can 
be noted within the first few cycles of the motion. At

13.2 mph, the vehicle quickly dampened this motion and a
34



Figure 20. A-end Car Body Roll Angle Time History, for the
Loaded Base Car at 13.19 mph in the Rock-and-roll 
Regime on Tangent Track.

Figure 21. A-end Car Body Roll Angle Time History, for the
Loaded Base Car at 20.4 mph in the Rock-and-roll

Regime on Tangent Track.
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reasonably steady state equilibrium was achieved 
throughout the test section, associated with an average 
peak-to-peak roll angle of 4 degrees. At 20.4 mph, 
however, the peak-to-peak roll amplitude reached a value 
of 8 degrees at the beginning of the motion, then 
decreased to lower values as the car traveled through 
the perturbed track sections.

Figure 22 shows a plot of the roll response of the 
loaded car near 16 mph. In this figure, the resonance 
condition is clearly indicated where the amplitudes of 
the harmonic oscillations gradually increased and then 
decreased, indicating a sufficient amount of damping 
inherent in the system to attenuate the oscillations.

Figure 23 shows the peak-to-peak car body roll 
angles with respect to vehicle speed. The maximum roll 
angle for the leading end of the car body was about 10.6 
degrees, which occurred at 16 mph. As seen in this 
figure, the car body roll was considerably attenuated at 
speeds above 20 mph, with the peak-to-peak roll angle 
decreasing to approximately 4 degrees at 24 mph.

Figure 24 shows the time history of the vertical 
wheel loads for the leading wheel set of the car 
experiencing resonant roll motions. This figure shows 
that there was an extended period of wheel lift in each 
roll cycle. When the left wheel was completely unload­
ed, the right wheel experienced very high vertical loads 
and vice versa. This figure indicates that there were 

high frequency fluctuations about the peak values, due
36



Figure 22. A-end Car Body Roll Angle Time History, for the Loaded Base Car at 16 mph
the Rock-and-roll Regime on Tangent Track.



Figure 23. Car Body Roll Angle vs. Speed, for the Loaded Base Car in the Rock-and-roll
Regime on Tangent Track.
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Figure 24. AR4 and AL4 Vertical Wheel Load Time Histories, for the Loaded Base Car at 16
mph in the the Rock-and-roll Regime on Tangent Track.



primarily to the wheel vibrations induced during extreme 
car body rolls.

Figures 25 and 26 illustrate the maximum and 
minimum levels of the wheel loads for the AR4 and AL4
wheels.

The maximum vertical load of 78,000 lb., experi­
enced on the AR4 wheel at the critical speed, repre­
sented a dynamic load factor (the ratio of maximum to 
nominal wheel load) of 2.4. The L95 values for the same 
wheel appeared to be more stable; approximately 52,000 
lb. was noted over a speed range of 15.5 to 18.5 mph.
The corresponding minimum wheel loads were zero, as 
shown in this figure where the LTD6MIN values remained 
below the 2000 lb. level, representing an approximately 
93% continuous wheel unloading over a 6-foot distance.

For the AL4 wheel, the maximum vertical load 
increased to 70,000 lb. at 16.7 mph. The maximum loads 
were somewhat less for the left wheel than the right 
wheel, but the L95 values were on the same order; an 
average value of 52,000 lb. was calculated for the speed 
range of 15.5 to 18.5 mph. The minimum levels of AL4 
wheel loads were similar to those of the AR4 wheel, and 
extended wheel lifts were noted within the above- 
mentioned speed range.

Figure 27 shows the time trace of the suspension 
spring deflections, as measured on the left side of the 
leading truck at 16.70 mph, the resonant roll speed.
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gure 25. AR4 Vertical Wheel Load vs. Speed, for the Loaded Base Car in the
Rock-and-roll Regime on Tangent Track.
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Figure 26. AL4 Vertical Wheel Load vs. Speed, for the Loaded Base Car in the
Rock-and-roll Regime on Tangent Track.



Figure 27. Spring Deflection Time History, for the Loaded Base Car at 16.7 mph in the
Rock-and-roll Regime on Tangent Track.



The negative values of spring deflection correspond to 
spring compression/ and the positive values to spring 
"extension." Steady state oscillations were noted after 
approximately six seconds into the perturbed track test 
section. The magnitude of the maximum spring 
compression was about 1.15 inches/ which corresponded to 
a solid spring bottoming during eight cycles of the 
motion. With an average of 2 inches of spring 
"extension/" a total spring travel of more than 3 inches 
indicated the severity of the loaded car harmonic roll.

Figure 28 shows the spring deflections as a 
function of speed, where spring bottoming can be seen at 
speeds ranging from 16 to 18.5 mph.

The results of the data analysis of the loaded base 
car in harmonic roll showed that the dynamic loading of 
the truck was very severe. The car body sequentially 
rolled onto the side bearings, the springs bottomed out 
and extended wheel lifts occurred. Continuous spring 
bottoming induced by the harmonic roll of a vehicle car 
body implies very severe cyclic fatigue loadings of all 
of the associated truck components.

Data were also analyzed for the dynamic loading of 
the trailing wheel set (not included here) and indicated 
similar trends. Dynamic load factors of two and wheel 
lifts of shorter duration were noted for the runs near 
the critical speed.
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Figure 28. Spring Deflection vj». Speed, for the Loaded Base Car in the Rock-and-roll

Regime on Tangent Track.



8.2 Rock-and-Roll on Curved Track
The data pertaining to the curved track rock- 

and-roll tests were analyzed to determine the effect of 
high curvature on the harmonic roll of the vehicle.

Typical car body roll angle time history plots for 
the empty car are shown in Figures 29 and 30. The maximum 
peak-to-peak roll angles were 4.2 degrees at 20.84 mph and
6.9 degrees at 30.5 mph, respectively.

A comparison of these results, with those on tangent 
track revealed similar response characteristics, in which 
a steady state response at speeds lower than the resonant 
roll speed and a somewhat transient response at higher 
speeds could be seen. It should also be noted that the 
empty car body experienced more rolling on tangent than on 
curved track.

Figure 31 shows a roll angle time history for the 
trailing end at 24.4 mph, where the maximum roll response 
was experienced. Unlike the empty car on tangent track, 
the oscillation amplitudes rapidly increased and peaked at 
the end of the test section. In this figure, the 
out-of-test-section data (shown as dashed lines) are 
included to show that the amplitudes did indeed decrease 
as the car moved out of the perturbed track test section.
A maximum peak-to-peak roll amplitude of 9.3 degrees was 
noted for the trailing end of the car body. Once again, 
the vehicle rolled like a rigid body, the motion of the 
leading and trailing ends were in phase and the amplitudes

4 6



n.

Figure 29. A-end Car Body Roll Angle Time History, for the 
Empty Base Car at 20.84 mph in the Rock-and-roll 
Regime on Curved Track.

Figure 30. A-end Car Body Roll Angle Time History, for the 
Empty Base Car at 30.45 mph in the Rock-and-roll 
Regime on Curved Track.
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Figure 31. B-end Car Body Roll Angle Time History, for the 
Empty Base Car at 24.4 mph in the Rock-and-roll 
Regime on Curved Track.
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of the oscillations were of the same order of magnitude.
The maximum peak-to-peak roll angles for the 

leading and trailing ends of the car body as a function 
of vehicle speed are shown in Figure 32. The roll 
amplitude abruptly increased to a peak value and then 
gradually decreased above the critical speed of the 
vehicle.

These high levels of car body roll angle above the 
critical speed may very well be indicative of a lack of 
effective damping. It can also be seen in this figure 
that the leading end car body roll angles were slightly 
lower than those for the trailing end; the maximum 
peak-to-peak roll angle was 8.9 degrees for the leading 
end at 24.3 mph. Time history plots for the AR4 (high 
rail) and AL4 (low rail) vertical wheel loads 
essentially demonstrated that the wheel load time 
histories in both tangent and curved track sections 
showed similar characteristics. In the curved tracL 
section, wheel lifts occurred during each cycle of 
motion, along with maximum loads that exceeded twice the 
static loads.

Figures 33 and 34 show the maximum and minimum 
loads for the AR4 and AL4 wheels, respectively, plotted 
as a function of speed. On the low rail, the peak 
maximum vertical wheel loads varied from 12,000 to 
14,800 lb., and the L95 values were on the order of
10,000 lb., over the range of test speeds. Wheel lift 

was experienced during almost every cycle of motion for
49



Figure 32. Car Body Roll Angle vs. Speed, for the Empty Base Car in the Rock-and-roll 
Regime on Curved Track.
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Figure 33. AR4 (High Rail) Vertical Wheel Load vs. Speed, for the Empty Base Car in the

Rock-and-roll Regime on Curved Track.
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Figure 34. AL4 (Low Rail) Vertical Wheel Load vs. Speed, for the Empty Base Car in the

Rock-and-roll Regime on Curved Track.



all of the test runs. As seen in Figure 34/ the LTD6MIN 
values were less than 1,000 lb., for most speeds, 
indicating an 07% continuous wheel unloading.

For the high rail, the maximum wheel loads 
increased at the higher speeds and a maximum of 22,500 
lb. was noted near 30 mph. The corresponding L95 value 
of the wheel load was 14,500 lb., representing a dynamic 
load factor of 1.9. Wheel lift was also noted on the 
AR4 (high rail) wheel for all test runs, with an average 
minimum value of 2,000 lb. sustained continuously over 6 
feet of track, as shown in Figure 33.

The analysis of the loaded car rock-and-roll test 
data on the curved track section also showed similar 
response characteristics.

The maximum response of the car occurred near 18 
mph. A roll angle time history for the leading end of 
the car body at this speed showed that large 
oscillations occurred, in which the amplitudes gradually 
increased to a maximum value towards the end of the 
track section and then decreased. Figure 35 shows the 
maximum peak-to-peak car body roll angle as a function 
of vehicle speed, and a maximum of 9.8 degrees was noted.

Figure 36 illustrates the vertical wheel load time 
histories for the leading wheel set at the resonant 
speed and the duration of the wheel unloading was much 
longer on the high rail than the low rail. Figure 37 
shows the maximum and minimum levels of AR4 (high rail) 
wheel load with respect to vehicle speed.
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Figure 35. Car Body Roll Angle v£. Speed, for the Loaded Base Car in the Rock-and-roll

Regime on Curved Track.
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Figure 36. AR4 (High Rail) and AL4 (Low Rail) Vertical Wheel Load Time Histories, for
the Loaded Base Car at 17.9 mph in the Rock-and-roll Regime on Curved Track.
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e 37. AR4 (High Rail) Vertical Wheel Load vs. Speed, for the Loaded Base Car in the 
Rock and roll Regime on Curved Track.



As seen in  t h i s  f i g u r e ,  a 68,500 l b .  peak lo a d ,  

o c c u r r in g  a t  the c r i t i c a l  speed, r e p re se n te d  a dynamic 

lo ad  f a c t o r  o f  2 .1 .  A maximum o f  49 ,000  lb .  was noted 

fo r  the c o r r e sp o n d in g  L95 load  l e v e l .  A t speeds r a n g in g  

from 15.5  to  18 .5  mph, extended wheel l i f t s  were 

e xp e r ienced  and the wheel u n lo a d in g ,  a s s o c ia t e d  w ith  6 -  

fe e t  o f  t r a v e l ,  was 100%.

The r e s u l t s  o f  the data r e d u c t io n  and a n a l y s i s  o f  

the wheel lo a d s  showed a c o n s i s t e n t  t r e n d ,  in  which the 

low r a i l  wheel lo a d s  were h ig h e r  than  th o se  f o r  the  h ig h  

r a i l  a t  most t e s t  sp eed s .  On a 7 .5  degree  c u rve ,  due to 

the o f f s e t  o f  the ca r  body cen te r  o f  g r a v i t y ,  a lo n g  w ith  

the in c re a se d  r o l l  tow ards the low r a i l ,  h ig h  dynamic 

wheel lo a d s  were deve loped  on the low r a i l .  As shown in  

F ig u re  38, the low r a i l  wheel lo a d s  showed an a ve rage  

maximum v a lu e  o f  about 66,000 l b .  and the  ave rage  L95 

v a lu e  was a p p ro x im a te ly  53,000 lb .  I t  s h o u ld  be noted , 

however, th a t  on a cu rve  w ith  4.5  in c h e s  o f  

s u p e r e le v a t io n ,  i t  i s  h i g h l y  u n l i k e l y  t h a t  a loaded  ca r  

would d eve lop  wheel l i f t s  on the low r a i l  s i d e .  Wheel 

l i f t  was noted  o n l y  a t 18 .3  mph, near the  re so n a n t  

speed, and the  c o r re sp o n d in g  LTD6MIN v a lu e  was on the 

o rde r  o f  8 ,000  l b . ,  i n d i c a t i n g  a r e s p o n se  w ith  l e s s  

s u s t a in e d  wheel u n lo a d in g s .

To i l l u s t r a t e  the s e v e r i t y  o f  the  ca r  body r o l l  and 

i t s  e f f e c t  on the  t r u c k  components, a t im e  h i s t o r y  p lo t  

fo r  the l a t e r a l  d isp la ce m e n t  o f  the le a d in g  wheel s e t ,

o b ta in e d  by a v e r a g in g  the o u tp u t s  from  the  p a i r  o f
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Figure 38. AL4 (Low Rail) Vertical Wheel Load vs. Speed, for the Loaded Base Car in the

Rock-and-roll Regime on Curved Track.



wheel/rail displacement probes, is shown in Figure 39.
An average lateral displacement of 1.1 inches indicated 
a serious flange climbing problem. Figure 40 shows the 
spring deflection time history that was measured on the 
low rail side at 18.32 mph. It can be seen that a 
spring compression of more than one inch, which 
corresponded to spring bottoming, was experienced during 
six cycles of the motion. The amplitudes of the 
oscillations in the direction of spring extension, 
unlike the tangent track response, did not remain at a 
steady level. The maximum and minimum levels of spring 
travel, plotted as a function of speed, are shown in 
Figure 41. Spring bottoming and high levels of spring 
travel, in compression, can be seen at speeds near the 
resonant roll speed of the vehicle.

8.3 Conclusions

From the above results, the following conclusions 
for the roll response of the vehicle were made.

1. Track curvature did not affect the resonant 
roll speed of the empty base car. The maximum roll 
response of the empty car was attained near 24 or 25 mph 
for both the tangent and curved track test runs. At 
most of the test speeds, the empty car body rolled more 
on tangent track than on curved track, but in both cases 
maximum peak-to-peak roll angles of 9.3 degrees were 
measured on the trailing end of the vehicle.
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Figure 39. Leading Axle Wheel/Rail Displacement Time History, for the Loaded Base Car at
18.3 mph in the Rock-and-roll Regime on Curved Track.
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e 40. Spring Travel Time History, for the Loaded Base Car at 18.3 mph in the 
Rock-and-roll Regime on Curved Track.



Figure 41. AL3 (Low Rail) Spring Deflection v£. Speed, for the Loaded Base Car in the

Rock-and-roll Regime on Curved Track.



2. The harmonic roll motion of the empty car was 
not a steady state response, but was highly nonlinear 
and contained high frequency components. The amplitudes 
of the motion rapidly increased to a peak value with 
increasing speed and remained at high levels above the 
critical speed, indicating a lack of effective damping 
in the system. This could be attributed to insufficient 
motion between the truck bolster and side frames, caused 
by locking action of the friction wedges when they do 
not slide relative to each other.

3. The vertical wheel loads, measured on the 
leading wheel set of the empty car, were comparable in 
both cases. Dynamic load factors, exceeding twice the 
static wheel load, and wheel lifts of short duration 
were noted in all of the test runs. The LTD6MIN load 
levels for the AL4 wheel were, however, much lower on 
curves than on tangent track. For the curved track, 
there was insufficient evidence for an increase in wheel 
loads for the empty car. The peak vertical loads were 
not developed at the same speeds as the maximum car body 
roll angles. This was due, in part, to excitations 
arising from the rail joints and random track irregu­

larities that were present in the test track.

In both cases, however, the amplitudes of the roll
motions were slightly higher for the trailing end of the
car body.
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4. In the case of the loaded car, the resonant 
roll speeds for the tangent and curved track did not 
coincide, but were close. It should be noted, however, 
that no measurement was made at 17 mph (the critical 
speed on tangent track) on the curved track, and the 
trend of the roll amplitude curve showed that a peak 
response might exist near 17 mph. Hence, a general 
statement regarding the resonant roll speed can be made 
that the critical speed of the base car was not affected 
by track curvature, and resonance occurred when the car 
body roll natural frequencies coincided with those of 
the rail joint input frequency at 0.65 Hertz. Another 
observation, made from the roll angle time history 
plots, was that, unlike the empty car, the loaded car 
roll amplitudes rapidly decreased to lower levels at 
speeds beyond'the critical speed of the vehicle. This 

was an indication of a high damping capacity in the 
vehicle suspension system. As noted for the empty car 
condition, the loaded car body rolled more on tangent 
track than it did on curved track, at most of the test 
speeds.

5. Unlike the empty car, the maximum wheel loads 
for the loaded car occurred at speeds near the resonant 
speed. The dynamic wheel loads that were measured on 
tangent track were higher than those on curved track. 
When comparing the roll response of the base car on 
tangent and curved track, it should be noted that the 

tangent track section had a stiffer track ballast
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than the curved track section. As a result, higher roll 
angles and wheel loads could be developed on the track 
with the stiffer ballast. In both cases, the steady 

state response of the vehicle was attained a few cycles 
after entry into the perturbed track test section.

9.0 TEST RESULTS FOR THE PITCH-AND-BOUNCE REGIME
The observations made during the empty car bounce tests 

indicated no evidence of a clear resonant response of the 
vehicle at speeds up to 70 mph, which was the maximum speed 
attained during the tests. Therefore, only the results of 
the test data for the loaded car in the bounce regime are 
reported.

Selected parameters, which described the car body in the 

vertical plane, were used to evaluate the dynamic performance 

of the vehicle in the bounce regime. Vertical accelerations 

near the center plate locations at both ends of the car body 

were used to determine the critical speed of the vehicle.

The leading wheel set wheel loads were used to quantify the 

dynamic effects of unstaggered perturbations on tangent track.

The car body acceleration response was evaluated over a 

frequency range of 0 to 20 Hertz, by low pass filtering the 

acceleration time histories at 20 Hertz.
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9.1 Pitch-and-Bounce on Tangent Track
Figures 42 and 43 show the maximum car body 

accelerations for the A and B ends, respectively, as a 
function of speed. The B-end (rear) accelerations were 
higher than those at the A-end, and peaks of 0.9 and 1.2 
g were noted at 56.3 mph for the A- and B-ends, 
respectively.

These curves imply that the peak response, which 
occurred at 56.3 mph, was near one of the car body 
natural frequencies in the vertical plane. An obvious 
assumption would be to associate this peak with the 
critical bounce speed. It could be seen from some of 
the acceleration plots that the vehicle seemed to be 
pitching, which could be expected for a car having a 
truck center distance of more than 45 feet.

To better understand the coupling of the bounce and 
pitch modes, a more detailed investigation was needed.
In the first step, the pitch and bounce accelerations of 
the car body were calculated by combining the leading 
and trailing end accelerations, using the principles of 
rigid-body dynamics, as follows:
Bounce acceleration = 0.5 (a^ + a44)....g

2Pitch acceleration = 32.2 (a^ - a44) /L..rad/sec
where a., = vertical acceleration at the A-end.4 3

a ^  = vertical acceleration at the B-end.
L = distance between accelerometers.

Note that this is reasonable, particular at low

frequencies, because the car body of a covered hopper is
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Figure 42. A-end Car Body Vertical Acceleration v£. Speed, for the Loaded Base Car in

the Pitch and-bounce Regime on Tangent Track.
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Figure 43. B-end Car Body Vertical Acceleration vs^ Speed, for the Loaded Base Car in

the Pitch- a n d - b o un c e  Regime on Tangent Track.



stiff. Figure 44 shows the rms values of the resulting 
car body bounce accelerations as a function of speed.
The rms bounce accelerations remained relatively 

constant at around 0.25 g, for speeds ranging from 20 to 
45 mph, then increased to a peak value of 0.39 g at 56.3 
mph. This peak clearly indicated the resonant bounce 

condition, in which the vehicle experienced its maximum 

amplitude response.

Figure 45 shows the calculated rms values of car 
body pitch acceleration as a function of vehicle speed. 

The rms pitch accelerations peaked as the vehicle speed 

approached the 56 mph resonant speed, and then 

decreased. Note that the peak pitch response speed 

coincided with the critical bounce speed. The vertical 

acceleration data clearly show the existence of the 

rigid body modes of pitch and bounce.
Power spectral densities of the vertical 

accelerations were calculated for many of the test 

speeds, and revealed a strong relationship between the 

track input and the resulting vertical car body 

vibrations. In general, the test track that was 

configured to simulate unstaggered rail joint conditions 

contained many periodic components. The resultant input 

spectra appeared, in effect, to be of a wide-band random 

process, with many discrete frequencies arising from 

these components. Each power spectrum contained 

dominant peaks at the corresponding rail joint

frequencies and their higher harmonics. in examining
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Figure 44. Calculated Root-mean-square Car Body Bounce Acceleration vs. Speed, for the

Loaded Base Car in the Pitch-and-bounce Regime on Tangent Track.



Figure 45. Calculated Root-mean-square Car Body Pitch Acceleration vs. Speed, for the

Loaded Base Car in the Pitch-and-bounce Regime on Tangent Track.



the acceleration time history plots, two distinct 
components around the peak acceleration values could be 
seen, most probably from the contributions of the pitch 
and bounce modes. In order to more precisely evaluate 
the individual contributions of these modes, power 
spectral density estimates of the A- and B-end 
accelerations were calculated, as shown in Figures 46 
and 47. There were many peaks in both power spectra, 
and both contained very dominant peaks at 2.12 and 4.25 
Hz., which corresponded to the first and second rail 
joint frequencies. The rigid body motion associated 
with the first peak at 2.12 Hz. was the bounce mode.
The vehicle experienced a bounce resonance when the 
frequency at which the car passed the 39-foot rail 
joints coincided with the natural vibration of the car 
body on its suspension system. The peak near 4 Hz. also 
coincided with the second harmonic. In Figure 46, a 
second peak of much smaller amplitude can be seen at 3.0 
Hz. It is conjectured that this peak corresponded to 
the natural pitch frequency of the vehicle. It is, 
therefore, reasonable to expect that the system could 
resonate in coupled modes, with an energy input 
sufficient to induce sustained vibrations. In the 
acceleration spectra for the A- and B-ends, the second 
dominant peak was almost as high as the first peak. As 
a result, it had a strong effect on the response of the 
vehicle, which was being excited by two dominant 
frequencies at the same time.
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Figure 46. A-end Car Body Acceleration Power Spectral
Density, for the Loaded Base Car at 56.3 mph in
the Pitch-and-bounce Regime on Tangent Track.
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Figure 47. B-end Car Body Acceleration Power Spectral
Density, for the Loaded Base Car at 56.3 mph in
the Pitch-and-bounce Regime on Tangent Track.
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The AR4 and AL4 vertical wheel load time histories
at the resonant speed of the vehicle are shown in Figure 
48. The amplitudes of the loads gradually increased, 
until the steady state response was achieved, and then 
decreased to the static load level as the vehicle moved 
out of the perturbed track test section.

Figure 49 illustrates the AR4 maximum and minimum 
wheel loadings as a function of train speed, and shows 
maximum loads of approximately 40,000 lb. at speeds from 
20 to 45 mph, where there is no evidence of excessive 
vertical vibrations. As the vehicle approached its 
resonant speed, the wheel loads exhibited high dynamic 
effects. The maximum load on the right wheel increased 
with increasing speed to a maximum value of 58,000 lb. 
at 61.5 mph, representing a dynamic load factor of 
approximately 1.8. It can be seen in this figure that 
the location of the peak L95 of 46,000 lb. coincided 
with the resonant speed of the vehicle. The AR4 minimum 
wheel loads shown on the same graph decreased with 
increasing speeds, indicating a general increase in the 
peak developed by the increased dynamic effect. The 
minimum value of 9,500 lb. was also recorded at the 
resonant speed. As seen in Figure 50, the wheel loads 
developed on the left wheel were somewhat higher than 
those on the right wheel, for speeds from 20 to 50 mph, 
but they were comparable at the resonant speed. A 
maximum value of 58,000 lb. for the AL4 wheel occurred
at 55 mph. The minimum loads for the same wheel
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48. AR4 and AL4 Vertical Wheel Load Time Histories, for the Loaded Base Car at
56.3 raph in the Pitch-and-bounce Regime on Tangent Track.
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re 49. AR4 Vertical Wheel Load vs. Speed, for the Loaded Base Car in the 
Pitch-and-bounce Regime on Tangent Track.
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Figure 50. AL4 Vertical Wheel Load vs. Speed, for the Loaded Base Car in the
Pitch-and-bounce Regime on Tangent Track.



Figure 51 shows the spring deflection time history 
recorded on the left side of the leading truck at 56.3 
mph, where the -1.13 inches of spring deflection 
corresponded to spring bottoming. The characteristic 
resonance condition, involving a gradual increase in the 
amplitude of oscillations in each cycle of motion, can 
be seen. The maximum and minimum spring travels are 
plotted as a function of speed in Figure 52. In the 
speed range of 51 to 56 mph, spring bottoming occurred, 
and approximately 3 inches of total spring travel 
occurred at 56.3 mph. Figures 51 and 52 clearly 
illustrate the resonance condition with the 
corresponding suspension spring response.

9.2 Conclusions
From the results, the following conclusions were 

made about the dynamic performance of the vehicle in the 
pitch-and-bounce regime.

1. The loaded car body vibrated at its input 
excitation frequencies and their higher harmonics. At 
speeds of 20 to 45 mph, the vertical vibrations of the 
car body had lower amplitudes, but were accentuated when 
the frequency of the rail joint inputs approached the 
natural frequency of the vehicle in the vertical plane. 
The critical bounce speed for the vehicle was 56.3 mph,
which also coincided with the critical pitch speed. The

decreased with increasing speed, reaching a minimum
value of 12,000 lb. at the critical speed.
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maximum rms bounce a c c e l e r a t i o n  o f  t h e  c a r  bo dy  was 

a p p r o x i m a t e l y  0. 39 g ,  c a l c u l a t e d  i n  t h e  f r e q u e n c y  ra n g e

o f  0 t o  20 H e r t z .  The c o r r e s p o n d i n g  maximum v a l u e  f o r
2t h e  rms p i t c h  a c c e l e r a t i o n  was 0. 24 r a d / s e c  .

2 . The dynam ic  v e r t i c a l  l o a d  f a c t o r s ,  d e v e l o p e d  

d u r i n g  e x t re m e  p i t c h  and bo unce  m o t io n s  o f  t h e  v e h i c l e ,  

were  on t h e  o r d e r  o f  1 . 8 . Wheel l i f t s  d i d  n o t  o c c u r  a t  

any t e s t  s p e e d .  A maximum o f  60% w h e e l  u n l o a d i n g ,  

s u s t a i n e d  c o n t i n u o u s l y  o v e r  20 m i l l i s e c o n d s  ( e q u i v a l e n t  

t o  a t r a c k  d i s t a n c e  o f  1 . 65 f e e t ) ,  was r e c o r d e d  a t  t h e  

r e s o n a n t  speed o f  t h e  v e h i c l e .

3 . The w h ee l  l o a d  t im e  h i s t o r y  i n d i c a t e d  t h a t  a 

s t e a d y  s t a t e  r e s p o n s e  was a c h i e v e d  a f t e r  s e v e r a l  c y c l e s  

o f  m o t io n .

4 . I t  was o b s e r v e d  t h a t  t h e  v e h i c l e ,  u n d e r g o i n g  

s e v e r e  p i t c h  and bounce  m o t io n s  on t h e  p e r t u r b e d  t e s t  

t r a c k ,  d e v e lo p e d  i t s  h i g h e s t  a m p l i t u d e  r e s p o n s e  a t  t h e  

c o r r e s p o n d i n g  c r i t i c a l  s p e e d .  S p r i n g  b o t t o m i n g ,  w i t h  a 

t o t a l  s p r i n g  t r a v e l  o f  a p p r o x i m a t e l y  3 i n c h e s ,  was 

measured a t  t h i s  s p e e d .
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M a s s a c h u s e t t s ,  A u g u s t ,  1983.
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11.0 APPENDIX A - DATA ANALYSIS METHODS

A .1 Data P r e - p r o c e s i n g  R o u t i n e s  

A . 1 . 1  T r e n d  Removal 

A . 1. 2 E d i t i n g  o f  W i l d  P o i n t s

A . 1 . 3  Check f o r  S t a t i o n a r i t y

A .2 Data A n a l y s i s  P a ra m e te rs
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The a n a l y s i s  o f  l e s s - t h a n - p e r f e c t  p h y s i c a l  d a t a  c r e a t e d  

by  d i g i t i z a t i o n ,  i n s t r u m e n t a t i o n  and com puter  e r r o r s  r e q u i r e s  

many s u p p le m e n t a r y  p ro g ra m s  f o r  e d i t i n g .  I n  o r d e r  t o  a v o i d  

r e d u n d a n c y ,  some o f  t h e s e  p ro g ra m s  a r e  n o t  d e s c r i b e d ,  and o n l y  

t h e  c o n t e n t s  o f  t h e  most o f t e n  used  p ro g ra m s  a r e  p r e s e n t e d .

I n  a t im e s e r i e s  a n a l y s i s ,  s t a t i s t i c a l  c o n c e p t s  a r e  

g e n e r a l l y  a p p l i e d .  I n  t h i s  r e p o r t ,  t h e  s t a t i s t i c a l  p a r a m e t e r s  

t h a t  d e s c r i b e  th e  b a s i c  p r o p e r t i e s  o f  t h e  d a t a  a r e  t h e  mean 

s q u a r e  and v a r i a n c e  v a l u e s ,  t h e  p r o b a b i l i t y  d e n s i t y  and t h e  

power s p e c t r a l  d e n s i t y  f u n c t i o n s .  The mean s q u a r e  v a l u e  

d e s c r i b e s  t h e  m a gn i tu de  o f  t h e  d a t a ,  w h e re a s  t h e  p r o b a b i l i t y  

d e n s i t y  f u n c t i o n  g i v e s  i n f o r m a t i o n  a b o u t  t h e  d a t a  i n  t h e  

a m p l i t u d e  domain .  The power s p e c t r a l  d e n s i t y  f u n c t i o n  

s u p p l i e s  s i m i l a r  i n f o r m a t i o n  i n  t h e  f r e q u e n c y  do m ain .

The d i s c u s s i o n s  assume t h a t  t h e  d a ta  b e i n g  c o n s i d e r e d  a r e  

e r g o d i c  and s t a t i o n a r y ,  so t h a t  i t s  p r o p e r t i e s  can be

d e t e r m in e d  from t im e a v e r a g e s  o f  i n d i v i d u a l  r e c o r d s  [ 8 , 9 , 10 ] .

A . 1 Data P r e - P r o c e s s i n g  R o u t i n e s

Data o f t e n  c o n t a i n s  unwanted n o i s e ,  l e v e l  s h i f t s  and w i l d  

p o i n t s .  Th ese  e r r o r s  can l e a d  t o  c e r t a i n  i n a c c u r a c i e s  i n  

co m p u t in g  th e  v a r i o u s  p a r a m e t e r s  f rom  t im e  s e r i e s  d a t a .  Some 

o f  th e  t e c h n i q u e s  w h ic h  a r e  used  t o  p r e p a r e  t h e  d a t a  f o r  

a p p r o p r i a t e  a n a l y s i s  a r e  d i s c u s s e d  b e l o w .

APPENDIX A - DATA ANALYSIS METHODS
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A.1.1 Trend Removal
A l e a s t - s q u a r e s  p r o c e d u r e  was used  t o  remove t r e n d s  

t h a t  were  i n h e r e n t  i n  t h e  d a t a .  The g e n e r a l  e x p r e s s i o n  

i s  g i v e n  b y :

k  N k + J l  N 0
E  b . E  ( n A T )  

k = 0  n = * l

=  E  x  

n = l n

( n A T )  H = 0 , 1 , 2 . . . , k ( 1 )

w h e r e :

x n i s  t h e  o r i g i n a l  sample r e c o r d /  

n = 1 , 2 , . . , N  a r e  t h e  d a t a  v a l u e s ,

At i s  t h e  s a m p l in g  i n t e r v a l ,  and

b|< i s  t h e  l e a s t  s q u a r e s  c o e f f i c i e n t s -

F o r  K=1 and l  = 1 , t h e  above e q u a t i o n  g i v e s  t h e  r e s u l t :
*

N N
121 nx  - 6 (N + l )  E x

n = l  n n = l n ( 2 )
D1 At N ( N - l )  (N + l )

H e n ce ,  t h e  re m o va l  o f  a l i n e a r  t r e n d  can be a c c o m p l i s h e d  

by  use  o f  t h e  e q u a t i o n :

X ( t ) = X ( T ) -  b^T ( 3)

A . 1 . 2  E d i t i n g  o f  W i l d  P o i n t s

W i l d  p o i n t s  i n  t h e  d a ta  w e re  d e t e c t e d  by  c o m p a r in g  

t h e  f i r s t  d i f f e r e n c e s  o f  c o n s e c u t i v e  p a i r s  o f  d a t a  p o i n t s ,  

as w e l l  as by  v i s u a l  i n s p e c t i o n  o f  t h e  t im e  t r a c e s .  

D e p e n d in g  upon t h e  w i l d  p o i n t  c o n t e n t  o f  t h e  d a t a ,  e i t h e r  

d i r e c t  e d i t i n g  o f  t h e  t im e  s e r i e s  o r  s m o o t h in g  b y  c u b i c -  

s p l i n e - f i t  t e c h n i q u e s  were  e m p lo y e d .
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A random p r o c e s s  i s  s a i d  t o  be s t a t i o n a r y  i f  i t s  

s t a t i s t i c a l  p r o p e r t i e s  a r e  t im e  i n v a r i a n t .  T h e s e  

p r o p e r t i e s  can be e s t i m a t e d  f ro m  a s i m p l e  sample r e c o r d /  

r a t h e r  th a n  by t h e  en sem ble  a v e r a g i n g  o f  many sample 

r e c o r d s /  i f  t h e  d a t a  s e q u e n ce  i s  e r g o d i c .

I n  t h e  p r o c e s s i n g  o f  t h e  base  c a r  t e s t  d a t a ,  t h e  

s t a t i o n a r i t y  o f  t h e  d a t a  was d e t e r m i n e d  b y  e i t h e r  v i s u a l  

i n s p e c t i o n s ,  o r  by  s t a t i s t i c a l  t e s t s  when n o n - s t a t i o n a r i t y  

was s u s p e c t e d .  The d a t a  se q u e n c e  was d i v i d e d  i n t o  many 

t im e i n t e r v a l s  o f  e q u a l  l e n g t h s ,  t h e  mean s q u a r e  v a l u e s  o f  

each d a t a  segment w e re  t h e n  computed and t h e  r e s u l t i n g  

sequence  r u n  t e s t e d  f o r  t h e  p r e s e n c e  o f  t im e  v a r i a n c e .  

I n s p e c t i o n  o f  t h e  p r o b a b i l i t y  d e n s i t y  and power s p e c t r a l  

d e n s i t y  p l o t s  r e v e a l e d  t h e  n o r m a l i t y  and p e r i o d i c i t y ,  i f  

p r e s e n t ,  i n  th e  sample  r e c o r d s .

A 2 . Data A n a l y s i s  P a r a m e t e r s

The s t a t i s t i c a l  d e s c r i p t o r s  u sed  i n  t h e  a n a l y s i s  o f  

i n d i v i d u a l  t e s t  r e c o r d s  a r e  o u t l i n e d ,  as f o l l o w s :

Maximum v a l u e : t h e  p o s i t i v e  peak v a l u e  o f  t h e  t im e

s e r i e s  a f t e r  s m o o t h i n g .

Minimum v a l u e : t h e  n e g a t i v e  peak v a l u e  o f  t h e  t im e

s e r i e s  a f t e r  s m o o t h i n g .

Mean v a l u e : t h e  a v e r a g e  v a l u e  o f  t h e  d a t a

s e q u e n c e ,  g i v e n  b y :

i N
W = T. x  (n )  ( 4 )

x  N n= l

A.1.3 Check for Stationarity
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Mean s q u a r e  v a l u e : t h e  a v e r a g e  o f  t h e  s q u a r e d  v a l u e s

o f  t h e  t im e  s e r i e s  and computed

by u s i n g  t h e  e q u a t i o n :
N,2 1 rip =-v-,_ E ix  N n = l

2, xx  (n) (5)

I n  t h i s  r e p o r t ,  t h e  p o s i t i v e  s q u a r e  r o o t  v a l u e  o f  t h e  mean 

s q u a r e  v a l u e  i s  c a l l e d  t h e  rms v a l u e .

V a r i a n c e : t h e  mean s q u a r e  v a l u e  a b o u t  t h e

mean. I n  e q u a t i o n  fo rm  i t  i s  g i v e n  b y :

(6)

I n  t h i s  r e p o r t ,  t h e  p o s i t i v e  s q u a r e  r o o t  v a l u e  o f  t h e  v a r i a n c e  

i s  c a l l e d  t h e  s t a n d a r d  d e v i a t i o n .

Power S p e c t r a l  D e n s i t y

A power s p e c t r a l  d e n s i t y  f u n c t i o n  (PSD) g i v e s  t h e  

d i s t r i b u t i o n  o f  mean s q u a r e  v a l u e s  o f  a v a r i a b l e  w i t h  r e s p e c t  

t o  f r e q u e n c y .  Th e  power s p e c t r a l  e s t i m a t e  o f  a t im e  h i s t o r y  i s  

o b t a i n e d  by  means o f  a B la c k m a n -T u k e y  F a s t  F o u r i e r  T r a n s f o r m  

( F F T ) p r o c e d u r e  [ 8 ] ,  The  e n t i r e  p r o c e d u r e  i s  b r i e f l y  d e s c r i b e d  

as f o l l o w s :

1 . Time A v e r a g i n g .

Th e  s t a t i o n a r y  d a ta  se quen ce  i s  d i v i d e d  i n t o  

s e g m e n ts ,  such  t h a t  th e  number o f  p o i n t s  i n  each segment 

i s  a power o f  tw o .  The d a t a  i n  e ach  s e c t i o n  a r e  t h e n  

t r a n s f o r m e d  t o  t h e  z e r o  mean v a l u e .
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2 . C o s in e  T a p e r i n g .

Each r e s u l t i n g  s e q u e n ce  i s  m u l t i p l i e d  b y  a d a t a  

window t o  s u p p r e s s  t h e  l a r g e  s i d e  l o b e s  o b t a i n e d  b y  means 

t h e  FFT  t r a n s f o r m a t i o n  i n  t h e  f r e q u e n c y  do m ain .  T h i s  i s  

t h e  t a p e r i n g  em ployed  t o  ro u n d  o f f  t h e  p o t e n t i a l  

d i s c o n t i n u i t i e s  a t  e ach  end o f  t h e  f i n i t e  segment o f  t h e  

t im e  h i s t o r y  b e i n g  a n a l y z e d ,  when l o o k e d  a t  f ro m  t h e  t im e  

domain s t a n d p o i n t .

3 . F o u r i e r  Component C a l c u l a t i o n s .

The F o u r i e r  com ponents  a r e  c a l c u l a t e d  a t  t h e  

f o l l o w i n g  d i s c r e t e  f r e q u e n c y  v a l u e s :

_  k  

k ~  n A x
k = 0 , 1 , 2 , . . . , N - 1

( 7 )

The F o u r i e r  com ponents  a r e  t h e n  c a l c u l a t e d  f ro m  th e  

e q u a t i o n :

x

N - l

I
n=l

, . 2 T t k n  .

xnexP [-3-S— 1 (8)

4 . Power Spe ct rum  E s t i m a t e s .

The power s p e c t r u m  e s t i m a t e s  a r e  c a l c u l a t e d  and 

a d j u s t e d  f o r  t h e  t a p e r i n g  s c a l e  f a c t o r ,  as f o l l o w s :

0. 875
2At

N f o r  k = 0 , l , 2 ,N-1 ( 9 )
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5 . E s t i m a t e  S m oo th ing

T h e  power s p e c t ru m  e s t i m a t e s  a r e  smoothed b y  segment 

a v e r a g i n g ,  u s i n g  t h e  f o l l o w i n g  e q u a t i o n :

5  >Sk , l + * k , 2+
.+ (10)

w h ere  q d e n o t e s  t h e  number o f  segm ents  used i n  t h e  PSD 

a v e r a g i n g .

L 95 and L 5 V a l u e s

F i g u r e  A - l  shows a sample t im e  h i s t o r y  f o r  a random 

p r o c e s s ,  w i t h  t h e  t im e s  f o r  w h ic h  x  < x ( t )  < x+ d x

I f  t h e r e  a r e  N sample v a l u e s ,  dn o f  t h e s e  v a l u e s  l i e  i n  

t h e  band x t o  x + d x ;  t h e n ,  th e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  i s  

g i v e n  b y :

p ( x ) dx  , ( 11 )

where  p ( x ) d x  i s  t h e  f r a c t i o n  o f  t o t a l  number o f  sam ples  t h a t  

l i e  i n  t h e  band from x t o  x + d x .

The L 95 and L 5 v a l u e s  o f  a p a r a m e t e r  a r e  d e t e r m i n e d  by  

u s i n g  t h i s  p r i n c i p l e .  An i n t e r v a l  o v e r  t h e  ra n g e  o f  x ,  s a y  

a <x< b ,  i s  d i v i d e d  i n t o  1000 s u b i n t e r v a l s  o f  e q u a l  l e n g t h .

A l l  o f  t h e  d a t a  a r e  exam ined and t h e  number o f  o c c u r r e n c e s  i n  

each i n t e r v a l  i s  d e t e r m i n e d .  Then an e s t i m a t e  o f  p ( x )  i s  

o b t a i n e d  by  d i v i d i n g  t h e  number o f  o c c u r r e n c e s  i n  each  i n t e r v a l  

by t h e  sample  s i z e  N, as shown a b o v e .  T h i s  i s  e q u i v a l e n t  t o  

summing a l l  o f  t h e  t im e s p e n t  i n  each i n t e r v a l  o f  x and 

d i v i d i n g  by t h e  t o t a l  e l a p s e d  t im e .
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F i g u r e  A - l .  D i g i t i z e d  Sample Time H i s t o r y  f o r  a Random 
P r o c e s s ,  I l l u s t r a t i n g  th e  M e t h o d o l o g y  f o r  
C a l c u l a t i n g  t h e  P r o b a b i l i t y  D e n s i t y .

x(D

F i g u r e  A - 2 . C a l c u l a t i o n  o f  t h e  LTD6 V a l u e  f o r  a Random P r o c e s s .
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The p r o b a b i l i t y  t h a t  x i s  l e s s  t h a n  o r  e q u a l  t o  a c e r t a i n  

v a l u e  x ^ ,  f o r  e x a m p le ,  t h e  l e v e l  r e p r e s e n t i n g  t h e  95t h  

p e r c e n t i l e  v a l u e ,  i s  o b t a i n e d  f rom  t h e  p r o b a b i l i t y  d e n s i t y  

f u n c t i o n  p ( x )  by  summing th e  p r o b a b i l i t i e s  o f  a l l  x ' s  up t o  

and i n c l u d i n g  x ^ .

LTD6 V a l u e s

I n  a t im e  s e r i e s  a n a l y s i s ,  t h e  t im e  d u r a t i o n  o f  th e  

e x t re m e  v a l u e s  o f  a p a ra m e te r  o f  i n t e r e s t ,  f o r  exam ple  th e  

w h e e l  l o a d s ,  a r e  o f  g r e a t  i m p o r t a n c e .  A c c o r d i n g  t o  t h e  

P e r f o r m a n c e  G u i d e l i n e s ,  th e  e x t re m e  v a l u e s  o f  t h e  w h e e l  l o a d s  

w h ic h  a r e  c o n t i n u o u s l y  s u s t a i n e d  o v e r  s i x  f e e t  o f  t r a c k  a r e  

used t o  q u a n t i f y  t h e  dynam ic  l o a d  p e r f o r m a n c e  o f  t h e  v e h i c l e .

An a l g o r i t h m  was d e v e l o p e d  [ 11 ] and a d i g i t a l  co m pute r  

p ro g ra m  w r i t t e n  t o  d e t e r m in e  t h e  minimum l o a d  l e v e l ,  c a l l e d  

LTD 6M IN ,  w h ic h  was used t o  q u a n t i f y  t h e  w h ee l  u n l o a d i n g s  i n  t h e  

r o c k - a n d - r o l l  r e g i m e ,  and i n  w h ic h  t h e  l o a d  was c o n t i n u o u s l y  

s u s t a i n e d  o v e r  s i x  f e e t  o f  a t r a c k  s e g m e n t .

C o n s i d e r  a t e s t  ru n  made a t  14 mph. O v e r  a 6 f o o t  

d i s t a n c e ,  and a t  a s a m p l in g  r a t e  o f  256 p e r  s e c o n d ,  t h e  number 

o f  d a t a  p o i n t s  d i g i t i z e d  w o u ld  be a p p r o x i m a t e l y  7 5 . T h e r e f o r e ,  

th e  p ro g ra m  s e a r c h e s  f o r  t h e  minimum l e v e l  w i t h i n  t h e  t im e  

h i s t o r y  o f  t h e  v a r i a b l e  f o r  w h ic h  75 d a t a  p o i n t s  c o n t i n u o u s l y  

e x i s t .  See F i g u r e  A - 2 .
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