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EXECUTIVE SUMMARY

The High Performance, High Cube Covered Hopper Car Project 
was initiated in June, 1980, as part of the Track Train Dynamics 
Program (TTD), with a view to promoting improved car designs.
The supply industry was invited to develop and submit improved 
prototype covered hopper cars for testing. Performance 
Guidelines were issued for new car designs and a test program was 
outlined. 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 and performance tests 
were conducted on various test tracks at the Transportation Test 
Center in Pueblo, Colorado. A series of reports describe in 
detail the base car test series. This particular report 
describes the curving and curve entry regime tests.

The curving tests were conducted on the Facility for 
Accelerated Service Testing (FAST) loop, parts of the Railroad 
Test Track (RTT), the Balloon Loop, and the Train Dynamics Track 
(TDT). Collectively, these provided track curvatures ranging 
from 0 degrees, 50 minutes to 7.5 degrees.

The test results characterized the curving performance of the 
loaded base car. The results are presented as time histories, 
mean values and probability plots of the vertical and lateral 
loads, L/V ratios and wheel set angles-of-attack. As expected, 
there was considerable variability in the results, since some of 
the parameters that affected the curving performance were not



directly controllable. In general, the lateral loads increased 
with track curvature and vertical load shifts between the high 
and low rail occurred as the car went through the balance speed 
for the particular curve on which it was operating. The L/V 
ratios were also found to increase with curvature. For almost 
all of the curving tests, it was found that the high rail lateral 
and vertical loads in the CW direction were higher than those in 
the CCW direction, and the low rail loads in the CCW direction 
were higher than those in the CW direction. It was concluded 
from the vertical load data that an asymmetric load distribution, 
resulting in higher loading of the left side of the truck, was 
present and resulted in a directional preference or "bias" during 
curving.

The peak L/V ratios, continuously sustained over 6-feet of 
track, were found to approach the critical levels for flange 
climb, as defined in the Performance Guidelines.

The maximum levels of lateral load, sustained over six feet 
of track, were about 80% of the maximum allowable values in the 
Performance Guidelines.

The angle-of-attack data conformed to expectations, such 
that the leading wheel set had higher angles-of-attack that 
increased with track curvature and remained behind the radial 
line of the curve. The trailing wheel set, however, consistently 
experienced angles-of-attack that were near zero, thus remaining 
in its radial position.

The test data pertaining to curve entry is presented mainly

as time histories of the vertical and lateral loads. For a
5-degree curve, the results indicated that the wheel loads were

- i i i -



not severe. However, extended (100 millisecond duration) 
vertical wheel unloadings were seen during operations over a 
specially configured spiral with severe twist, where the 4.5-inch 
superelevation was attained over a 120-foot segment of the total 
300-foot spiral.

The wheel/rail wear was also computed by using a non-linear, 
steady state curving program. The results indicated that the 
contribution of the longitudinal forces to the wheel wear could 
be large. It is intended that the predicted wear index be used 
as a tool to estimate wheel wear rates, thus enabling theoretical 
comparisons to be made with various prototype cars.
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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.
ALD Automatic location detector.
LIM Linear Induction Motor (the name of the track 

where the rock-and-roll tests were conducted).
RTT Railroad Test Track (the name of the track where 

the hunting tests were conducted).
TDT Train Dynamics Track (the name of the track where 

the one and one-half degree curving tests were 
conducted.

FAST Facility for Accelerated Service Testing (the name 
of the track where the three, four and five degree 
curving tests were conducted).

Balloon
Loop

The name of the turn-around track where the curved 
rock-and-roll and seven and one-half degree 
curving tests were conducted.

L5 The level that is exceeded five percent of the 
time.

L95 The level that is exceeded ninety-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.

vi



TABLE OF CONTENTS

1.0 INTRODUCTION.........................................  1
2.0 TEST CAR.............................................  2
3.0 TEST PROGRAM.........................................  5
4.0 CURVING TEST RUNS....................................  11
5.0 TEST CONSIST AND INSTRUMENTATION.....................  12
6.0 DATA ACQUISITION.....................................  24
7.0 DATA REDUCTION AND ANALYSIS..........................  25
8.0 CURVING DATA PARAMETERS..............................  28

8.1 Wheel/Rail Forces................................  28
8.2 Lateral-to-Vertical (L/V) Wheel Load Ratios......  29
8.3 Wheel/Rail Angles-of-attack......................  32

9.0 TEST RESULTS FOR THE CURVING REGIME..................  33
9.1 Zero Degree, Fifty Minute Curve..................  33
9.2 One and One-half Degree Curve....................  43
9.3 Three Degree Curve...............................  55
9.4 Four Degree Curve................................  64
9.5 Five Degree Curve................................  71
9.6 Seven and One-half Degree Curve..................  81
9.7 Summary of Results and Comparison with the

Performance Guidelines...........................  88
10.0 WEAR INDEX PREDICTIONS...............................  109
11.0 CURVE ENTRY AND EXIT REGIME..........................  113
12.0 SPIRAL-TWIST TESTS...................................  129
13.0 CONCLUSIONS..........................................  138
14.0 REFERENCES...........................................  145
15.0 APPENDICES...........................................  147

15.A Appendix A - Vertical Wheel Load Time History
Plots for the Spiral-twist Tests................  147

Page

- vi i



LIST OF TABLES

3.1 Test Matrix Summary for the Base Car Curving
Tests...............................................  7

5.1 Summary of Instumentation for the Base Car
Performance Tests...................................  21

Table Page

vi i i



LIST OF FIGURES

Figure Page

2-1 100-ton High Cube (4,750 cu. ft.) Covered
Hopper Car, Used for the Dynamic Performance 
Tests.......................................  3

2- 2 General Dimensions of the Base (Reference)
100-ton Covered Hopper Test Car.............  4

3- 1 Schematic Diagram of the Transportation Test
Center at Pueblo, Colorado, Showing Various 
Test Track Locations........................  6

3-2 Curving Test Sections on the Railroad
Test Track (RTT)............................  8

3-3 Balloon Loop Test Sections...................  9
3-4 Facility for Accelerated Service Testing

(FAST) Track Sections Used for the Curving 
Tests.......................................  10

5-1 Block Diagram Showing the Data Collection
System on the AAR-100 Research Car...........  13

5-2 Transducer Locations for the Base Car Tests.. 15
5-3 Instrumented Wheel Sets and Associated

Angle-of-attack Measurement Frame for the
A-end (Leading) Truck.......................  17

5-4 Close-up View of Angle-of attack Probe....... 18
5-5 String Potentiometer Transducer to Measure

Truck-to-Car Body Rotation..................  19
5-6 Bending-Beam Transducers to Measure Side

Frame-to-Wheel Set Longitudinal and Lateral 
Displacements......................   20

8- 1 Sign Convention for Lateral Wheel Loads
and Angles-of-attack........................  31

9- 1 Lateral Wheel Load Time Histories, for the
Leading Wheel Set in the CCW Direction at
40 mph on a 50 Minute Curve In Test
Section 6...................................  34

9-2 Lateral Wheel Load vs. Speed, for the
Leading Truck in the CW Direction on a 50 
Minute Curve in Test Section 1..............  35



LIST OF FIGURES (Continued)
Figure Page

9-3 Lateral Wheel Load vs. Speed, for the
Leading Truck in the CCW Direction on a 50 
Minute Curve in Test Section 1..............  35

9-4 Lateral Loads Acting on the Wheels of the
Leading Truck in the CW and CCW Directions at 
40 mph on a 50 Minute Curve in Test Section 1. 37

9-5 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on 
a 50 Minute Curve in Test Section 1.........  39

9-6 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on 
a 50 Minute Curve in Test Section 1.........  39

9-7 L/V Ratio vs. Speed, for the Leading
Wheel Set in the CW Direction on a 50 
Minute Curve in Test Section 1..............  41

9-8 L/V Ratio vs. Speed, for the Leading
Wheel Set in the CCW Direction on a 50
Minute Curve in Test Section 1..............  41

9-9 Angle-of-attack vs. Speed, for the
Leading Truck in the CW Direction on a
50 Minute Curve in Test Section 1...........  42

9-10 Angle-of-attack vs. Speed, for the
Leading Truck in the CCW Direction on a 
50 Minute Curve in Test Section 1...........  42

9-11 Lateral Wheel Load vs. Speed, for the
Leading Truck in the CW Direction on a 
50 Minute Curve in Test Section 6...........  44

9-12 Lateral Wheel Load vs. Speed, for the
Leading Truck in the CCW Direction on a 
50 Minute Curve in Test Section 6...........  44

9-13 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on 
a 50 Minute Curve in Test Section 6.........  45

9-14 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on 
a 50 Minute Curve in Test Section 6.........  45

9-15 L/V Ratio vs. Speed, for the Leading
Wheel Set in the CW Direction on a 50 
Minute Curve in Test Section 6..............  46

x



47

47

48

49

50

52

52

53

53

54

54

56

LIST OF FIGURES (Continued)

L/V Ratio vs. Speed, for the Leading 
Wheel Set in the CCW Direction on a 50 
Minute Curve in Test Section 6...........
Angles-of-attack vs. Speed, for the 
Leading Truck in the CW Direction on a 
50 Minute Curve in Test Section 6........
Angles-of-attack vs. Speed, for the 
Leading Truck in the CCW Direction on a 
50 Minute Curve in Test Section 6..... .
Lateral Wheel Load Time Histories, for the 
Leading Wheel Set in the CW Direction on 
the 1.5 Degree Curve.....................
Lateral Wheel Load vs. Speed, for the 
Leading and Trailing Wheel Sets in the CW 
Direction on the 1.5 Degree Curve........
Lateral Wheel Load vs. Speed, for the 
Leading Truck in the CCW Direction on 
the 1.5 Degree Curve.....................
Vertical Wheel Load vs. Speed, for the 
Leading Wheel Set in the CW Direction on 
the 1.5 Degree Curve.....................
Vertical Wheel Load vs. Speed, for the 
Leading Wheel Set in the CCW Direction on 
the 1.5 Degree Curve.....................
L/V Ratio vs. Speed, for the Leading 
Wheel Set Tn the CW Direction on the 1.5 
Degree Curve.............................
L/V Ratio vs. Speed, for the Leading 
Wheel Set in the CCW Direction on the 1.5 
Degree Curve.............................
Angle-of-attack vs. Speed, for the 
Leading Truck in the CW Direction on 
the 1.5 Degree Curve.....................
Angle-of-attack vs. Speed, for the 
Leading Truck in the CCW Direction on 
the 1.5 Degree Curve.....................
Lateral Load Time Histories, for the 
Leading Wheel Set in the CW Direction 
on the 3.0 Degree Curve at 30 mph........

- xi -



57

57

59

59

61

61

62

62

63

63

6 5

65

LIST OF FIGURES (Continued)

Lateral Wheel Load vs. Speed, for the 
Leading Wheel Set in the CW Direction 
on the 3.0 Degree Curve..............
Lateral Wheel Load vs. Speed, for the 
Leading Wheel Set in the CCW Direction 
on the 3.0 Degree Curve..............
Vertical Wheel Load vs. Speed, for the 
Leading Wheel Set in the CW Direction on 
the 3.0 Degree Curve................... .
Vertical Wheel Load vs. Speed, for the 
Leading Wheel Set in the CCW Direction 
the 3.0 Degree Curve................. .

on

Vertical Wheel 
Trailing Wheel 
the 3.0 Degree

Load vs. Speed, for the 
Set in the CW Direction 
Curve................. .

on

Vertical Wheel 
Trailing Wheel 
the 3.0 Degree

Load vs. Speed, for the 
Set in the CCW Direction 
Curve.................. .

on

L/V Ratio vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 3.0 
Degree Curve............................
L/V Ratio vs. Speed, for the Leading 
Wheel Set in the CCW Direction on the 3.0 
Degree Curve............................
Angle-of-attack vs. Speed, for the 
Leading Truck in the CW Direction on 
the 3.0 Degree Curve....................
Angle-of-attack vs. Speed, for the 
Leading Truck in the CCW Direction on 
the 3.0 Degree Curve....................
Lateral Wheel Load vs. Speed, for the 
Leading Wheel Set in the CW Direction 
on the 4.0 Degree Curve.................
Lateral Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction
on the 4.0 Degree Curve...................

x 1 1



LIST OF FIGURES (Continued)
Figure Page

9-41 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction 
on the 4.0 Degree Curve.....................  67

9-42 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction 
on the 4.0 Degree Curve.....................  67

9-43 L/V Ratio vs. Speed, for the
Leading Wheel Set in the CW Direction
on the 4.0 Degree Curve.....................  69

9-44 L/V Ratio vs. Speed, for the
Leading Wheel Set in the CCW Direction
on the 4.0 Degree Curve.....................  69

9-45 Angle-of-attack vs. Speed, for the
Leading Truck in the CW Direction on
the 4.0 Degree Curve......................... 70

9-46 Angle-of-attack vs. Speed, for the
Leading Truck in the CCW Direction on
the 4.0 Degree Curve.........................  70

9-47 Lateral Wheel Load Time Histories, for the
Leading Wheel Set in the CCW Direction on 
the 5.0 Degree Curve.........................  72

9-48 Lateral Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on
the 5.0 Degree Curve........................  73

9-49 Lateral Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on
the 5.0 Degree Curve........................  73

9-50 Lateral Load Acting on the Wheels of the
Leading Truck in the CW and CCW Directions 
on the 5.0 Degree Curve.....................  74

9-51 Angle of-attack vs. Speed, for the
Leading Truck in the CW Direction on
the 5.0 Degree Curve........................  76

9-52 Angle-of-attack vs. Speed, for the
Leading Truck in the CCW Direction on
the 5.0 Degree Curve..........................  76

xi i i



LIST OF FIGURES (Continued)

Figure Page

9-53 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on
the 5.0 Degree Curve........................  78

9-54 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on
the 5.0 Degree Curve........................  78

9-55 L/V Ratio vs. Speed, for the Leading
Wheel Set in the CW Direction on the 5.0 
Degree Curve................................  79

9-56 L/V Ratio vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 5.0 
.egree Curve................................  79

9-57 LTD6 Values of L/V Ratios vs. Speed,
for the Leading Wheel Set in the
CCW Direction on the 5.0 Degree Curve.......  80

9-58 Lateral Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on
the 7.5 Degree Curve........................  82

9-59 Lateral Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on
the 7.5 Degree Curve........................  82

9-60 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on
the 7.5 Degree Curve........................  84

9-61 Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on
the 7.5 Degree Curve........................  84

9-62 L/V Ratio vs. Speed, for the Leading
Wheel Set in the CW Direction on the 7.5
Degree Curve................................  86

9-63 L/V Ratio vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 7.5 
Degree Curve................................  86

9-64 Angle of-attack vs. Speed, for the
Leading Truck in the CW Direction on
the 7.5 Degree Curve..........................  87

- xiv -



LIST OF FIGURES (Continued)
Figure Page
9-65 Angle-of-attack vs. Speed, for the

Leading Truck in the CCW Direction on
the 7.5 Degree Curve........................  87

9-66 Lateral Wheel Load vs. Track Curvature,
for the Leading Wheel Set in the CW 
Direction Near Balance Speed................  89

9-67 Lateral Wheel Load vs. Track Curvature,
for the Leading Wheel Set in the CCW 
Direction Near Balance Speed................ 90

9-68 Vertical Wheel Load Time History, for
the Leading Wheel Set in the CW Direction 
on Tangent Track at 30 mph..................  92

9-69 Vertical Wheel Load Time History, for
the Trailing Wheel Set in the CCW Direction 
on Tangent Track at 30 mph.................. 93

9-70 Angle-of-attack vs. Track Curvature, for
the Leading Truck in the CW Direction 
Near Balance Speed..........................  95

9-71 Angle-of-attack vs. Track Curvature, for
the Leading Truck in the CCW Direction 
Near Balance Speed..........................  96

9-72 Cumulative Probability Distribution
Functions, for the Leading Truck Low Rail 
Lateral Loads in the CW and CCW
Directions at 45 mph........................  97

9-73 Cumulative Probability Distribution
Functions, for the Leading Truck High
Rail Lateral Loads in the CW and CCW
Directions at 45 mph........................  98

9-74 Cumulative Probability Distribution
Functions, for the Leading Truck Low 
Rail Vertical Loads in the CW and CCW 
Directions at 45 mph........................  99

9-75 Cumulative Probability Distribution
Functions, for the Leading Truck High 
Rail Vertical Loads in the CW and CCW 
Directions at 45 mph........................  100

- xv -



LIST OF FIGURES (Continued)

Figure Page

9-76 Low Rail Lateral Wheel Load Exceedence
vs. Track Curvature, for the Leading 
Wheel Set in the CW Direction Near Balance 
Speed.......................................  102

9-77 High Rail Lateral Wheel Load Exceedence
vs. Track Curvature, for the Leading 
Wheel Set in the CW Direction Near Balance 
Speed.......................................  103

9-78 High Rail Lateral Wheel Load Exceedence
vs. Track Curvature, for the Leading 
Wheel Set in the CCW Direction Near Balance 
Speed.......................................  104

9-79 Low Rail Lateral Wheel Load Exceedence
vs. Track Curvature, for the Leading 
Wheel Set in the CCW Direction Near Balance 
Speed.......................................  105

9-80 L/V Ratio vs. Track Curvature, for the
Leading Wheel Set in the CW Direction at
45 mph......................................  107

9- 81 L/V Ratio vs. Track Curvature, for the
Leading Wheel Set in the CCW Direction at 
4 5 mph......................................  108

10- 1 Comparison of Model Predictions and Test
Results, for the Leading Wheel Set
Lateral Wheel Loads Near Balance Speed,
as a Function of Track Curvature.............  Ill

10-2 Comparison of Model Predictions and Test
Results, for the Leading Wheel Set 
Angles-of-attack Near Balance Speed, as 
a Function of Track Curvature................  112

10- 3 High Rail Lateral Load Wear Index vs.
Track Curvature, for the Leading Wheel Set
Near Balance Speed..........................  114

11- 1 Wheel Load Time Histories, for the Leading
Wheel Set in the Four Degree Curve Entry
Regime in the CW Direction at 45 mph........  116

11-2 Wheel Load Time Histories, for the Leading
Wheel Set in the Four Degree Curve Exit 
Regime in the CW Direction at 45 mph........  117

xvi



LIST OF FIGURES (Continued)

Figure Page

11-3 Wheel Load Time Histories, for the Leading
Wheel Set in the Four Degree Curve Entry 
Regime in the CCW Direction at 45 mph......  118

11-4 Wheel Load Time Histories, for the Leading
Wheel Set in the Four Degree Curve Exit 
Regime in the CCW Direction at 45 mph......  119

11-5 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Curve Entry 
Regime at 45 mph...........................  120

11-6 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Curve Exit 
Regime at 45 mph...........................  121

11-7 Lateral Wheel Load Time Histories, for
the Leading Truck in the Five Degree Curve 
Entry Regime at 45 mph.....................  122

11-8 Lateral Wheel Load Time Histories, for
the Trailing Wheel Set in the Five Degree 
Curve Exit Regime at 45 mph................  123

11-9 Lateral Wheel Load Time Histories, for
the Leading Wheel Set in the Five Degree
Curve Exit Regime at 45 mph................  124

11-10 Lateral Wheel Load vs. Speed, for the
Leading Wheel Set in the Five Degree Curve 
Entry Regime at 45 mph.....................  125

11-11 Lateral Wheel Load vs. Speed, for the
Leading Wheel Set in the Five Degree Curve 
Exit Regime at 45 mph......................  125

11-12 High Rail Vertical Wheel Load vs. Speed,
for the Leading Wheel Set in the Five Degree 
Curve Exit Regime at 45 mph................  127

11-13 Low Rail Vertical Wheel Load vs. Speed,
for the Leading Wheel Set in the Five Degree 
Curve Exit Regime at 45 raph................  127

11-14 Low Rail Vertical Wheel Load vs. Speed,
for the Leading Wheel Set in the Five Degree 
Curve Entry Regime at 45 mph...............  128

xvi i



LIST OF FIGURES (Continued)
Figure Page

11-15 High Rail Vertical Wheel Load vs. Speed,
for the Leading Wheel Set in the Curve
Entry Regime at 45 mph......................  128

12-1 Spiral Configuration for the Spiral-twist
Tests.......................................  130

12-2 Vertical Wheel Load Time Histories, for 
the Trailing Wheel Set in the Spiral-twist 
Regime at 40 mph............................  132

12-3 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Spiral-twist
Regime at 40 mph............................  133

12-4 Low Rail Vertical Wheel Load vs. Speed,
for the Trailing Wheel Set in the Spiral-twist
Regime......................................  135

12-5 High Rail Vertical Wheel Load vs. Speed,
for the Trailing Wheel Set in the Spiral-twist
Regime......................................  135

12-6 Low Rail Vertical Wheel Load vs. Speed,
for the Leading Wheel Set in the Spiral-twist
Regime......................................  136

12-7 High Rail Vertical Wheel Load vs. Speed,
for the Leading Wheel Set in the Spiral-twist
Regime......................................  137

A-1 Vertical Wheel Load Time Histories, for 
the Trailing Wheel Set in the Spiral-twist 
Regime at 15 mph............................  148

A-2 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Spiral-twist
Regime at 15 mph............................  149

A-3 Vertical Wheel Load Time Histories, for 
the Trailing Wheel Set in the Spiral-twist 
Regime at 20 mph............................  150

A-4 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Spiral-twist
Regime at 20 mph............................  151

-  X V 1 1 1  -

151



LIST OF FIGURES (Continued)

Figure Page

A-5 Vertical Wheel Load Time Histories, for
the Trailing Wheel Set in the Spiral-twist 
Regime at 25 mph...........................  152

A-6 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Spiral-twist 
Regime at 2 5 mph...........................  153

A-7 Vertical Wheel Load Time Histories, for
the Trailing Wheel Set in the Spiral-twist 
Regime at 30 mph...........................  154

A-8 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Spiral-twist 
Regime at 30 mph...........................  155

A-9 Vertical Wheel Load Time Histories, for
the Trailing Wheel Set in the Spiral-twist 
Regime at 35 mph...........................  156

A-10 Vertical Wheel Load Time Histories, for
the Leading Wheel Set in the Spiral-twist 
Regime at 35 mph...........................  157

x i x



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 
dynamic performance of this type of car, particularly the roll 
stability. After a careful review of the 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 encouraged to develop cars with 
improved performance, which could 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 
conventional 100-ton high cube hopper cars. Thus, the project 
plan called for the 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 (] indicate the References, listed 
in Section 14.0 of this report.
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This report describes the dynamic test program and results 
for the curving and curve entry regimes. The curving performance 
of a covered hopper car is an important element of the program, 
because of its relationship with the costs associated with wheel 
and rail wear, and fatigue/fracture problems.

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 3. Volume 1 [2] describes 
the rock-and-roll performance, Volume 2 [3] describes the hunting 
performance and Volume 4 [4] presents a summary of all of the 
base car performance tests.

2.0 TEST CAR
Figure 2-1 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, with a truck center distance of 45 ft., 9 in. The 
estimated center of gravity heights are 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. The 
suspension system 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 lbs. per spring group. Other pertinent car dimensions are 
shown in Figure 2-2.

The test car was selected to be generically representative

of a class of cars which have historically exhibited performance

deficiencies during revenue service operations.
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Figure 2-1. 100-ton High Cube (4,750 cu. ft.) Covered
Hopper Car, Used for the Dynamic Performance 
Tests.
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Figure 2-2. General 
100-ton

Dimensions of the Base (Reference) 
Covered Hopper Test Car.
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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, by which the base car would be judged and compared in 
relation to any new prototype car. The dynamic performance 
regimes required to characterize the performance of a car relate 
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, Pueblo, 
Colorado, as shown in Figure 3-1. A Test Matrix summary for the 
curving tests is shown in Table 3.1.

The curving tests utilized various track sections on the 
RTT, TDT, FAST loop and the Balloon Loop on lubrication-free 
days. The FAST loop had been "degreased" two days prior to the 
testing, in preparation for a normal FAST train dry runing 
period. Automatic location detectors (ALD) were placed on each 
of the test tracks to identify the track loops and test 
sections. This system uses retroreflective markers on the track, 
and an infrared light emitting source and a receiver system on 
the test car. ALD markers were placed at both ends of each test 
section. Figure 3-2 shows the six test sections in the Railroad 
Test Track (RTT). Figure 3-3 shows the Balloon Loop test 
sections. Figure 3-4 shows the relevant FAST sections used for 
the curving tests.

The FAST curving tests were carried out under adverse 
operating conditions, including gusty winds and prior to the 
rebuilding of certain track segments.
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TTC BOUNDARY

TRANSPORTATION TEST CENTER

T 0 ' . PUEBLO |

TTC A D M IN IST R A T IO N - 
LABORATORY AREA.

1. OPERATIONS BU ILD ING -
2. PROJECT MANAGEMENT 

BU ILD ING .
RAIL DYNAMICS 
LABORATORY.
CEN TER  SER V IC ES  
BU ILD ING.
WAREHOUSE/LABORATORY 
FACILITY.

6. COM PONENTS TEST  
LABO RATO RY.

7. TRANSIT  MAINTENANCE 
BUILDING.

8 . STORAGE 8 MAINTENANCE 
BUILDING.

9. URBAN RAIL BUILOING.
10, AUTO OVERPASS.

Figure 3-1. Schematic Diayram of the Transportation T<-st 
Center at Pueblo, Colarado, Showing Various 
Test Track Locations.
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Table 3.1

Test Matrix Summary for the Base Car Curving Tests.

Degree
of Curvature 

(Degrees, Minutes)
Nominal

Superelevation
(Inches)

Balance
Speed
(mph)

Test Loaded Empty
Track
Site

Spiral
Twist

0° 50' 6.0 105.0 RTT X X
1° 30' 3.0 53.5 RTT X X
3° 00' 2.0 30.9 FAST X
4° 00 ' 3.0 31.6 FAST X
5° 00' 4.0 34 .0 FAST X
7° 30' 4.5 29.3 BALLOON X X X

7



I

Figure 3-2. Curving Test Sections on the Railroad Test 
Track (RTT).
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FAST

Figure 3-4. Facility for Accelerated Cerviee
Testing (FAST) Track Sections Used 
for the Curving Tests.
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4.0 CURVING TEST RUNS
The test runs were made in both the clockwise (CW) and 

counterclockwise (CCW) directions on each of the loops. The 
general philosophy was to run dry, with no grease on the tracks. 
However, some grease contamination, particularly on the Balloon 
Loop, was evidenced because the FAST train was also operating on 
this particular trackage, leaving behind some residual grease.
The tests were conducted for dry track conditions primarily 
because it was hard to control the lubrication level on each test 
track, some of which did not have trackside lubricators.

It was also intended to determine the wheel loads at balance 
speed for each curve, and two speeds above and two speeds below 
the balance speed. This was not possible for the high speed 
Railroad Test Track (RTT), which has a balance speed of 105 mph. 
However, the six inch superelevation provided an opportunity to 
run under severe unbalance conditions.

The curving tests were first conducted on the RTT. The 
counterclockwise test runs were completed first, starting with a 
run at 30 mph and increasing in 10 mph increments up to a maximum 
of 70 mph. At the end of each test run, the test consist was 
backed up to the starting point, in order to achieve the desired 
speed through the run. At the end of the counterclockwise runs, 
the test consist was taken to the Balloon Loop and turned for the 
clockwise runs. These runs also started with a 30 mph run, 
increasing in 10 mph increments up to a maximum of 70 mph.

11



The Balloon Loop and Train Dynamics Track curving test runs 
were carried out on the same day, each starting with the 
counterclockwise runs. Five runs were made in each direction: 
balance speed, two above balance speed and two below balance 
speed. The test consist was backed up to the starting point 
after each run and turned at the end of the counterclockwise 
runs.

Fairly consistent and constant speeds were achieved for each 
of the runs and the subsequent data reduction verified these 
constant speeds between the start and finish of each test curve. 
Spirals were excluded.

The FAST curving tests were started with the clockwise runs, 
ranging from 20 to 45 mph in 5 mph increments. Each test was run 
at the desired constant speed. The consist was turned on the 
Balloon Loop at the end of the clockwise runs. The 
counterclockwise tests were run at speeds of 20, 30, 35, 40, 45 
and 10 mph.

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 AAR-100 Research Car has been designed for data 
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 5-1.
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Figure 5-1. Block Diagram Showing the Data Collection 
System on the AAR-100 Research Car.
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The data acquisition system was under the control of a 
general purpose data acquisition software, described in Section 
6.0. In all cases, a sampling rate of 256 samples/sec was used 
for each of the channels.

The transducers used for the base car performance tests are 
shown in Figure 5-2 and included two instrumented wheel sets, an 
angle-of-attack measurement device on the A-end truck and roll 
gyros. The vertical and lateral wheel loads were the principal 
parameters measured during the curving tests.

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 continuous 
vertical and lateral load measurements. This was done in real 
time by a dedicated microprocessor for each wheel set. A lateral 
to vertical load (L/V) ratio measurement was also provided 
cont inuously.

14



ANGLE- OF-ATTACK 
PROBES TO

©  AUTOMATIC LOCATION DETECTOR (ALO). 
(2 )S P E E O .

© I©
( ? )  f MEASURE WHEELSET 
(? )J  DISPLACEMENT RELATIVE TO RAIL.

( 7)  thru (je) VERTICAL, LATERAL, L/V- AL3,AL4, 
7 AR3, AR4 WHEELS.

(j9)SPRING TRAVEL, ARL*

AR.

) SIDE BEARING LOAD, 8 Land BR.

GYRO ON t. CAR (AT EACH ENO)>
• m m 11 ■ m m

(^ jS iD E  FRAME/WHEELSET 

^ “LATERAL and LONGITUDINAL 

DISPLACEMENT.

' 'A' ENO TRUCK ONLY.

© LATERAL ACCELEROMETER 
AT C.G. HEIGHT-
( BOTH ENDS.)
LATERAL ACCELEROMETER 

ON SIDE►
SILL

A L,A R .B L .B R .ii
&

4
LATERAL ACCELEROMETER
ON ROLLER BEARING►
ADAPTER BR I,
BR2, AR3, AR4.

(77) TRUCK YAW
(78) SWIVEL AL.AR.

Figure 5-2. Transducer Locations for the Base Car Tests.
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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 wheel load range was 0 to 100,000 lb., the 
lateral wheel load range was ±100,000 lb., and the L/V ratio 
was ±10. A side view of the instrumented wheel sets is shown in 
Figure 5-3.

The angle-of-attack measurement framework can also be seen 
in Figure 5-3. 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, as shown in Figure 5-4. The 
probes had a range of ±2.0 inches and were located ahead of and 
behind each wheel.

String potentiometers were used to measure truck rotation 
and are shown in Figure 5-5. The bending-beam-type of 
transducers that were used to measure the longitudinal and 
lateral displacements between the wheel sets and the side frame 
are shown in Figure 5.6.

Automatic location detector (ALD) markers were used and 
speed measurements were made in all of the curving performance 
tests. A summary of transducers for the base car performance 
tests is given in Table 5.1 and their relative locations are 
shown in Figure 5-2.
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Instrumented Wheel Sets and Associated 
Angle-of-attack Measurement Frame for the 
A-end (Leading) Truck.

Figure 5-3.
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Figure 5-4. Close-up View of Angle-of-attack Probe.
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Figure 5-5. String Potentiometer Transducer to 
Measure Truck-to-Car Body Rotation.
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Figure 5-6. Bending-Beam Transducers to Measure Side 
Frame-to-Wheel Set Longitudinal and 
Lateral Displacements.
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Table 5.1

Summary of Instrumentation for the Base 
Car Performance Tests.

Measure- Parameter and Transducer
ment 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 Inst rumented 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
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Table 5.1 (Continued)

Measure- Parameter and Transducer
ment No. Location Type

22 BR Side Bearing Load Load Cell
23 A-end Roll Gyro Rate Gyro 

Circuit
with Integrator

24 B-end Roll Gyro Rate Gyro 
Circuit

with Integrator

25 AL3 Side Frame-to-Bearing
Adaptor, Longitudinal
Displacement Bend ing 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, Lateral 
Displacement Bend ing Beam, S t r a i n 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 Bell & 1Howell Accelerometer

34
Gravity
B-end Lateral Acceleration 
at Car Body Center of Bell & 1Howell AccelerometerGravity
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Table 5.1 (Continued)

Measure- Parameter and Transducer
ment No. Location Type

35 AL Side Sill Lateral 
Acceleration Bell & Howell Accelerometer

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 Adaptor 
Lateral Acceleration Setra Accelerometer

40 AR4 Bearing Adaptor 
Lateral Acceleration Setra Accelerometer

41 BR1 Bearing Adaptor 
Lateral Acceleration Setra Accelerometer

42 BR2 Bearing Adaptor 
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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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. 
Communication, 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.
Next in line was the patch panel, by means of which the 
conditioned signals were selected to be 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
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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 digita1-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:

1) Data re-formatting,
2) Data pre-processing and
3) Data analysis.
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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 sensivity 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 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.
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The key parameters of interest, such as wheel loads, 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 
probabilty and power spectral density plots, as well as to 
digitally filter the data within the 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 key 
parameters that were selected to quantify the performance of the 
vehicle in the prescribed test regime are described in the 
following sections.
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8.0 CURVING DATA PARAMETERS
The primary objective of the data analysis in the curving 

regime was to evaluate the curving performance of the loaded 
vehicle. To determine the performance of the vehicle in 
steady state curve negotiation, as well as to evaluate its 
dynamic response when entering and exiting these curves, 
analyses were carried out on the test data collected in the 
constant curvature test zones and spiral sections.

The performance characteristics were quantified by 
evaluating specific key parameters.

8.1 Wheel/Rail Forces
The forces developed between the wheel and rail depend on 

the wheel/rail geometry, such as wheel profile, degree of 
curvature, superelevation, etc., as well as on the 
distribution of static loads on all of the vehicle wheels. 
Creep forces and moments, which arise from the elastic 
deformations of the wheel and rail in the contact region, 
unbalanced superelevation and friction also strongly affect 
the curving performance of rail vehicles.

In sharp curves, depending on the speed of the vehicle, 
the outer wheel of the leading and/or trailing axle may assume 
flange contact with the high rail. This situation contributes 
to the wear of the wheel flanges, as well as the gage face of 
the high rail. Therefore, it is of great importance to 
determine the lateral wheel/rail loads, as well as the 
vertical load distribution, on all four wheels of a truck.
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In this report, the mean values of lateral and vertical 
wheel loads on the leading truck were computed for all test 
speeds in both the clockwise and counterclockwise directions.

8.2 Lateral to Vertical (L/V) Wheel Load Ratios
The ratio of the lateral to vertical load (L/V ratio) has 

been widely used as a derailment index, in evaluating the curving 
performance of railroad vehicles. In the Performance Guidelines
[1] , the allowable L/V ratio limits were established in regards 
to the derailment safety of prototype covered hopper cars. One 
criterion for derailment propensity required a determination of 
the levels of truck L/V ratios that cause rail overturning. The 
ratio of the sum of the lateral loads to the sum of the vertical 
loads, exerted on the rail on one side of a truck and sustained 
over a 6 foot track segment, was to be determined for the base 
car. Unfortunately, due to instrumentation problems, the data 
from various lateral and vertical load channels of the trailing 
axle were poor. As a result, the truck L/V ratios could not be 
examined in this study. The performance criterion regarding 
flange climb derailment, however, was addressed in sharp curving 
situations.

In a time series analysis, the time duration of extreme 
values of a parameter of interest, such as wheel loads, is of 
great importance. The extreme values of a parameter that are 
continuously sustained over six feet of track, denoted by LTD6
[2] , were used in this study for defining the time durations of 
the respective variables. The LTD6 values of the leading axle
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L/V ratios were computed for a 5 degree curve, at test speeds 
corresponding to 3-inch unbalance superelevation in both the CW 
and CCW directions. The resulting L/V ratios were then compared 
with the critical L/V ratios associated with the wheel climb 
criterion for prototype cars, as described in the Performance 
Guidelines. On the whole, the mean L/V ratios for the wheels of 
the leading axle were computed for all test curves. They will 
subsequently be used as one of the comparative performance 
indices in the curving regime.

The probability of exceedence levels of the lateral and 
vertical wheel loads was investigated for selected test runs. As 
described in the Performance Guidelines, the results of the load 
exceedence calculations are to be compared with those of the 
prototype cars.

The results of the analysis of the test data for wheel/rail 
forces produced in curving were subsequently compared with those 
of a nonlinear steady state curving program [6,7]. After 
achieving a reasonable agreement between the test and analytical 
results, wheel wear indices were then computed, in order to 
provide supplementary data for the economic evaluations of 
covered hopper cars.

The authors have defined the sign convention for the 
direction of lateral wheel loads exerted on the wheels by the 
rails, as follows: all lateral loads acting on the wheels and 
directed towards the inside of the curve were positive, and all 
lateral loads acting on the wheel towards the outside of the 
curve were negative. A diagram is provided in Figure 8-1 to 
illustrate positive and negative lateral loads.
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Figure 8-1. Sign Convention for Lateral Wheel 
Loads and Angles-of-attack.
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Accordingly, the negative L/V ratios shown in various figures 
indicate that they result from the low rail lateral wheel loads 
tending to spread the rails outward, unless otherwise noted.

The test data for the 5 degree curve entry and exit are 
presented as time history plots for most of the test speeds, in 
both the CW and CCW directions. Particular emphasis was given to 
the maximum and minimum wheel loads, along with their 
corresponding time durations. Similarly, the extreme values of 
the vertical wheel loads and their time durations were computed 
for the data from the spiral twist tests.

8.3 Wheel/Rail Anqles-of-attack
The angle-of-attack of a wheel set, the angle with which the 

wheel approaches the rail, constitutes a major factor in producing 
creep forces and subsequent wheel/rail forces.

In this study, wheel/rail displacement measurements were used 
to calculate the angles-of-attack of the wheel sets. This 
calculation was carried out as follows: the displacement outputs 
of each pair of probes were subtracted and then divided by the 
distance between them; mean angles-of-attack were then computed 
from the resulting time histories at each test speed for the 
vehicle traversing a curve. Because of difficulties in obtaining 
an absolute datum for the wheel/rail probes, it was impossible to 
obtain an absolute value of angle-of-attack on tangent track 
sections and, therefore, the angles-of-attack in the curves were 
computed as the increments from tangent to curved track.
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It should also be noted that the CW yaw rotations were taken 
to be positive, as shown in Figure 8-1.

9.0 TEST RESULTS FOR THE CURVING REGIME
The test data were reduced and analyzed for the test curves , 

which ranged from 50 minutes to 7.5 degrees. To determine the 
effect of the direction of travel on the curving performance, data 
analyses was performed for both the CW and CCW directions. The 
results are presented in various graphs, including those 
illustrating the effects of speed and curvature on the wheel/rail 
loads, wheel set angles-of-attack and time history plots.

9.1 Zero Degree, Fifty Minute Curve
The vehicle was tested on two separate 50 minute curves 

(Sections 1 and 6 of the RTT track, as shown in Figure 3-2) at 
speeds of 30 to 70 mph.

Figure 9-1 shows typical lateral load time histories for the 
leading wheel set in the CCW direction on a 50 minute curve in 
Test Section 6 at 40 mph.

Figures 9-2 and 9-3 show the mean values of the leading and 
trailing axle lateral wheel loads, as measured in the CW and CCW 
directions, respectively, as a function of vehicle speed. Three 
distinct features of these curves should be noted. First, the 
lateral loads on all of the wheels sharply increase in the speed 
range of 60 to 72 mph, due to hunting of the vehicle. Secondly, 
the lateral wheel loads on the outer wheel of the leading axle are 
much lower (up to 4,300 lbs.) than on the inner wheel in the CW
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Leading Truck in the CW Direction on a 50 
Minute Curve in Test Section 1.
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Figure 9-3. Lateral Wheel Load vs. Speed, for the
Leading Truck in the CCW Direction on a 50 
Minute Curve in Test Section 1.
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direction. Both the high and low rail wheel loads appear to 
decrease with increasing speeds. Figure 9-4 is a schematic 
diagram illustrating the lateral loads acting on the wheel sets at 
40 mph; the lateral loads on the low rail wheels were as high as 
6,700 lbs. This was mainly due to the excessive superelevation, 
which resulted in a weight shift towards the low rail side. Note 
that the trailing axle left wheel lateral loads are not shown, due 
to instrumentation problems.

In vehicle curving, unbalance or cant deficiency is defined 
as the additional superelevation required for balance speed. Each 
curved track has a balance speed resulting from the particular 
combination of track curvature and superelevation. Lateral 
balance is achieved when the lateral component of the car weight 
cancels that of the centrifugal force acting on the car body. To 
calculate the speed for a given unbalance, degree of curvature and 
superelevation, one can use the following formula [8]:

V = ( S.E. + U ) / ( 0.0007 D )

where
V = vehicle speed, mph
S.E. = superelevation , in
U = unbalance, in, and
D = curvature, deg •

The average superelevation on the 50 minute curve of the RTT 
was 6.5 inches. At a speed of 40 mph, the unbalance (excess 
superelevation in this case) is approximately 5.5 inches.
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Figure 9-4. Lateral Loads Acting on the Wheels of the
Leading Truck in the CW and CCW Directions at
40 mph on a 50 Minute Curve in Test Section 1.
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To achieve a lateral load balance, the train would have to travel 
at 105 mph. As a result of this severe unbalance condition, the 
high rail lateral loads developed on the leading axle were very 
low. In Figure 9-4, the lateral wheel loads acting on the wheels 
are shown in the CW and CCW directions at 40 mph. The resultant 
oppositely directed net lateral force exerted by the leading axle 
on the track points towards the inside of the curve.

In the CCW direction, however, the high rail lateral loads 
pointed in the opposite direction and appeared to be much higher 
than those in the CW direction. As shown in Figure 9-4, the 
negative high rail lateral loads pulled the high rail towards the 
inside of the curve, while the positive low rail loads acted on 
the low rail to spread the rails apart. The resultant net lateral 
force exerted on the track, about 10,000 lbs., acted to shift the 
track towards the inside of the curve.

To further illustrate the curving performance of the vehicle 
on the 50 minute curve, the mean vertical wheel loads on the 
leading axle are shown in Figures 9-5 and 9-6. As a result of the 
excess superelevation, the vertical loads on the inner wheels were 
much higher at all test speeds than those on the outer wheels. In 
the CCW direction, the high rail vertical wheel loads increased 
from 22,000 lbs. at 40 mph to 26,000 lbs. at 70 mph. The 
corresponding low rail vertical loads decreased from 45,000 to
41,000 lbs. with increasing speeds. However, the vertical load 
distribution appeared to be as much as 4,000 lbs. higher in the
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Figure 9-5. Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on a 
50 Minute Curve in Test Section 1.

HIGH
LOU

Figure 9-6. Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on a
50 Minute Curve in Test Section 1.
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CW direction than in the CCW direction. It is conjectured at 
this time that the initial offset of the center of gravity of the 
car to the left side may have caused higher loadings on the left 
side of the truck. Maximum mean vertical wheel loads of as much 
as 49,000 lbs. were noted on the low rail. The corresponding 
high rail loads were about 22,000 lbs.

Figures 9-7 and 9-8 show how the mean values of the resulting 
L/V ratios on the leading wheel set changed as a function of 
train speed for the CW and CCW runs, respectively. The average 
L/V ratios in the CCW direction appeared to be higher on the high 
rail than those in the CW direction. As stated previously, the 
negative L/V ratios on the low rail resulted from the lateral 
loads directed towards the outside of the curve. Similarly, the 
negative L/V ratios on the high rail also resulted from the 
lateral loads pushing the high rail outwards.

The mean values of leading and trailing axle angles-of-attack 
were then investigated. Figures 9-9 and 9-10, respectively, show 
the mean values of the angles-of-attack for the CW and CCW runs, 
as a function of train speed. Both the leading and trailing 
axles yawed behind their radial positions, which are defined with 
respect to a radius drawn from the center of curvature through 
each wheel set axle, with the leading axle angles-of-attack being 
higher than those for the trailing axle. However, both the 
leading and trailing axle angles-of-attack decreased with 
increasing speeds in either direction. In Figure 9-10, the 
angles-of-attack at speeds of 60 to 70 mph were omitted, due to 
instrumentation failure caused by truck hunting.
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Figure 9-7. L/V Ratio vs. Speed, for the Leading
Wheel Set in the CW Direction on a 50 Minute 
Curve in Test Section 1.

Figure 9-8. L/V Ratio vs. Speed, for the Leading
Wheel Set in the CCW Direction on a 50 Minute
Curve in Test Section 1.
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Figure 9-9. Angle-of-attack vs. Speed, for the Leading 
Truck in the CW Direction on a 50 Minute 
Curve in Test Section 1.

SPEED ( MPH >

Figure 9-10. Angle-of-attack vs. Speed, for the Leading
Truck in the CCW Direction on a 50 Minute
Curve in Test Section 1.
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The data analyzed for Test Section 6 and presented in Figures 
9-11 through 9-18 show the mean values of lateral and vertical 
loads and the corresponding L/V ratios, along with the leading and 
trailing axle angles-of-attack, respectively. The curving 
behavior was essentially the same in both the CW and CCW 
directions as those measured in Section 1, even though Test 
Section 6 was much shorter. It should be noted that the close 
agreement between the results from the long and short test 
sections indicates a strong reliability of the statistical 
computations.

9.2 One and One-half Degree Curve
The vehicle was tested on the 1.5 degree curved track at 

speeds of 30 to 60 mph in both the CW and CCW directions. With 
4.5 inches of superelevation, the balance speed on this curve was 
about 54 mph.

Figure 9-19 presents the time history plots of the leading 
axle lateral loads at 55 mph., and Figure 9-20 shows the mean 
lateral loads on the leading (Axle 4) and trailing (Axle 3) axles, 
as functions of speed.

In Figure 9-21, the high and low rail lateral loads in the 
CCW direction are shown, where more significant differences in the 
lateral loads can be seen. Both the high and low rail loads on 
the leading axle decreased with speed, with the low rail loads 
being 2,000 lbs. higher than the high rail loads. The lower 
levels of high rail loads were attributed, in part, to the 
excessive superelevation of the track at most of the speeds at
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Figure 9-11. Lateral Wheel Load vs. Speed, for the 
Leading Truck in the CW Direction on a 
50 Minute Curve in Test Section 6.

Figure 9-12. Lateral Wheel Load vs. Speed, for the
Leading Truck in the CCW Direction on a
50 Minute Curve in Test Section 6.
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Figure 9-13. Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CW Direction on 
a 50 Minute Curve in Test Section 6.

Figure 9-14. Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the CCW Direction on
a 50 Minute Curve in Test Section 6.
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Figure 9-15. L/V Ratio vs. Speed, for the Leading 
Wheel Set in the CW Direction on a 50 
Minute Curve in Test Section 6.

30 0 35 0 40 0 45 0 50 0 33 0 60 0 0 70 0 75 0
SPEEO ( MPH >

Figure 9-16. L/V Ratio vs. Speed, for the Leading
Wheel Set in the CCW Direction on a 50
Minute Curve in Test Section 6.
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Figure 9-17. Angles-of-attack vs. Speed, for the
Leading Truck in the CW Direction on a 
50 Minute Curve in Test Section 6.

Figure 9-18. Angles-of-attack vs. Speed, for the
Leading Truck in the CCW Direction on a
50 Minute Curve in Test Section 6.
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Figure 9-19. Lateral Wheel Load Time Histories, for
the Leading Wheel Set in the CW Direction 
on the 1.5 Degree Curve.
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Figure 9-20. Lateral Wheel Load vs. Speed, for the

Leading and Trailing Wheel Sets in the
CW Direction on the 1.5 Degree Curve.
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Figure 9-21. Lateral Wheel Load vs. Speed, for the Leading
Truck in the CCW Direction on the 1.5 Degree
Curve.



which the vehicle was tested. However, there is a definite trend 
involving a change in the high rail lateral load with speed; these 
loads appeared to be decreasing with increasing speeds. To 
further investigate the load distribution on the wheel sets and 
the effects of the direction of travel on the curving performance, 
the vertical wheel loads were analyzed, as follows.

Significant differences in the mean vertical loads with 
direction of travel were noted, as illustrated in Figures 9-22 and 
9-23. The curves depicting the mean vertical loads on the leading 
axle intersect at 43 mph for runs made in the CW direction. With 
an average superelevation of 3 inches, the intersection of these 
curves should have occurred theoretically at about 54 mph. The 
curves showing the mean vertical loads for the CCW runs intersect 
at 65 mph. This clearly illustrates the effect of direction of 
travel on the curving performance of the vehicle. When the 
vertical loads in both directions are compared, it can be seen 
that the low rail vertical loads (left wheel) are about 5,000 lbs. 
higher in the CCW direction than in the CW direction. Similarly, 
the high rail loads (left wheel) in the CW direction are higher 
than those in the CCW direction. This directional bias was 
attributed to an asymmetric suspension system, which caused the 
load to shift to the left side of the vehicle.

Corresponding L/V ratios are shown in Figures 9-24 and 9-25 
where very low levels of L/V ratios are observed; the maximum mean 
values are on the order of 0.1.

The mean angle-of-attack data, shown in Figures 9-26 and

9-27, indicate that the leading axle yawed about 0.5 milliradian,
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9-22. Vertical Wheel Load vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 1.5 
Degree Curve.
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Figure 9-23. Vertical Wheel Load vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 1.5
Degree Curve.
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Figure 9-24. L/V Ratio vs. Speed, for the Leading Wheel Set 
in the CW Direction on the 1.5 Degree Curve.

Figure 9-25. L/V Ratio vs. Speed, for the Leading Wheel Set
in the CCW Direction on the 1.5 Degree Curve.
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Figure 9-26. Angle-of-attack vs. Speed, for the Leading 
Truck in the CW Direction on the 1.5 
Degree Curve.

SPEED ( MPH >

Figure 9-27. Angle-of-attack vs. Speed, for the Leading
Truck in the CCW Direction on the 1.5
Degree Curve.
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remaining behind its radial line, in both the CW and CCW 
directions at most of the test speeds. As discussed previously, 
the leading axle angles-of-attack decreased and the trailing axle 
angles-of-attack increased with increasing speeds.

9.3 Three Degree Curve
On the 3 degree curve test zone of the FAST track, the test 

runs were made at balance, below balance and above balance 
conditions in both the CW and CCW directions. The balance speed 
on the 3 degree curve with 2 inches of superelevation was about 31 
mph.

In Figure 9-28, the high and low rail lateral load time 
history plots are shown at 30 mph, the theoretical balance speed, 
for the vehicle traversing this curve in the CW direction.
Results of the analysis of the leading axle lateral loads are 
shown in Figures 9-29 and 9-30, as a function of speed. The 
lateral load on the left side of the trailing wheel set was not 
included because of instrumentation failure. The mean lateral 
loads on the high rail wheel of the leading axle increased with an 
increase in test speeds (from 5,000 lbs. at 20 mph to 8,300 lbs. 
at 45 mph) in the CW direction. The corresponding mean lateral 
loads on the low rail wheel decreased with increasing speeds, from
5,300 lbs. at 20 mph to 3,500 lbs. at 45 mph. In the CCW 
direction, the lateral loads displayed a similar trend: the mean 
lateral loads increased from 2,400 lbs. at 30 mph to 5,800 lbs. at 
45 mph on the high rail wheel, and decreased on the low rail wheel 
from about 5,800 lbs. to 4,700 lbs. During under-balance
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Figure 9-28. Lateral Load Time Histories, for the Leading
Wheel Set in the CW Direction on the 3.0
Degree Curve at 30 mph.
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9-29. Lateral Wheel Load V£5. Speed, for the Leading 
Wheel Set in the CW Direction on the 3.0 
Degree Curve.

Figure 9-30. Lateral Wheel Load v£>. Speed, Cor the Leading
Wheel Set in the CCW Direction on the 3.0
Degree Curve.
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conditions, the net lateral load on the leading axle pointed 
towards the outside of the curve. For example, at 20 mph the 
leading axle load of -4,700 lbs. resulted from the high rail 
lateral wheel load of +5,300 lbs. and the low rail lateral wheel 
load of approximately -10,000 lbs. The oppositely directed net 
lateral load on the track acted to pull the track structure 
towards the inside of the curve. During over-balance conditions, 
however, the high rail wheel assumed flange contact with the rail, 
thus experiencing higher lateral loads. In the CW direction at 45 
mph, the net lateral load on the axle was about 4,800 lbs. This 
resulted from the +8,300 lbs. high rail load (gage-spreading load) 
and -3,500 lbs. of low rail load. Consequently, the oppositely 
directed net lateral load on the track acted to shift the track 
structure towards the outside of the curve.

The data for the lateral loads still exhibited directional 
differences, however, typical curving behavior was present at all 
speeds. The high rail lateral loads increased and the low rail 
loads decreased with increasing speeds. This load shift is best 
illustrated in Figures 9-31 and 9-32, where the low and high rail 
vertical forces on the leading axle are plotted in both directions 
as a function of speed. In these figures, the high and low rail 
vertical loads intersect at a speed of 26 mph, which is below the 
theoretical balance speed for the CW runs, whereas the 
intersection occurs near 40 mph in the CCW direction. As a result 
of uneven cargo loading in the vehicle, higher static loads were 
exerted on the left side of the truck and the vertical loads in
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Figure 9-31. Vertical Wheel Load vs. Speed, for the Lending 
Wheel Set in the CW Direction on the 3.0 
Degree Curve.

Figure 9-32. Vertical Wheel Load vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 3.0
Degree Curve.
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the CW and CCW directions were biased. The high rail vertical 
Loads were about 5,000 lbs. higher in the CW direction than in the 
CCW direction. The same was true for the low rail loads in the 
CCW direction.

To further confirm this weight shift, the mean vertical loads 
of the trailing wheel set were computed, and the results are 
plotted as a function of vehicle speed in Figures 9-33 and 9-34 
for the CW and CCW runs, respectively. These figures show that 
the left wheel loads on the trailing axle in either direction were 
much higher than their counterparts. Despite the fact that the 
left wheel loads were higher, the fundamental curving behavior was 
maintained, and the vertical and lateral loads shifted to the high
rail with increas ing speeds.

The average L/V ratios shown in Figu re 9-35 decreased from
0.17 at 20 mph to 0.11 at 45 mph on the 1ow ra il and increased
f rom 0.15 to 0.20 , for the corresponding runs made in the CW
direction. The mean L/V ratios, shown in Figu re 9-36 , appear to
be 1ower for the CCW runs, with a peak L/V rati o of about 0.15 on
the high rail at 45 mph.

The angle-of-attack data piotted aga inst veh icle speed in
both the CW and CCW directions are shown in Figures 9-37 and
9-38 . In either direction, the leading wheel set assuned nega t i ve
values, indicating that it rotated in the CCW direct ion and
r ema ined behind its radia 1 line. The tra i 1 ing wheel set seemod to
rota in its radial position, expe r iencing near zero
anj 1es-of-attack. It should be noted tha t the ang le-of-a ttack
da ta computed for the CCW runs indicated ve ry sma 11
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Figure 9-33. Vertical Wheel Load vs. Speed, for the Trailing 
Wheel Set in the CW Direction on the 3.0 
Degree Curve.
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Figure 9-34. Vertical Wheel Load vs. Speed, for the Trailing
Wheel Set in the CCW Direction on the 3.0
Degree Curve.
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Figure 9-35. L/V Ratio vs. Speed, for the Leading Wheel Set 
in the CW Direction on the 3.0 Degree Curve.

SPEEO ( MPH )

Figure 9-36. L/V Ratio vs. Speed, for the Leading Wheel Set
in the CCW Direction on the 3.0 Degree Curve.
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Figure 9-37. Angle-of-attack vs. Speed, for the Leading 
Truck in the CW Direction on the 3.0 
Degree Curve.

SPEEO < NPH )

Figure 9-38. Angle-of-attack vs. Speed, for the Leading 
Truck in the CCW Direction on the 3.0 
Degree Curve.
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angles-of-attack 
the CW runs. It 
arisen from some

on the leading axle, in contrast with those 
is conjectured that this situation may have 
type of inherent axle misalignment.

for

9.4 Four Degree Curve.
The vehicle was tested on the 4 degree curve at speeds 

ranging from 10 to 45 mph. The balance speed on the 4 degree 
curve with 3 inches of superelevation was about 33 mph.

In Figures 9-39 and 9-40, the high and low rail lateral loads 
of the leading wheel set are plotted for each test speed in both 
the CW and CCW directions. As shown in these figures, the lateral 
loads on the leading wheel set were considerably higher than those 
reported for lower curvatures. The curves for both the CW and CCW 
runs clearly indicate the shift in lateral loads to the outer 
wheel. In the CW direction, the leading axle mean lateral wheel 
load on the high rail increased from 7,300 lbs. at 10 mph to
12,000 lbs. at 45 mph. The corresponding lateral wheel loads on 
the low rail decreased from 9,200 to 5,000 lbs. for the same 
speed range.

The mean lateral loads on the outer wheel of the leading axle 
were about 3,000 lbs. lower in the CCW than in the CW direction 
at most of the test speeds. As discussed earlier, this has been 
typical for most of the curved track tests reported thus far; the 
leading axle lateral loads were consistently biased, depending 
upon the direction of travel. Correspondingly, the low rail 
lateral loads for the leading axle decreased from 11,000 lbs. at 
10 mph to 7,000 lbs. at 45 mph, about 2,000 lbs. higher than those
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9-39. Lateral Wheel Load vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 4.0 
Degree Curve.

M E D  ( 4W )

Figure 9-40. Lateral Wheel Load vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 4.0
Degree Curve.
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for the CW runs. However, in both the CW and CCW directions, the 
lateral loads on the leading wheel set acted to spread the rails 
apart.

At lower test speeds the net lateral force on the rail was 
directed towards the inside of the curve. At 10 mph, the net 
lateral force was 1,900 lbs. in the CW direction and 6,700 lbs. in 
the CCW direction. As the speed increased, the direction of the 
net lateral force on the track changed. At 45 mph, the net 
lateral force from individual lateral wheel loads resulted in
7.000 lbs. in the CW direction and 2,800 lbs. in the CCW 
direction. These net lateral loads pointed away from the center 
of curvature in both test directions.

In Figures 9-41 and 9-42, the high and low rail vertical 
loads on the leading axle are shown as a function of speed for the 
CW and CCW runs. For the CW runs, the mean vertical loads 
increased from 33,000 lbs. at 20 mph to 43,000 lbs. at 45 mph on 
the high rail, as the loads were transferred to the high rail at 
above-balance speeds. On the low rail, the vertical loads 
decreased from 40,000 lbs. at 10 mph to 27,500 lbs. at 45 mph. In 
the CCW direction, the low rail vertical loads decreased from
43.000 lbs. at 20 mph to 30,500 lbs. at 45 mph, up to 5,000 lbs. 
higher than those for the CW direction. Similarly, the high rail 
vertical loads increased from 30,000 lbs. at 10 mph to 42,000 l b s .  

at 45 mph. As stated previously, the leading low r a i l  wheel 
(left) load in the CCW direction was substantially higher than £or 
the CW runs. However, only at the higher speeds did the high r a i l  

vertical loads become marginally higher in the CW direction than
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Figure 9-41. Vertical Wheel Load vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 4.0 
Degree Curve.
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Figure 9-42. Vertical Wheel Load vs. Speed, for the Leading 
Wheel Set in the CCW Direction on the 4.0 
Degree Curve.
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in the CCW direction. This situation may have been due, in part, 
to the effects of the increased curvature and superelevation on 
the distribution of vertical wheel loads, since the weight shift 
was very noticable in both directions for tracks with less 
curvature.

In the CW direction, the mean values of L/V ratios increased 
slightly on the high rail from about 0.20 to 0.28, with an 
increase in the test speed, as shown in Figure 9-43. The low rail 
L/V ratios correspondingly decreased from 0.24 to 0.18. For the 
CCW runs, shown in Figure 9-44, the curves illustrating the mean 
values of L/V ratios displayed similar trends and their values 
were comparable.

The angle-of-attack data plotted as a function of speed are 
shown in Figures 9-45 and 9-46 for the CW and CCW runs, 
respectively. The leading wheel set assumed higher 
angles-of-attack, mostly remaining behind its radial line in both 
the CW and CCW directions, while the trailing wheel set assumed a 
somewhat radial position at most test speeds. As a result of the 
higher angles-of-attack experienced by the leading wheel set, 
higher creep forces and, in turn, higher lateral loads were 
experienced by the wheels. The lower values of angles-of-attack 
assumed by the trailing wheel set, however, produced lower creep 
forces and lateral wheel loads. From the results presented 
previously, it was shown that the lateral loads measured on the 
trailing axle varied from near zero to 4,000 lbs., considerably 
lower than those on the leading axle.
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Figure 9-43. L/V Ratio vs. Speed, for the Leading Wheel Set 
in the CW Direction on the 4.0 Degree Curve.
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Figure 9-44. L/V Ratio vs. Speed, for the Leading Wheel Set
in the CCW Direction on the 4.0 Degree Curve.
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Figure 9-45. Angle-of-attack vs. Speed, for the Leading 
Truck in the CW Direction on the 4.0 
Degree Curve.

Figure 9-46. Angle-of-attack vs. Speed, for the Leading
Truck in the CCW Direction on the 4.0
Degree Curve.
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9.5 Five Degree Curve
The vehicle was tested for curving performance at speeds from 

10 to 45 mph on the five degree curve test zone located on the 
FAST track. The balance speed for the 5 degree curve with 4 
inches of superelevation was about 34 mph.

Example time history plots for the leading axle lateral 
loads, measured in the CCW direction at 35 mph, are shown in 
Figure 9-47.

Results of the lateral load analyses are shown in Figures 
9-48 and 9-49, where more significant lateral loads were developed 
in both directions. The high rail lateral loads on the leading 
axle increased from 8,000 lbs. at 10 mph to 13,200 lbs. at 45 mph 
in the CW direction. The corresponding mean lateral loads on the 
low rail decreased from 12,600 lbs. at 10 mph to 6,000 lbs. at 45 
mph. The low rail lateral loads were substantially lower on the 
trailing wheel set and peak mean lateral loads of 2,500 lbs. were 
noted. In the CCW direction, the high rail lateral loads were 
comparable, increasing from 6,900 lbs. to 12,100 lbs. with an 
increase in test speed. However, the lateral loads were about
2,000 lbs. higher on the low rail, than for the CW direction. The 
maximum mean lateral loads were as high as 14,200 lbs. near 10 
mph.

The lateral loads acting on each wheel set in both the CW and 
CCW directions are shown schematically in Figure 9-50. The 
lateral loads at 10 mph are shown by solid lines which represent 
the under-balance condition; at 45 mph they are shown by dashed 
lines which represent the over-balance condition. The net
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Figure 9-47. Lateral Wheel Load Tine Histories, for the 
Leading Wheel Set in the CCW Direction 
on the 5.0 Degree Curve.
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Figure 9-48. Lateral Wheel Load vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 5.0 
Degree Curve.

Figure 9-49. Lateral Wheel Load vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 5.0
Degree Curve.
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Figure 9-50. Lateral Load Acting on the Wheels o£ the
Leading Truck in the CW and CCW Directions 
on the 5.0 Degree Curve.
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lateral load on the track was directed towards the center of 
curvature, having values as high as 4,800 lbs. in the CW and 7,300 
lbs. in the CCW directions, respectively, at 10 mph. At 45 mph, 
the net lateral load increased to 7,100 lbs. in the CW direction 
and decreased to 4,300 lbs. in the CCW direction, pointing away 
from the center of curvature in both cases. Once again the 
significant effect of the direction of travel on the net lateral 
loads can be seen. Interestingly, in both directions the leading 
axle lateral loads near balance speed appeared to almost cancel 
one another, resulting in a net lateral load of about 2,000 lbs. 
in the CW direction and 1,000 lbs. in the CCW direction.

Figures 9-51 and 9-52 show the angle-of-attack data 
measured in both the CW and CCW directions, respectively, as a 
function of speed. As shown in these figures, the trailing wheel 
set consistently assumed a radial position with near zero 
angles-of-attack. The leading wheel set, however, experienced 
high values of angle-of-attack, yawing behind its radial line at 
and below balance-speed conditions. In both the CW and CCW 
directions, the results of the data presented in these figures 
indicate that at higher speeds the leading wheel set 
angles-of-attack tended to decrease, whereas those of the trailing 
wheel set increased.

In sharp curving situations, the leading axle moves father 
away from the equilibrium rolling line towards the outside of the 
curve, with the high rail of the leading axle experiencing flange 
contact. As a result of wheel flanging against the gage face of 
the high rail, large flange forces directed towards the inside of
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9-51. Angle-of-attack vs. Speed, for the Leading 
Truck in the CW Direction on the 5.0 
Degree Curve.

Figure 9-52. Angle-of-attack vs. Speed, for the Leading
Truck in the CCW Direction on the 5.0
Degree Curve.
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the curve would be produced on the high rail wheel. Consequently, 
large lateral loads exerted on the rails by the wheels of the 
leading wheel set would tend to spread the rails, as shown in 
Figure 9-50.

The high and low rail vertical loads on the leading wheel set 
are shown in Figures 9-53 and 9-54. As indicated previously, the 
low rail vertical loads in the CCW direction were up to 5,000 lbs. 
higher than those in the CW direction. The leading axle vertical 
loads intersect near 30 mph for the CW runs and 35 mph for the CCW 
runs. The high rail vertical loads increased from 27,000 lbs. at 
10 mph to 42,000 lbs. at 45 mph in the CW direction. The 
corresponding low rail vertical loads, however, decreased from
42,500 to 25,500 lbs. In the CCW direction, the high rail loads 
increased from 28,300 lbs. at 10 mph to 42,700 at 45 mph, with the 
low rail vertical loads decreasing from 43,000 to 29,000 lbs.

The corresponding L/V ratios for the CW and CCW runs are 
shown in Figures 9-55 and 9-56, respectively. Both the high and 
low rail L/V ratios ranged from 0.23 to 0.33 in both directions.

Peak values of L/V ratios have not been used as indicators of 
the derailment tendency of rail vehicles, because of the 
probability that the signals from individual wheel load channels 
could be highly contaminated with noise associated with the 
instrumentation, as well as by high frequency wheel vibrations.
The maximum levels of L/V ratios sustained over a 6 foot distance, 
LTD6MAX, were computed for the leading wheel set to determine the 
propensity of the vehicle to derail by wheel climb. In Figure 
9-57, the mean and LTD6 values of the L/V ratios are plotted as a
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Figure 9-53. Vertical Wheel Load vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 5.0 
Degree Curve.

KZBH
LOU

Figure 9-54. Vertical Wheel Load Speed, for the Leading
Wheel Set in the CCW Direction on the 5.0
Degree Curve.
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Figure 9-55. L/V Ratio vs. Speed, for the Leading Wheel Set 
in the CW Direction on the 5.0 Degree Curve.

Figure 9-56. L/V Ratio vs. Speed, for the Leading Wheel Set
in the CCW Direction on the 5.0 Degree Curve.
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Figure 9-57 LTD6 Values of L/V Ratios vs. Speed, for 
the Leading Wheel Set in the CCW Direction 
on the 5.0 Degree Curve.



function of speed. Peak LTD6 values of 0.6 on the high rail and
0.5 on the low rail were seen at 45 mph. The maximum peak L/V 
ratio value of 0.72 occurred near 30 mph.

Examination of the corresponding lateral load time histories 
indicated that the peak values were on the order of 24,000 lbs. 
From the measured response at 30 mph it was also found that the 
peak LD6 value of the L/V ratio occurred when the wheel set 
experienced its highest yaw angles with long time durations, 
indicating that large contact angles of the climbing wheel were 
actually sustained over a long period time. However, the L/V 
ratios eventually decreased, along with the wheel set yaw angles, 
and no derailments occurred. According to the wheel-climb 
derailment criterion described in the Performance Guidelines, the 
limiting value of L/V ratio is 0.8. Therefore, the L/V ratios 
computed for the 5 degree curve were lower than those which could 
cause a wheel-climb derailment.

9.6 Seven and One-half Degree Curve
The tests for the 7.5 degree curve were conducted on the 

Balloon Loop at speeds ranging from 15 to 40 mph. The balance 
speed on the 7.5 degree curve with 4.5 inches of superelevation 
was about 30 mph.

The mean value of the leading axle lateral loads are 
presented for the CW and CCW runs in Figures 9-58 and 9-59, 
respectively. In the CW direction, the lateral loads on the high 
rail increased from 4,000 lbs. at 15 mph to 13,600 lbs. at 40 mph, 
and decreased from 5,500 lbs. to 3,000 lbs. on the low rail side
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Figure 9-58. Lateral Wheel Load vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 7.5 
Degree Curve.

Figure 9-59. Lateral Wheel Load vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 7.5
Degree Curve.
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of the leading axle. The mean lateral loads in the CCW direction 
showed a similar trend, in which the lateral loads on the high 
rail increased with increasing speed and decreased on the low rail 
side. The high rail lateral loads in the CW direction were 
marginally higher than those in the CCW direction. Similarly, the 
low rail lateral loads in the CCW direction were higher than those 
in the CW direction. As discussed previously, this may have 
resulted from an asymmetric weight distribution, with the left 
side of the truck carrying higher loads.

A more significant phenomenon was the fact that the leading 
axle lateral loads appeared to be considerably lower than those 
for the 5 degree curve. In the CW direction, the leading axle 
lateral loads on the high rail were as high as those for the 5 
degree curve, with the low rail loads being much higher on the 5 
degree curve than on the 7.5 degree curve. Comparisons of the 
lateral loads in the CCW direction with those for the 5 degree 
curve indicated that both the high and low rail loads were much 
lower for the 7.5 degree curve.

To determine how the vertical wheel loads changed, the test 
results for the CW and CCW directions were plotted as a function 
of speed, as shown in Figures 9-60 and 9-61. These figures show 
high vertical loads of 43,000 lbs. and low vertical loads of
23,000 in both the CW and CCW directions. Based on these values, 
it was concluded that the vertical load levels were reasonable and 
the reduction in lateral loads was not due to a vertical 
load-related problem.

In order to determine a possible cause for the reduced 
lateral loads on the 7.5 degree curve, the test data collected on

83



Figure 9-60. Vertical Wheel Load vs. Speed, for the Leading 
Wheel Set in the CW Direction on the 7.5 
Degree Curve.

Figure 9-61. Vertical Wheel Load vs. Speed, for the Leading
Wheel Set in the CCW Direction on the 7.5
Degree Curve.
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the same loop during the rock-and-roll tests on curves were 
analyzed [2]. The results showed a reasonable consistency, in 
that the lateral loads were found to be of the same order of 
magnitude. The pre-test and post-test calibration data, as well 
as the analog strip chart outputs, were of the same order of 
magnitude. Even though an internal microprocessor problem, which 
may have occurred during data acquisition, cannot be ruled out, 
the lower levels of lateral loads produced on a very sharp curve 
still appear to be related to a physical phenomenon. On the 7.5 
degree curve, severe wheel flanging of the high rail wheel of the 
leading axle was observed. However, whatever the cause might have 
been, the lateral load data collected on the 7.5 degree curve are 
presented without further investigation in this report.

The mean values of the leading axle L/V ratios are presented 
in Figures 9-62 and 9-63, which show the results for the CW and 
CCW runs, respectively, as a function of speed. In the CW 
direction, the high rail L/V ratios increased from 0.15 to 0.32 at 
40 mph, whereas the low rail L/V ratios remained on the order of
0.13. Similarly, in the CCW direction they ranged from 0.06 to
0.30 on the high rail and from 0.16 to 0.30 on the low rail.
Again, these were lower values than those for the 5 degree curve, 
as a direct result of the lower lateral loads that were measured.

The angle-of-attack data are presented in Figures 9-64 and 
9-65. The wheel set experienced high values of angle-of-attack 
and remained behind the radial line of the curve. The maximum 
mean angle-of-attack of 9 milliradians, equivalent to about 0.5 
degree, was measured at 15 mph. As the speed increased, the
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Figure 9-62. L/V Ratio vs. Speed, for the Leading Wheel Set 
in the CW Direction on the 7.5 Degree Curve.

Figure 9-63. L/V Ratio \/s. Speed, for the Leading Wheel Set
in the CCW Direction on the 7.5 Degree Curve.
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e 9-64. Angle-of-attack vs. Speed, for the Leading 
Truck in the CW Direction on the 7.5 
Degree Curve.

Figure 9-65. Angle-of-attack vs. Speed, for the Leading
Truck in the CCW Direction on the 7.5
Degree Curve.
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leading axle angle-of-attack decreased for both the CW and CCW 
runs. The mean angle-of-attack of the trailing wheel set was very 
low, but increased slightly with increasing speed.

Based on the data presented above, it was concluded that the 
vertical loads and angles-of-attack were quite reasonable for the
7.5 degree curve. What seemed to be contradictory, namely the 
fact that such high angles-of-attack produced such low lateral 
loads, was based on the assumption that the lateral creep forces 
depended largely on the wheel set yaw angles in steady state 
curving.

9.7 Summary of Results and Comparison with the Performance
Guidelines

The analyses of the curving test results have shown that the 
lateral loads, in general, increased with increasing degrees of 
track curvature. Figures 9-66 and 9-67 show the mean lateral 
loads computed for near-balance speed, as a function of track 
curvature for the CW and CCW runs, respectively.

As noted previously, the high rail lateral loads in the CW 
direction were higher than those in the CCW direction, and the low 
rail loads in the CCW direction were subsequently higher than 
those in the CW direction, for balance speed conditions and most 
track curvatures. The lateral wheel loads increased with 
increasing track curvatures and then, for some unexplained reason, 
decreased sharply for the 7.5 degree curve.

Directional differences in the vertical and lateral loads 
could occur due to asymmetries in the wheel profiles and 
suspension system, truck wear and different curve entry
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Figure 9-66. Lateral Wheel Load vs. Track Curvature, for
the Leading Wheel Set in the CW Direction Near
Balance Speed.
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Figure 9-67. Lateral Wheel Load vs. Track Curvature, for
the Leading Wheel Set in the CCW Direction Near
Balance Speed.



conditions. It was clearly evident that the vertical loads on the 
left side of the truck were higher because of an initial offset of 
the center of gravity of the car. As a result, the lateral loads 
were affected and also exhibited directional differences. To 
support this assertion, the vertical load distribution on tangent 
track was investigated. Figures 9-68 and 9-69 show the vertical 
load time histories of the left and right wheels of the leading 
axle in the CW and CCW directions. As shown in these figures, the 
left wheel of the leading wheel set in the leading truck carried 
more load on tangent track than the right wheel in either 
direction. The mean values of vertical wheel loads on the left 
wheel were computed to be 36,200 lbs. in the CW direction and
38,300 lbs. in the CCW direction. The mean values of vertical 
wheel loads on the right wheel were 32,700 lbs. in the CW 
direction and 32,100 lbs. in the CCW direction.

Wheel/rail forces strongly depend upon nonlinear wheel/rail 
geometries. When a wheel set moves away from its centered 
position to negotiate a curve, the contact positions at the 
wheel/rail interface move from the tread to the wheel flanges. 
Depending upon the suspension system and wheel profile 
asymmetries, rail profiles and geometry, and asymmetric load 
distribution, these contact positions change when the direction of 
travel changes. As a result, the wheel loads may exhibit 
directional differences. Other investigators have reported 
similar findings in which the wheel loads exhibited differences, 
depending on the direction of travel [9,10], It was hypothesized 
in [9] that the directional preference in curving may partly
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Figure 9-68. Vertical Wheel Load Time History, for the 
Leading Wheel Set in the CW Direction on 
Tangent Track at 30 mph.
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Figure 9-69. Vertical Wheel Load Time History, for the 
Leading Wheel Set in the CCW Direction on 
Tangent Track at 30 mph.
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result from "truck memory," as the truck moves from one curve to 
another with different initial conditions.

Figures 9-70 and 9-71 show the angle-of-attack data at 
balance speed, as a function of track curvature in both the CW and 
CCW directions, respectively. It can be seen that the leading 
axle angle-of-attack increased with increasing track curvatures, 
whereas the trailing wheel set assumed a neutral position for most 
track curvatures when running at balance speed.

According to the Performance Guidelines, the prototype cars 
should attempt to achieve at least a 25% reduction in vertical 
dynamic load and 50% reduction in lateral load over the base car 
on curves of up to 8 degrees over all classes of track. Hence, 
the probabilities of distribution of the lateral and vertical 
loads were investigated, to determine the frequency of load 
exceedences at a given speed. Figures 9-72 through 9-75 show the 
lateral and vertical load exceedences for the 5 degree curve at 45 
mph. In Figure 9-72, the mean value of low rail lateral load in 
the CW direction can be read at the 50 percent point as 6,100 
lbs., whereas the low rail lateral load in the CCW direction can 
be read as 7,900 lbs. At the probability percentage level of 0.1, 
it can be determined that, for 99.9 percent of the time, the 
lateral load in the CW direction was less than or equal to about
11,000 lbs., and in the CCW direction it was about 14,000 lbs. In 
Figure 9-73, the mean value of the high rail lateral load is about
12,300 lbs. in the CW direction and 13,500 lbs. in the CCW 
direction.

When the probability of distribution curve is plotted on

normal (Gaussian) probability paper, as shown in the probability
- 94 -
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Figure 9-70. Angle-of-attack vs. Track Curvature, for
the Leading Truck in the CW Direction Near
Balance Speed.
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Figure 9-71 Angle-of-attack vs. Track Curvature, for
the Leading Truck in the CCW Direction Near
Balance Speed.
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Figure 9-72. Cumulative Probability Distribution Functions,
for the Leading Truck Low Rail Lateral Loads
in the CW and CCW Directions at 45 mph.
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Figure 9-73. Cumulative Probability Distribution Functions,
for the Leading Truck High Rail Lateral Loads
in the CW and CCW Directions at 45 mph.
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Figure 9-74. Cumulative Probability Distribution Functions,
for the Leading Truck Low Rail Vertical Loads
in the CW and CCW Directions at 45 mph.
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Figure 9-75. Cumulative Probability Distribution Functions,
for the Leading Truck High Rail Vertical Loads
in the CW and CCW Directions at 45 mph.



plots, and the resulting plot is a straight line, it can be 
assumed that the distribution is Gaussian. The cumulative 
distribution curves shown in Figure 9-72 resemble somewhat 
straight lines. However, the high rail lateral load distributin 
curves, shown in Figure 9-73, do not indicate normal 
distributions. In Figures 9-74 and 9-75, the cumulative 
distribution plots of the high and low rail vertical loads in both 
the CW and CCW directions indicate Gaussian distributions. For a 
Gaussian process with a nonzero mean value, the standard 
deviation a plus the mean value can be read at the 15.9 percent 
point. The 2o plus the mean value at the 2.1 percent point and 
the 3o plus the mean value at the 0.13 percent point can also be 
used to get a measure of the distribution of peak values. The 
directional differences in the distribution of wheel loads which 
were discussed previously are clearly illustrated in these 
figures.

Similar exceedence plots could have been obtained for each 
curve at different speeds but, since this would result in a rather 
large number of figures, a condensed summary of the distribution 
will be presented.

The probability of exceedences, including the one, five, ten, 
twenty and fifty percent levels, for the leading axle lateral 
loads near balance speed in both the CW and CCW directions are 
shown in Figures 9-76 through 9-79. These figures show that there 
was a consistent trend shown by the lateral loads, in which the 
higher loads were associated with the higher track curvatures, 
except for the 7.5 degree curve.
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Figure 9-76 Low Rail Lateral Wheel Load Exceedence vs.
Track Curvature, for the Leading Wheel Set
the CW Direction Near Balance Speed.
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Track Curvature, for the Leading Wheel Set in
the CW Direction Near Balance Speed.
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Figure 9-78. High Rail Lateral Wheel Load Exceedence vs.
Track Curvature, for the Leading Wheel Set
the CCW Direction Near Balance Speed.
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Figure 9-79. Low Rail Lateral Wheel Load Exceedence vs.
Track Curvature, for the Leading Wheel Set in
the CCW Direction Near Balance Speed.



The L/V ratios that were continuously sustained over 6 feet 
of track have been investigated, as follows. For the 3.0, 4.0,
5.0 and 7.5 degree curves, the LTD6MAX and mean values of L/V 
ratios, experienced on the high and low rail side wheels of the 
leading wheel set, were computed. The results of this analysis 
are presented in Figures 9-80 and 9-81 for the CW and CCW runs 
near 45 mph. Note that the data presented for the 7.5 degree 
curve were computed at the highest test speed of 40 mph. Although 
the L/V data presented for each curve do not correspond to the 
same unbalanced superelevation, they represent the worst unbalance 
condition for the specific track curvature upon which the vehicle 
was tested. As shown in these figures, the L/V ratios primarily 
increased with increasing track curvatures; the maximum LTD6 value 
of the L/V ratio on the high rail side wheel was 0.59 in the CCW 
direction and 0.45 in the CW direction, both computed for the 5 
degree curve at a 3 inch unbalance superelevation.

Based upon the data presented above, the performance of the 
vehicle, insofar as the L/V ratios were concerned, fell within the 
range of the maximum allowable level of 0.8, as stated in the 
Performance Guidelines. However, the L/V ratios of 0.72 that were 
continuously sustained for 100 milliseconds represented a serious 
derailment potential. Any increased train speed, excessive wind 
loads, or higher track curvature would result in L/V ratios of 0.8 
or higher, which in turn could lead to a derailment.

The net lateral load exerted on the track by the leading 
wheel set, sustained over 6 feet of track, was computed for the 
case of the 5 degree curve. The computations were carried out
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Figure 9-81. L/V Ratio vs. Track Curvature, for the Leading 
Wheel Set in the CCW Direction at 45 mph.



for the runs made at 45 mph, corresponding to a 3-inch unbalanced 
superelevation, in both the CW and CCW directions. It was found 
that the maximum LD6 value of the net lateral load on the track 
structure, pointing away from the center of the curve, was 12,600 
lbs. in the CW direction and 15,700 lbs. in the CCW direction.

According to the Performance Guidelines, the aforementioned 
lateral loads for the prototype cars are not to exceed a value of 
H, calculated as follows;

H = 0.85 ( 2200 + Axle Load / 3 )

An axle load of 65,750 lbs., which is a nominal value for 
this car, results in a value of 20,500 lbs. for H, which is higher 
than the value computed on the 5 degree curve. Similar 
computations were also carried out at 10 mph, corresponding to 
approximately 3.6 inches of unbalanced superelevation. The 
maximum LTD6 value was 13,200 lbs., and the net lateral load on 
the track was found to be pointing towards the center of the 
curve.

It is probable that the net lateral load exerted on the track 
by the leading axle will approach those critical values which 
could cause permanent track deformations, if the vehicle was 
running on sharper curves with more severe unbalance conditions.

10.0 WEAR INDEX PREDICTIONS
As a result of creep forces and creepages resulting from the

elastic interaction between the wheels and rails, wear of the gage

face of the rails, as well as tread and flange wear of the wheels,
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occurs. Recent literature has included various wear index 

formulae, along with limited experimental data, and advances in 

nonlinear wheel/rail force prediction methods have provided a 
better understanding of the motions of a wheel set while 
traversing curves. In this report, a nonlinear steady state 

curving program, along with the latest improvements developed by 

Elkins [6,7], was utilized to determine wheel/rail wear indices. 

The model uses the measured wheel/rail contact geometry, Kalker's 

nonlinear creep force/creepage data, and two-point contacts, when 

appropriate. The program computes the wear index by summing the 

lateral and longitudinal creep forces, multiplied by the 
respective creepages, assuming that the wheel and rail wear rates 
are proportional to the power dissipated in the contact patch 

[11].

The lateral wheel loads and angles-of-attack were computed 
for the 1.5, 3.0, 4.0, 5.0 and 7.5 degree left and right hand 
curves using the mathematical model. A value of 0.4 was used for 
the coefficient of friction between the wheel and rail, and the 
remaining input data to the program was obtained from truck 
characterization tests and wheel/rail profile measurements made at 
the TTC.

The results obtained from the tests near balance speeds are 
plotted in Figures 10-1 and 10-2, along with the analytical 
predictions, as average values of the CW and CCW runs. Note that 

in each graph the test results are shown by symbols and the 
analytical results by solid lines. As these figures show, the 

analytical results are in fair agreement with the test results for 
most of the curves. After having obtained agreement with the tost
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Figure 10-1. Comparison of Model Predictions and Test
Results, for the Leading Wheel Set Lateral 
Wheel Loads Near Balance Speed, as a Function 
of Track Curvature.
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Figure 10-2. Comparison of Model Predictions and Test 
Results, for the Leading Wheel Set 
Angles-of-attack Near Balance Speed, as a 
Function of Track Curvature.



results, it was then possible to use the model with confidence to 
predict wear indices.

Figure 10-3 shows the computed wear indices for the leading 
axle outer wheel plotted against track curvature. The wear 
indices computed for each curve account for the effects of lateral 
and longitudinal creep forces and creepages, as well as the 
effects of flange forces. It should be noted that, on the sharper 
curves, the major contribution to the computed wear indices came 
from the components of the excessive flange forces in the lateral 
and longitudinal directions. A significant result that is 
particularly worth mentioning is that the analysis indicates that 
the contribution of the longitudinal component of the creep forces 
to energy loss is quite large.

Elkins has shown [12] that a fundamental relationship exists 
between the rate of wheel/rail wear and the energy dissipated in 
the contact patch (the wear index). Therefore, the results 
presented above can be used directly to estimate the wear rate of 
the base car, which is to be compared with those for the prototype 
cars at a later date. The wear indices computed for the leading 
axle low rail wheel and for the trailing wheel set were not 
included, since they were relatively small values in comparison 
with those of the outer wheel of the leading axle.

11.0 CURVE ENTRY AND EXIT REGIME
The test data pertaining to curve entry and exit are 

presented mainly in the form of time history plots, with primary 
emphasis upon the lateral and vertical wheel loads that were 
measured on the FAST track 4 and 5 degree curves.
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Figures 11-1 through 11-4 illustrate the wheel load time 
history plots when entering and exiting the 4 degree curve in both 
the CW and CCW directions at 45 mph. The time history plots are 
self explanatory; the car weight is transferred to the high rail 
when running at speeds above balance conditions.

Figures 11-5 and 11-6, respectively, illustrate the leading 
axle vertical load time histories for 5 degree curve entry and 
exit at 45 mph. The particular curve entry and exit sections are 
indicated by rectangular pulses which represent the ALD markers. 
Note that the load was transferred to the high rail side; the low 
rail loads decreased and the high rail loads increased while the 
vehicle was entering the curve. However, the high rail vertical 
load decreased and the low rail load increased to equilibrium 
values while the vehicle was exiting from the 5 degree curve and 
traveling towards the tangent section. Figures 11-7 through 11-11 
show how the leading and trailing axle lateral loads increased 
when entering the 5 degree curve and decreased when exiting from 
the same curve at 45 mph.

The LTD6 values were computed in order to determine the time 
durations of the minimum and maximum levels of the lateral wheel 
loads during curve entry and exit. Figures 11-10 and 11-11 show 
the LTD6MAX and LTD6MIN levels, along with the maximum and 
minimum values of the high and low rail lateral loads during curve 
entry and exit, as a function of speed.

The peak lateral loads on the high rail increased with 
increasing speed for both curve entry and exit. When exiting from 
the curve, the high rail loads appeared to be higher than those
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Figure 11-2. Wheel Load Time Histories, for the
Leading Wheel Set in the Four Degree 
Curve Exit Regime in the CW Direction 
at 45 mph.
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Figure 11-10. Lateral Wheel Load vs. Speed, for the Leading 
Wheel Set in the Five Degree Curve Entry 
Regime at 45 mph.

Figure 11-11. Lateral Wheel Load vs. Speed, for the Leading
Wheel Set in the Five Degree Curve Exit Regime
at 45 mph.
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measured while entering the same curve. It should be mentioned 
that the spiral section served as a curve entry, when traveling in 
the CCW direction, whereas it became a curve exit spiral in the CW 
direction. The low rail loads were also higher during curve entry 
than curve exit. It should be recalled that similar load shifts 
were reported for the steady state curving situations. Therefore, 
it can be concluded that the initial geometry of the truck, as it 
enters a curve, plays an important role in the resulting steady 
state load levels [10].

The peak lateral loads produced during curve entry were on 
the order of 13,000 lbs. on the high rail at 45 mph and 14,200 
lbs. on the low rail at 10 mph. Similarly, peak lateral loads of
14.000 lbs. were noted on the high rail at 45 mph during curve 
exit. The corresponding LTD6 value was 13,000 lbs. Unlike curve 
entry, the low rail lateral loads appeared to be lower than the 
high rail loads during curve exit.

In Figures 11-12 through 11-15, the maximum and minimum 
levels of the corresponding vertical loads are shown during curve 
entry and exit. During curve entry, the high rail vertical loads 
increased with speed and the low rail loads decreased with 
increasing speeds. The peak vertical loads on the low rail 
occurred at lower speeds; the maximum vertical loads of 
approximately 47,500 lbs. were noted near 10 mph, representing a 
dynamic load factor of 1.5. The LTD6 values were on the order of
40.000 lbs. for most of the test speeds. The minimum vertical 
load LD6 value was about 29,600 lbs., which occurred near 45 mph. 
The maximum high rail loads increased from 39,000 lbs. at 10 mph
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Figure 11-13. Low Rail Vertical Wheel Load vs. Speed, for
the Leading Wheel Set in the FTve Degree Curve
Exit Regime at 45 mph.

127



Figure 11-14. Low Rail Vertical Wheel Load vs. Speed, for
the Leading Wheel Set in the Curve Entry Regime 
at 45 mph.

SPEED < MPH )

Figure 11-15. High Rail Vertical Wheel Load vs. Speed, for
the Leading Wheel Set in the Curve Entry Regime
at 45 mph.
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to 47,000 lbs. at 45 mph, and the minimum loads decreased from
28.000 lbs. at 10 mph to 24,000 lbs. at 45 mph.

During curve exit, the vertical loads on the high rail 
increased, but decreased on the low rail with increasing speeds. 
Peak maximum loads of up to 48,000 lbs. and peak minimum loads of
24.000 lbs. were measured.

It was concluded from these results that the dynamics of five 
degree curve entry and exit in the loaded condition were not very 
severe. The derailment propensity by vehicle overturning due to 
wheel unloading appeared to be low and the dynamic loads imposed 
on the vehicle components were not very high at most of the test 
speeds. It should be kept in mind that the FAST track upon which 
these tests were conducted is well maintained and of good quality.

12.0 SPIRAL-TWIST TESTS
Due partly to their high body stiffness in twist, covered 

hopper cars are known to experience difficulties when entering and 
exiting from sharper curves with relatively short spiral lengths, 
because they are subjected under these conditions to a high track 
twist. As part of the dynamic performance tests, the vertical 
dynamics of the empty car in curve entry was addressed in the 
"spiral-twist" tests. The existing spiral into a seven and 
one-half degree curve, the Balloon Loop, was modified to configure 
a bunched spiral section. The existing spiral was modified to 
have no superelevation for the first 120 ft. Over the next 120 
ft., the superelevation was made to increase from zero to 4.5 
inches and remained constant thereafter. This track configuration 
is shown in Figure 12-1.

129



130

6 ' -------- -— itJO— *“— ’-- '----700--- ----*---!--'— — *---
POINT OF SPIRAL SPIRAL TO CURVE

Pigu re 12-1. Spiral Configuration for the Spiral-twist 
Tests.



Examples of time histories for the leading and trailing axle 
vertical loads at 40 mph are shown in Figures 12-2 and 12-3. A 
number of interesting features can be seen in these figures.
First, the vertical wheel loads that were measured on the leading 
truck contained high frequency fluctuations that were due in part 
to occasional flange impacts, resulting in high vertical loads, 
and in part to the high frictional characteristics of the vehicle 
in the empty condition [2], Most importantly, frequent wheel 
unloadings of relatively long time durations were evidenced on the 
low rail wheels. As seen from these figures, there was a sudden 
decrease of the vertical wheel loads on the low rail upon entry 
into the spiral section where the track superelevation started to 
increase. The extended unloading of the low rail wheels was 
accompanied by substantial increases in the high rail vertical 
loads, with the leading axle peak loads increasing to 13,000 lbs. 
After the next 20 feet of travel into the spiral, the situation 
reversed; the high rail wheels experienced substantial decreases 
of up to 6,000 lbs., while the low rail wheel forces sharply 
increased. This situation occurred after the leading truck 
completely entered the elevated section of the spiral. With 
one-half of the car body in the spiral with superelevation and the 
other half on unelevated track, the car body experienced an 
excessive twist, which caused the high rail side of the truck to 
unload. This motion was followed by excessive wheel unloadings on 
the low rail wheels, with the leading axle continuously 
experiencing vertical loads of less than 2,000 lbs. over more than 
20 feet of distance. The corresponding high rail wheel loads
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exhibited significant load fluctuations, caused partly by the 
wheel flange repeatedly making and losing contact with the rail. 
Peak vertical wheel loads of up to 17,500 lbs. were noted on the 
leading axle. Over the remainder of the bunched spiral section, 
the loading and unloading of each side of the truck repeated 
several more times as the vehicle experienced body twist.

The ratio of the minimum low rail vertical load to the static 
vertical load level provides an excellent indication of vehicle 
overturning [8]. Of primary importance is the time duration of 
the vertical wheel unloading at speeds up to 40 mph. The maximum 
and minimum vertical wheel loads, along with their 6 foot distance 
durations, the LTD6 values, were computed for all four wheels of 
the leading truck at speeds of 15 to 40 mph and are shown in 
Figures 12-4 through 12-7.

As these figures show, wheel unloadings with very long time 
durations were experienced on the leading axle low rail wheel at 
all test speeds; the minimum wheel loads continuously sustained 
over 6 feet were as low as 1,500 lbs., indicating an approximately 
80 percent continuous wheel unloading. The minimum loads on the 
trailing axle were slightly higher, and peak minimum values of
2,000 lbs. and minimum LTD6 loads of 2,800 lbs. to 4,000 lbs. were 
noted.

The tendency of this type of vehicle to overturn because of 
extended wheel unloadings is a serious problem. Wheel unloading 
ratios of up to 0.8, with time durations greater than 100 
milliseconds, indicate a serious derailment potential. It should 
always be remembered that when the effects of wind loading,
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Figure 12-4. Low Rail Vertical Wheel Load vs. Speed, for tht 
Trailing Wheel Set in the Spiral-twist Regime.

Figure 12-5. High Rail Vertical Wheel Load vs. Speed, for 
the Trailing Wheel Set in the Spiral-twist 
Regime.
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Figure 12-6. Low Rail Vertical Wheel Load vs. Speed, for the
Leading Wheel Set in the Spiral-twist Regime.
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gure 12-7. High Rail Vertical Wheel Load vs. Speed, for 
the Leading Wheel Set in the Spiral-twist 
Regime.
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lateral accelerations and track perturbations are included, 
derailment by vehicle overturning could become inevitable.

The maximum loads on the high rail wheels were much higher 
than those on the low rail. They increased with increasing 
speeds, with peak maximum loads as high as 15,000 lbs. on the 
trailing axle high rail and 17,500 lbs. on the leading axle high 
rail. It should be noted that the resulting dynamic loads were 
more than twice the static loads. The corresponding maximum LTD6 
values were 10,000 and 11,000 lbs., representing dynamic load 
factors as high as 1.4 over a 6 foot distance. Minimum vertical 
wheel loads of 3,000 lbs. and LTD6 levels near 6,000 lbs. were 
noted for both the leading and trailing axle high rail loads at 
most test speeds.

The vertical wheel loads that were measured at speeds ranging 
from 15 to 35 mph are presented as time history plots in Appendix 
A in Section 15.0 of this report.

13.0 CONCLUSIONS
The test data for the curving performance of the test vehicle 

were reduced and analyzed in accordance with the performance 
criteria outlined in the Performance Guidelines. The behaviorial 
characteristics of the vehicle in curve negotiation were mostly in 
general compliance with the findings of similar test programs.

As a result of the above analysis, the following conclusions 
regarding the curving performance of the vehicle were made.

1. The results of the data analysis showed that the
vertical and lateral wheel loads exibited significant
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2.

differences for most curving situations, depending upon 
the direction of travel. It was found that the high 
rail vertical and lateral loads were higher in the CW 
direction than in the CCW direction for most of the 
curved track tests. The low rail loads in the CCW 
direction were subsequently found to be higher than 
those in the CW direction. Directional differences in 
the vertical and lateral loads could have occurred due 
to various physical effects that influence the curving 
performance. These include the static load distribution 
on all of the wheels, asymmetries in the wheel profiles 
and suspension components, truck wear, different curve 
entry conditions and the phenomenon known as "truck 
memory."
The lateral wheel loads on most of the curved tracks 
were in general compliance with fundamental curving 
behavior; they tended to increase with increasing track 
curvatures and they shifted to the high rail wheels with 
increasing speeds. On sharp curves below the balance 
speed, the low rail wheel of the leading axle 
experienced lateral loads up to 50 percent higher than 
the high rail wheel. The net lateral load resulting 
from the individual wheel loads on the track pointed 
towards the inside of the curve at these lower speeds. 
Similarly, at above-balance speeds, the high rail wheel 
of the leading axle experienced higher lateral wheel 
loads than the low rail wheel, due partly to flanging 
contacts with the gage face of the high rail.
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The net lateral load exerted by the leading wheel set 
pointed away from the center of the curve. On the 5 
degree curve, at a below-balance speed of 10 mph, the 
mean lateral gage-spreading loads were 8,000 lbs. on the 
high rail and as high as 14,000 lbs. on the low rail.
At an above-balance speed of 45 mph, the mean values of 
the high rail lateral gage-spreading loads increased to
13,000 lbs., while the low rail lateral loads decreased 
to 7,000 lbs. The individual wheel reaction forces were 
directed so as to spread the rails apart.
Two other features are worth mentioning. First, on 
curves with larger radii and at speeds corresponding to 
excess superelevation, the leading axle outer wheel 
lateral loads were very low. As an example, large 
negative loads were noted on the 50 minute curve. 
Secondly, the leading axle lateral loads measured on the
7.5 degree curve, for some unexplained reason, were 
found to be much lower than those for less sharp 
curves. It is believed, however, that the lateral wheel 
load signals during the 7.5 degree curve tests were 
somehow in error.

3. The vertical wheel loads showed similar trends, in which 
the low rail vertical loads decreased and the high rail 
loads increased with increasing speeds for most of the 
curves. For the 5 degree curve, the mean values of the 
vertical wheel loads ranged from 25,000 to 43,000 lbs., 
depending upon the unbalanced superelevation.
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4. The mean L/V ratios also increased with increasing track 
curvatures and unbalanced superelevation; maximum mean 
L/V ratios of up to 0.35 were noted on sharp curves 
under severe unbalance conditions. As a result of the 
higher lateral loads experienced by the leading wheel 
set, the greatest L/V ratios occurred on the leading 
wheel set.

5. The angle-of-attack data also indicated general 
comformity, such that the greater angles-of-attack were 
found to be associated with the higher track 
curvatures. In general, the leading wheel set 
experienced higher values of angle-of-attack, yawing 
behind the radial line of the curve. The maximum mean 
angle-of-attack on the leading wheel set, computed as 
the increment from tangent to curve, was about 9 
milliradians on the 7.5 degree curve at 15 mph. The 
trailing wheel set, however, consistently experienced 
near zero yaw angles, thus remaining in its radial 
position. For most of the test curves, the leading axle 
angle-of-attack decreased with increasing speeds, yawing 
towards the radial position. Conversely, the trailing 
axle angles-of-attack increased slightly with increasing 
speeds. Another significant feature worth mentioning is 
that the angles-of-attack measured in the CW direction 
were higher than those in the CCW direction, suggesting 
some kind of axle misalignment inherent in the leading 
wheel set.
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6. The Performance Guidelines recommended a limiting L/V 
ratio of 0.8 with time durations over 6 feet of track 
for prototype cars with improved performance. This 
safety limit was to be used as a measure of the 
derailment propensity of covered hopper cars by wheel 
climb. For the base car, the L/V ratios that were 
continuously sustained over 6 feet of distance generally 
increased with increasing track curvatures and 
unbalanced superelevation. Peak L/V ratios of up to 0.7 
were computed for the vehicle traversing a 5 degree 
curve. Examination of the L/V ratio and wheel set yaw 
angle time histories revealed that higher L/V ratios 
were accompanied by higher wheel set angles-of-attack 
with long time durations. It was concluded from these 
results that, under the test conditions described above, 
the performance of the vehicle in steady state curving 
was within the safety limits. Derailment by wheel 
climb, however, could occur with the additional effects 
of track perturbations that are inherent in the roadbed.

7. In order to evaluate the maximum levels of lateral loads 
which could cause permanent track deformation, the net 
axle loads over a 6 foot distance were investigated 
under severe unbalance conditions. It was found that 
the maximum net lateral leading axle load on the 5 
degree curve at 45 mph (corresponding to 3 inches of 
superelevation deficiency) was as high as 15,700 lbs., 
directed towards the outside of the curve. At 10 mph,

142



corresponding to 3.6 inches of excess superelevation, 
the maximum net leading axle lateral load was on the 
order of 13,200 lbs., directed towards the inside of the 
curve. According to the performance criterion for 
permanent track deformation, the limiting level of net 
lateral load was recommended to be 20,600 lbs. for a 
loaded car. Therefore, the net lateral load produced 
during curve negotiation fell within the allowable 
limits. It should be remembered, however, that the FACT 
track is well maintained and of good quality.
The wheel/rail wear indices computed by use of a 
mathematical model indicated that wheel wear increased 
with an increase in track curvature.
It was also found that the contribution of the 
longitudinal force to the energy loss, the wear index, 
was large. It has been shown that there is a 
fundamental relationship between wheel wear index and 
wear rates, such that the higher wheel wear indices are 
associated with higher wheel wear rates [13], It is, 
therefore, intended that the predicted wear indices be 
used to determine the wheel wear rates for the base Cctr, 
against which new prototype car designs would be 
compared.
The wheel loads produced during curve entry and exit 
showed characteristics similar to those produced during 
steady state curve negotiation. The low rail vertical 
loads decreased and the high rail loads increased during
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curve entry. Conversely, the high rail vertical loads 
decreased and the low rail loads increased during curve 
exit. Peak lateral loads of up to 13,000 lbs., over a 6 
foot distance, were produced while exiting from the 5 
degree curve. The results of the analyses generally 
indicated that the dynamic wheel loadings and unloadings 
were not very severe in the curve entry and exit 
regimes.

10. The results of the analysis of the data pertaining to 
the empty car spiral-twist tests provided valuable 
information regarding the derailment tendency by vehicle 
overturning. Wheel unloadings, as high as 80 percent 
and with almost 100 milliseconds of time duration, were 
developed on the low rail side wheel of the leading axle 
at 40 mph. When environmental effects, such as wind 
loadings, track perturbations and the inertial forces 
produced by higher lateral accelerations are included, 
they may unavoidably contribute to the tendency of the 
vehicle to derail. The vertical wheel forces showed 
severe fluctuations at most of the test speeds, which 
were caused partly by wheel/rail flange contact and 
partly by the effects of the high car body twist. The 
resulting vertical loads were high enough to create 
dynamic load factors more than twice the static load.
The time durations associated with these loads were, 
however, relatively short. The maximum wheel loads, 
continuously sustained over 6 feet of track, were on the 
order of 11,000 lbs.
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15.0 APPENDICES
15.A Appendix A - Vertical Wheel Load Time

History Plots for the Spiral-twist Tests
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Leading Wheel Set in the Spiral-twist Regime
at 30 mph.
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Figure A-9. Vertical Wheel Load Time Histories, for the
Trailing Wheel Set in the Spiral-twist Regime
at 35 mph.
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Figure A-10. Vertical Wheel Load Time Histories, for the
Leading Wheel Set in the Spiral-twist Regime
at 35 mph.
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