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Under the Federal Railroad Administration (FRA) - 
sponsored Truck Design Optimization Project (TDOP) 
Phase n, a number of Type II (premium) freight car 
trucks have been evaluated bn the basis of their perfor­
mance under representative operating conditions. 
Seven trucks were selected and field tested to provide 
performance test data, which were analyzed to provide 
quantified measures of performance. These quantified 
performance levels were correlated with representative 
revenue service operating conditions and used in the 
characterization of truck performance. Characteristic 
performance levels were then interpreted in the light of 
both the performance levels associated with the 
standard, three-piece (Type I) trucks and the test 
variables associated with the Type H truck field test 
data. As a result, a set of preliminary performance 
specifications for the Type II trucks, applicable under a 
defined set of equipment variables and operating condi­
tions, have been determined. Both the performance 
characterizations and the specifications are presented 
in this report.

The following general observations are made on the 
performance levels of the Type II trucks on the basis of 
the analysis arid interpretation of field test data;

1. The radial trucks seem to achieve a 
measured degree of success in attaining 
their goal of reducing the levels of lateral 
forces at the wheel/rail interface in curved 
track, especially in track of moderate' curv­
ature (less than 5 degrees). There are 
obvious economic implications associated 
with such an improvement in performance 
levels in terms both of energy efficiency 
(fuel savings), and increased wheel and rail 
service life. 2

2. The greater lozenging stiffness incorporated 
in the rigid truck designs, in association 
with the other companion modifications 
such as primary suspension elements, 
reduced coupling between the trucks and the 
carbody and dampening mechanisms, allow 
these truck designs to achieve improve­
ments in lateral stability performance 
levels.

EXECUTIVE SUMMARY 3. Primary suspension trucks seem to result 
in reduced vertical dynamic loads and 
thus point to potential improvements 1n 
fre igh t car truck design.

4. In general, no single Type n truck tested in 
the program seems to achieve significantly 
improved performance in all four perfor­
mance regimes, i.e., lateral stability, track- 
ability, steady state curve negotiation, and 
ride quality. The improved performance in 
specific performance regimes on the part of 
a given Type II truck can be related to 
specific design features which have desir­
able impact on performance in that regime. 
Improvement in performance in one regime 
is often attained at the cost of degraded 
performance in another. A thorough evalua­
tion of the specific design features, as com­
pared to evaluation of the truck itself, with 
a view toward maximizing the potential 
benefits while at the same time optimizing 
the trade-off in detrimental effects, should 
be considered in continuing efforts of the 
type undertaken in TDOP Phase n. The 
potential for combining the advantageous 
technological features into one future truck 
design cannot be ruled out. The framework 
for pursuing such an effort is contained in 
the experimental and analytic methodology 
developed and used in TDOP Phase n.

5. The classification of truck performance into 
distinct performance regimes and identifi­
cation of performance indices typical of 
each regime is an important first step in a 
standardized methodology for truck evalua­
tion. Detailed analytic procedures were 
used in reducing, analyzing and interpreting 
field test data and the results were then 
correlated to various service conditions 
resulting in a set of preliminary truck 
performance specifications.

i l l
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SECTION 1 - INTRODUCTION

-The primary objective of the Truck Design Optimiza­
tion Project (TDOP) Phase' II was to define, the 
engineering options available to the railroad industry in 
order to improve the efficiency and productivity of rail 
freight transportation. Results from experimental and 
theoretical investigations were applied, in consultation 
with the industry; to the. development of guideline 
performance specifications for Type n freight car truck 
configurations. A Type II (premium) truck is defined as 
a special purpose truck which utilizes current wheel set 
and journal bearing assemblies, is compatible with 
existing air brake systems, and preserves car coupler 
height, while incorporating engineering innovations in 
the design of the suspension systems.

This report is a companion document to the "Perfor­
mance Characterization of Type I Trucks" (Reference 
1)*. In characterizing the performance of Type n 
trucks from the results derived from field test data, the 
methodology used is the same as that employed in the 
characterization of Type I trucks (defined as the 
standard, three-piece truck), with the exception that 
more emphasis was placed on the test data. The 
summary results from the field test data characterizing 
the performance of Type n trucks are described in 
Section 5. In translating the performance 
characteristics into a set of recommended guideline 
specifications for Type n trucks, the test results were 
interpreted and engineering judgment exercised in 
correlating factors such as the influence of expected 
component wear on performance and possible economic 
implications. The resulting guidelines form a set of 
recommended "performance specifications" for Type n 
freight car trucks.

As more information becomes available on such factors 
as wheel and rail wear, and truck component wear 
(from the wear data collection program in progress) as 
well as other sources, the recommended "specifica­
tions" published here may have to be further refined to 
reflect factual influences replacing the judgment 
factor. However, it is believed that the recommended 
guidelines presented in this report provide a framework 
to define a set of improved performance levels asso­
ciated with design changes.

Another document in this series, the "Test Specification 
for Type II Trucks" (FRA/ORD-81/36-II), sets forth the 
guidelines within which test programs in the field and in 
the laboratory are to be conducted in order to provide 
the data necessary for the evaluation of freight car 
trucks, along the lines presented in this document.

SECTION 2
CLASSIFICATION OF TRUCK PERFORMANCE .

The task of evaluating Type II truck performance has 
been made more complex (as compared, to Type I 
trucks) by the variations in. design features incorporated 
in the Type II trucks. A principal objective o f TDOP 
Phase R . was to set up a framework within which 
relationships between the major design features and the 
performance characteristics of the Type n freight car 
truck configurations could be evaluated. With this 
objective in mind, and following the groundwork laid for 
a similar characterization of performance for Type I 
trucks (Reference 1), the overall performance of 
freight car trucks has been classified (Reference 2) to 
facilitate quantitative evaluation of performance.

PERFORMANCE REGIMES

Performance regimes are defined as sets o f conditions 
associated with predominant features that distinguish 
one regime from another. The four distinct perfor­
mance regimes are lateral stability, trackability, steady 
state curve negotiation, and ride quality. The set of 
these four performance regimes is considered to identi­
fy all aspects of truck behavior. Within each o f these 
performance regimes, performance indices are 
identified. A performance index is defined as a mea­
surable quantity typical of the performance regime 
associated with it. Characterization o f performance is 
achieved by means of a range of performance indices 
quantified in each of the regimes, and associated with a 
set of specified operating conditions such as speed, 
track quality, and lading conditions.

Lateral Stability

The dynamic performance regime of lateral stability 
(hunting) is identified with the phenomenon of self- 
excited lateral and yaw oscillation of the truck and 
carbody occurring above what is termed as "critical 
speed." In dynamic terms, hunting represents an inter­
play between creep forces at the wheel/rail interface, 
the tendency of the elastic creep forces to react and 
stabilize the vehicle, inertial forces trying to amplify 
the oscillations, and the suspension, damping tending to 
attenuate them. Economic and safety-related conse­
quences of hunting arise from truck and component 
wear and the attendant detrimental effects on perfor­
mance, impact forces between wheel and rail (possibly 
resulting in gauge widening and posing the danger o f 
wheel fracture), and also the violent oscillations of the 
carbody during hunting leading to damage of the lading. 
Performance indices, or measurable physical quantities 
unambiguously associated with performance, identified 
within the lateral stability regime are:

Critical speed (quantified in terms of root
mean square lateral acceleration)

Peak lateral acceleration

♦Numbers in parenthesis refer to references on 
page 84.



The ability of a truck to maintain a safe range of 
vertical load distribution under a range of track condi­
tions and the dynamic response of the vehicle to 
transient and periodic changes in these conditions are 
associated with the trackability performance regime. 
Subclasses of this performance regime and their associ­
ated performance indices are given below:

Performance Subregimes Performance Indices

Trackability vertical bounce motion may be superimposed. The 
natural frequencies are determined by the mass and 
mass moment of inertia in pitch of the carbody and by 
the suspension spring stiffness.

All trucks have some provision for accommodating 
vertical rail irregularities with a wave length of the 
order of magnitude of the axle spacing. This adjust­
ment is intended to retain a safe vertical load on the 
four wheel-rail contact points when they no longer lie 
in a plane. The standard truck adjusts itself to such 
vertical rail irregularities by independent rotation of 
the side frames, while rigid trucks rely on the displace­
ment allowed by the secondary suspension, or on tor- 
sionally flexible side frame connections. For all trucks, 
there is some limit of track twist beyond which vertical 
wheel loads may fall below a safe minimum, and the. 
probability of derailment is increased.

Harmonic Roll - Critical Speed
- Peak roll angle

Bounce - Critical Speed
- Peak vertical acceleration

Track Twist Wheel unloading index

Curve Entry/Exit - Wheel unloading index

The wheel unloading index (WUI) is defined as follows: 

WUI = 1 - Wl /Wh/3

where

W. = vertical force on most lightly 
loaded wheel

W „ = sum of vertical forces bn the three 
most heavily loaded wheels

This definition of the wheel unloading index, in 
practical terms, implies that the higher the value o f the 
index, the worse the condition of load equalization. In 
other words, a value of unity for the WUI denotes wheel 
lift off and a value of zero, for the WUI, indicates equal 
distribution o f vertical load among all four wheels.

The mode with the lowest natural frequency in freight 
cars is generally lower center roll in which lateral 
displacement of the center of gravity and roll about 
that center occur roughly in phase. Alternating verti­
cal forces, most usually due to staggered rail joints, 
give rise to carbody oscillations called harmonic roll or 
rock-and-roll, in which the carbody pivots about centers 
successively farther offset from the geometric center 
of the truck: first, the edge of the centerplate, and
finally the side bearings.

The lateral shift of the center of gravity compresses 
the springs on the one . side until they are solid and in 
extreme cases the opposite wheels lift off the rail. 
Derailment is inevitable if any kinetic energy of roll 
rotation remains when the center of gravity of the body 
is vertically above the side bearing.

Harmonic roll is a low-speed phenomenon, occurring 
usually at speeds below 20 mph. The critical speed is 
determined by rail joint spacing, mass and mass distri­
bution of the carbody (including height of center o f 
gravity) and the characteristics of the suspension 
system, i.e., the spring rates. The main resistance to 
harmonic roll comes from friction snubbing.

In curve entry and exit sections of the track, the track 
curvature is constantly changing. The spiral entry and 
exit sections represent the transient zones between the 
tangent track and constant curvature track sections. 
Once again, the ability of the truck suspension system 
to maintain a safe range o f vertical loads on all four 
wheels will determine the ability of the vehicle to 
traverse these transient track sections under stable 
conditions.

In operational terms, within all four of these sub­
regimes of performance, the consequences are primar­
ily safety related. This does not necessarily preclude 
other detrimental effects such as fretting damage tp 
the suspension springs arising from extreme motions 
during harmonie roll, potential fracture mechanisms in 
components such as centerplates due to bounce 
motions, and damage to truck components from impact 
forces.

Steady Stage Curve Negotiation

As a train negotiates a constant curvature segment of 
track at more-or-less steady speed, horizontal forces at 
the contact planes between the wheels and the rails 
work to rotate and guide the vehicle around the curved 
track. Since most truck designs are limited in their 
ability to permit individual axles to align themselves 
radially in the curve, this results in the wheel flanges 
making contact with the rails. Therefore, the trucks 
rely on flange contact to provide guidance in curves. 
The consequences of these lateral forces are wheel and 
rail wear; resistance of the truck to forward motion 
resulting in increased demands on tractive power and 
therefore increased fuel consumption; and, in extreme 
cases, the tendency for wheels to climb the rails thus 
giving rise to the potential of derailment. With the 
desirability of flange-free curving, some of the im­
proved truck designs have concentrated on improving 
truck kinematics to extend their performance to pro­
vide the maximum attainable radial alignment of axles 
in curved track and thus minimizing flange contact with 
rails.

The performance indices identified with this regime 
are:

At higher speeds, and thus higher frequencies, an im­
portant dynamic cause of wheel unloading is the 
phenomenon called bounce/pitch. When the carbody 
oscillates about a transverse horizontal axis, with the 
ends of the carbody rising and dropping out of phase; a

Average lateral force on leading outer 
wheel

Average lateral-to-vertical force ratio (L/V 
ratio) on the leading outer wheel

2 Average angle of attack



Ride Quality

Ride quality as a performance regime refers to the 
dynamic environment in the carbody and encompasses 
the capability of the truck, suspension to attenuate the 
excitation arising from track irregularities. The char­
acteristics of a truck to function as a mechanical filter 
in isolating the carbody from the disturbances induced 
by the track is of primary interest in this performance 
regime.

The principal performance index identified in this re­
gime is transmissibility, defined here as the ratio o f the 
rins value calculated from the response power spectral 
density within a specified frequency bandwidth to the 
rms value calculated from the track input power spec­
tral density over a corresponding frequency bandwidth. 
Transmissibility can be quantified for vertical, lateral, 
and roll motions of the carbody, with the corresponding 
track input arising from track profile, alignment, and 
crosslevel. Additionally, the rms response over a wide 
band spectrum (0-20 Hz) has been identified as a 
supplementary index. This index reflects the level of 
energy content in the oscillatory motions of the car- 
oody and provides a means for comparison of the ride 
quality of various vehicle configurations under equiva- 
’ ent conditions of operation.

Primary operational consideration in this performance 
regime is the possible damage to lading from poor ride 
quality.

3



SECTION 3
METHODOLOGY FOR DEVELOPMENT OF 

_____  PERFORMANCE SPECIFICATIONS

Establishment of an analytic and experimental method­
ology for relating truck parameters to the economics- 
related performance indices defined in each of the per­
formance regimes over the range of in-service train 
configurations, track conditions, equipment parameters, 
and speeds is a major engineering goal within TDOP 
Phase II. Applying this methodology, and in coordina­
tion with industry, guideline performance specifications 
were developed for the Type II trucks.

The major elements comprising the methodology for 
truck evaluation are:

• Field testing of selected trucks to obtain 
performance test data and the reduction and 
analysis of the field test data leading up to 
quantitative definition o f performance

• Simulations utilizing credible mathematical 
models to augment and complement results 
from field test data "

• Determination of wear and degradation of 
freight car trucks under revenue service 
conditions through a structured program of 
periodic measurement o f various truck com­
ponents including wheels

• Correlation of results from analysis of eco­
nomic data on truck maintenance and opera­
tion from operating railroads with results 
from analysis o f performance test data.

• Engineering interpretation of the results 
from the analysis of test data and formula­
tion of recommended guideline specifica­
tions for the Type n trucks.

A block diagram indicating the flow of elements in the 
methodological scheme is shown in Figure 3-1.

____I

FIGURE 3-1. METHODOLOGY FOR.TBUCK EVALUATION
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SECTION 4 - EQUIPMENT TESTED

The characterizations of performance of Type II trucks 
required the selection of a sample of trucks that 
incorporated various, innovative design features. Some 
of these features may be identified as primary suspen­
sion systems, secondary suspension systems, rigid frame 
arrangements, and radial alignment of axles in curved 
track. A survey of the industry identified the various, 
types of Type n trucks commerically available on the 
market. A set of clearly defined criteria for the 
selection of Type n trucks for testing was decided upon 
in consultation with the TDOP Consultants' Group, 
comprised of representatives from operating railroads 
and equipment suppliers. A systematic selection pro­
cess based on this set of criteria was undertaken to 
ensure that the samples selected for testing would be 
representative of the state-of-the-art in truck design 
(Reference 3). The seven trucks selected for testing 
represent generic design innovations incorporated in 
Type n trucks commercially available in the market at 
the time. The selected trucks may be classified into 
these following groups:

• Primary suspension trucks featuring suspen­
sion elements at the axle bearing

• Secondary suspension trucks which leave the 
conventional suspension springs under the 
bolster ends intact, but feature other design 
innovations such as guidance of wheels/axles 
for radial alignment

• Trucks featuring primary + secondary sus­
pension elements which utilize a combina­
tion of both types of suspensions elements

Alternately, the selected seven trucks may be grouped 
as follows:

• Radial (steering) trucks which provide the 
axles some freedom to align themselves 
radially in curved track

• Rigid trucks which incorporate a rigid bol­
ster to sideframe connection resulting in 
increased lozenging stiffness

• Trucks with unconventional design which 
vary significantly from the standard design 
of a freight car truck consisting of a bolster 
and two sideframes with auxiliary suspen­
sion elements

All but one of the seven Type n trucks tested in TDOP 
Phase n were 100-ton trucks, with the remaining truck 
being a 70-ton truck. The carbodies used in conjuction 
with the test trucks during the field tests were a 100- 
ton open hopper, car for the 100-ton trucks and a 70-ton 
open hopper car for the 70-ton truck. Details pertain­
ing to instrumentation, test variables such as speed and 
lading conditions, and test procedures may be found in 
TDOP Phase n test documentation (Reference 4). A 
summary of the characteristic parameters relating to 
test trucks and carbodies is given in Tables 4-1 and 4-2 
respectively.

Six of the trucks tested used the Canadian National 
(CN) profile wheels, shown in Figure 4-1. These wheels 
were new wheels obtained from the wheel manu­
facturer, produced to the CN production specifications. 
Although initial plans called for the use of new standard 
AAR 1:20 taper wheels and worn wheels derived from 
the AAR standard profiles, resource limitations within 
the project did not permit such a scope for field tests. 
The CN profile was selected as a compromise, in 
agreement with the TDOP consultants. The seventh 
truck which is a primary + secondary suspension truck 
used new AAR 1:20 taper wheel profiles.

CD PROPiLfi DlHEN“>IONS OJLV B CN reOPlLC DMCNSIONS CMVi -- AAK PROFILE D*£*J£D- CN fKOPlLt
FIGURE 4-L. WHEEL-EROEILE-COMPARISON CN ------

PROFILE VS AAS STANDARD 1:20 PROFILE
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TABLE 4-1. TRUCK CHARACTERISTICS

Dresser
DR-1**

National 
Swing Motion**

Barber-
Scheffel**

Maxiride* Devine-
Scales*

ACF*» Alusuisse***

Wheel Base, in 70.00 72.00 75.00 72.44 70.00 70.00 -

Spring Group 
In 6-D5 6-D6 7-D5 t

- - -

Out 7-D5 6-D7 6-D5 t - - -
Center Plate 
Diameter,in 16.00 16.00 16.00 14.00

(spherical)
16.00 16.00 13.625

(spherical)
Side Bearer 
Clearance, in 0.625 0.28 0.181 None 0.1875 Constant Constant

Contact Contact

Snubbing: Load
Dependent

Load
Dependent

Load
Dependent

Load
Dependent 
(non standard)

Load
Dependent

Hydraulic
Dampers

Load
Dependent 
(Leaf Spring 
Friction)

Weight, lb+ 11,125 11,425 11,500 10,428 12,000 10,600 N/A
Wheel Diameter,ft 3.00 3.00 3.00 3.00 3.00 3.00 2.75

* . Primary suspension trucks
• * Secondary suspension trucks
*** Primary + secondary suspension trucks 
t Vertical Spring rate (per car), lb/in

22.100 (empty) ‘
161.100 (loaded)

+ . Best estimates on the basis of manufacturer's supplied information.

TABLE 4-2. CARBODY CHARACTERISTICS

•
70-Ton Capacity* 
Open Hopper Car

100-Ton Capacity 
Open Hopper Car

Empty (light) weight, lb 44,700 67,300

Loaded weight, lb 167,900 237,000

Capacity, lb 154,000 196,000

Length over pulling face 
of coupler, ft

46.17 53.04

Truck centers, ft 33.67 40.5

Center o f Gravity (above rail):

Loaded, ft 5.85 7.17

Empty, ft . - 4.38

♦Used only on Alusuisse truck testing.
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Test data acquired from field tests conducted in TDOP 
Phase II on the Type II trucks were analyzed through 
digital computers and software packages especially 
tailored to meet the data reduction requirements within 
the project. The computer outputs of data analyses 
were arranged in digital printout and plot formats to 
facilitate analysis and presentation of the results. Data 
pertaining to each performance regime were first 
examined for quality; then, the total time history in 
each of the tests was reviewed in the process of 
selecting appropriate windows on the data to be 
analyzed; finally, selected data were analyzed in keep­
ing with specific engineering and analytic requirements 
for quantitative definition of performance characteris­
tics. The results in each of the performance regimes 
included digital printouts allowing for statistical analy­
sis, and various forms of plots defining functional 
relationships of performance characteristics with 
operational variables included in the test conditions. 
The methodology for data analysis in each of the 
performance regimes is included in the discussions in 
Section 5.2.

5.1 TEST DATA

One carset each of the selected Type n trucks were 
tested to generate the performance test data 
(Reference 4). Accelerometers, displacement 
transducers, force transducers, strain gages, 
instrumented couplers, and a specially developed 
package of eddy current transducers for the 
measurement of wheel/rail angle of attack comprised 
the package of instrumentation. However, field test 
data on the seven tested trucks varied, in scope in many 
cases from truck to truck within each of the 
performance regimes due to the limitations on the 
deployment of instrumentation imposed by the design 
features of the trucks themselves. In particular, the 
deployment of the lateral/vertical force (L/V) measure­
ment system and the angle of attack measurement 
system had to be left o ff some of the trucks. Five of 
the test trucks were instrumented for L/V measure­
ments and six of the trucks were instrumented for angle 
of attack measurements. These variations-in available 
field test data as well as any exception with regard to 
the usage of data are discussed in the following 
paragraphs organized by performance regimes 
(Reference 4). Table 5-1 shows the test matrix and the 
data available from the field tests. For the track 
geometry data, see Appendix B and References 5 and 6.

5.1.1 Lateral Stability Performance Test Data

Field test data for the lateral stability performance 
regime were acquired on all seven test trucks, from 
tests on mainline, bolted jointed rail (BJR) and were 
acquired on two trucks from tests using continuous 
welded rail (CWR). The test cars were run at test 
speeds ranging from 40 to 79 mph with dwells of 
approximately 60 seconds duration at 5 mph intervals 
within the test speed range. The tests were conducted 
with both empty and loaded test cars.

5.1.2 Trackability Performance Test Data

Performance test data for this regime were collected 
through separate test runs covering the subregimes. 
Data for harmonic roll were collected from test runs on 
branch line track, with empty and loaded test cars, for

SECTION 5 - PERFORMANCE CHARACTERIZATION an operating speed range of 4 mph to 30 mph with 
'dwells approximating 40 seconds in duration at 2 mph' 
increments; the tests were then repeated at 2 mph 
decrements from 30 mph down to 4 mph. Although 
perturbed track following standards such as specified by 
the A A R , would have provided more desirable test 
conditions for the simulation of performance within 
these subregimes, existing branch lines were chosen as 
a compromise to accommodate the scope of field 
testing within project resource allocations.

Data for use in the subregime of track twist were 
acquired from test runs on yard track at approximately 
10 mph in the forward and reverse directions.

For the subregime of curve entry/exit, data were 
acquired during test runs in a test zone consisting of 
mainline jointed track, ranging in curvature from 1.1 to
6.2 degrees and ranging in equilibrium speeds from 34 
to 48 mph. These were the same tests designed to 
collect data for use in the curve negotiation regime 
(see Section 5.1.3).

5.1.3 Curve Negotiation Performance Test Data

Test runs for the generation of performance test data 
relating to the curve negotiation performance regime, 
as well as the curve entry/exit subregime of the track- 
ability performance regime were conducted over a test 
zone comprised of mainline jointed track. Profiles and 
other related information for the different curves in­
cluded in this test zone are given in Figure 5.1.3-1. The 
tested zone consisted of track ranging in curvature 
from 1.1 to 6.2 degrees and associated equilibrium 
speeds ranging from 34 to 48 mph. Tests were con­
ducted using carbodies in the empty and the loaded 
conditions for six of the test configurations, and only in 
the loaded condition for the remaining configuration. 
Three passes were made through the test zone for each 

_condition, one at approximately 10 mph less than the, 
nominal equilibrium speed, another at the nominal 
equilibrium speed, and a third at approximately 7 mph 
greater than the nominal equilibrium speed. All the 
curve negotiation test runs were made in the uphill 

•direction. Auxiliary runs made in the downhill direction 
'with controlled application o f brakes have not been 
used in the characterization of curving performance of 
the trucks.

Test data acquired on the seven Type n trucks were not 
uniform, as indicated in Table 5-1, owing to the varying 
degrees of instrumentation deployed on them.

The instrumented wheelsets and bearing adapters for 
the measurement of lateral and vertical (L/V) forces 
and the eddy current sensors for the measurement of 
wheel/rail angle of attack were deployed on five of the 
test, trucks. A sixth truck had the angle of attack 
transducers applied to it, but not the L/V measurement 
system. The remaining truck had neither the L/V nor 
the angle of attack measurement system applied to it. 
These variations on the level of instrumentation on the 
test trucks were made necessary by the complexities in 
the design features precluding uniform application of 
all transducers on all trucks. Specifically, the truck 
with the L/V measurement system but not the angle of 
attack measurement system was a secondary suspen- . 
sion, rigid truck; and the truck with neither the L/V nor 
the angle of attack measurement system was a truck 
which featured a combination of secondary and primary 
suspension elements.
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TABLE 5-1. PHASE H TEST MATRIX

Lateral Stability Trackabilitv Curve
Truck Carbody Wheel

Profile
Lading & Ride Quality Harmonic

Roll
Track
Twist

Negotiation
Class 4 
BJR

Class 5 
CWR

Class 2 
BJR

Yard
BJR

Class 4 
BJR

Dresser 100-Ton Open CN E • • • a a
DR-1 Hopper Car L • • • a
Barber-
Scheffel

100-Ton Open 
Hopper Car

CN E, L . • • • a

Devine-
Scales

100-Ton Open 
Hopper Car

CN E, L • • • • a

National 
Swing Motion

100-Ton Open 
Hopper Car

CN E, L •
U S !

• • a

Maxiride 100 100-Ton Open CN E • • • • a
Hopper Car L • m p • • a

ACF
Fabricated

100-Ton Open 
Hopper Car

CN E, L • • • 0

Alusuisse 70-Ton Open 
Hopper Car

AAR
1:20 Taper

L • • • iBjSi
Legend
• Test Data Available E=Empty
o Curving Data Consisting of Angle of Attack; L=Loaded

No L/V Forces
* No Data Available on L/V Forces

BJR=Bolted Jointed Rail 
CWR=Continuous Welded Rail 
CN=Canadian National Profile

FIGURE 5.1.3-1. CURVE PROFILES -  TEST ZONE
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The forces at the wheel/rail interface were measured 
using instrumented wheelsets. The instrumented wheel- 
sets comprised of eight full-bridge strain gages at two 
locations, located symmetrically inboard of the wheels 
for the measurement o f bending strains in the axle, and 
two strain gages at the middle of each axle to measure 
torque, which could be used to estimate longitudinal 
creep forces. The bearing adapters are also instru­
mented with strain gages for measurement of vertical 
forces. However, strain gaging the bearing adapters 
was not a feasible method of vertical force measure­
ment in all cases. Where strain-gaged bearing adapters 
could not be used, displacements of the primary spring 
groups were measured to provide a means for the 
calculation of the vertical forces at the bearing 
adapter.

Using the strain gage measurements from the axles and 
the vertical forces obtained through the instrumented 
bearing adapter or the primary spring group displace­
ments, lateral and vertical forces were calculated by 
means of the axle bending technique (Reference 7).

An angle of attack measurement system using eddy 
ejrrent sensing devices was developed expressly for the 
purposes of TDOP Phase n. It consisted o f four eddy 
current transducers at each wheelset. Two of the 
transducers measured the side frame position relative 
to the wheel, and the other two measured the side 
frame position relative to the rail. Eliminating the 
common reference to the side frame between the two 
sets o f measurements, and using the known distance 
between the two sensors in each pair, the angle of 
attack was calculated. The measurement systems were 
applied to the forward truck of the test car at the right 
side only. Thus, angle of attack data were available on 
two wheels at the forward truck, both situated on the 
right side o f the car. In retrospect, it would have been 
advisable to provide angle of attack measurement in­
strumentation on both the left and the right sides of the 
trucks since vehicle dynamics seem to have had signifi­
cant effects on the measurement system and caused 
considerable scatter in the data. This has limited the 
applicability o f the angle of attack data for 
characterizing performance of the trucks. For this 
reason, the results from the angle of attack data are 
presented in Appendix A.

5.1.4 Ride Quality Performance Test Data

The data for use in the ride quality performance regime 
come from the same test runs which produced data for 
the lateral stability performance regime. These test 
runs consist of the high speed runs oh mainline, tangent 
track. Lateral oscillations indicative of unstable 
phenomena were excluded from consideration in the 
ride quality regime.

In addition to the performance test data on the test 
cars, track geometry data were also collected during 
TDOP, Phase n (Reference 5,6). These data were 
necessary to quantify transmissibility.

5.2 DATA REDUCTION AND ANALYSIS

Reduction and analysis o f the field test data acquired 
through TDOP Phase n field test program were under­
taken in-house through the use of digital computers. 
An existing software package (Reference 8) was 
updated and modified to suit the requirements o f data 
analysis within each o f the performance regimes and to 
provide the results in digital printouts to facilitate.

statistical analysis of the data. The software also 
produced plots in various formats for presentation of 
the quantified performance indices as functions of 
appropriately correlated operating conditions. A 
discussion of some of the details involved in the data 
reduction and analysis is contained in the paragraphs 
below.

5.2.1 Analysis of Lateral Stability Performance Data

Performance test data on the lateral acceleration of 
the test vehicle were available at various locations. 
These included (a) the leading end (B-end), the trailing 
end (A-end), and the center of the carbody at the sill 
level; (b) the leading end (B-end), and the trailing end 
(A-end) of the carbody at the roof level; and (c) all 
axles of the two trucks (B-end and A-end, four axles) 
under the test car. Thus, a total of nine lateral 
acceleration measurement locations are' represented in 
the data. Data at all these locations were studied in 
the process of evaluating performance in the lateral 
stability regime. The frequency range of analysis was 
0-20 Hz. Indications of instability were identified from 
the data and the power spectra. The power spectra 
were scanned in the range o f 0-5 Hz and the 
characteristic frequency of hunting was identified. 
Centered around this frequency, root mean square (rms) 
accelerations were calculated for a bandwidth of 1 Hz. 
The calculated rms values for lateral accelerations 
were then plotted as functions o f operating speed..

The rms lateral accelerations calculated for the various 
locations on the test vehicle were compared for the 
purpose of arriving at an engineering judgment to 
choose the appropriate location to represent the char­
acteristic performance of the test truck. This process 
resulted in the choice of the locations at the carbody 
sill level for this purpose. Comparative study of the 
wheelset acceleration data with the carbody data indi­
cated that the carbody experienced higher amplitude of 
oscillations than the wheelset, especially with increas­
ing speed. This was in keeping with the conventional 
wisdom that carbody hunting dominated lateral oscilla­
tory motions of rail vehicles within the operational 
speed range up to the presently legal limit of 79 mph on 
American railroads. The accelerometers at the roof 
level of the carbody were used principally to determine 
the effects of such modes as twist and upper center roll 
on the lateral oscillations at the higher operating 
speeds.

The characteristics in the lateral stability regime are 
represented by the following parameters: (a) the maxi­
mum rms value of lateral oscillations associated with a 
characteristic hunting frequency in the spectrum of 0-5 
Hz obtained from a comparative analysis o f the results 
between the leading and trailing ends o f the carDody at 
the sill level; and (b) the rms value of lateral oscilla­
tions associated with a characteristic hunting frequency 
in the spectrum of 0-5 Hz at the center of the carbody 
at the sill level; (c) the maximum of the peak value of 
lateral accelerations obtained from a comparative 
analysis of the results between the leading and trailing 
ends of the carbody at the sill level; and (d) the peak 
value of lateral acceleration at the carbody center/sill 
level. The latter parameter is presented since it was 
noticed that, for some of the Type II trucks, it 
reflected the maximum levels of lateral oscillations at 
the sill level. It is believed that this could result from 
a flexural mode interacting with the lateral and/or yaw 
mode of oscillation near the hunting frequency of 
approximately 3 Hz.
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Typical results of an empty earbody operating on 
continuous welded rails are given in Figures 5.2.1-1 
through 5.2.1-2. Analysis of the data has shown that 
there are differences in the response due to the 
differences in the nature of track excitation. The 
frequencies of the peaks and the corresponding 
amplitudes are different, with the response to the 
excitations arising from the jointed rail being higher 
than that arising from continuous welded rail. The 
harmonics of the rail joints are a major vibratory input 
to the system and they are strong enough to force the 
freight car system to vibrate at their frequencies, and 
not allow the mode shapes predicted by the eigenvalues 
of the system to be developed. On the other hand, the 
spectral response using continuous welded rail are 
dominated by several frequencies associated with the 
earbody modes. While a moderate amplitude 
intermittent hunting is experienced by the vehicle 
system operating on jointed rail, no evidence of hunting 
is noticed with the vehicle running on continuous 
welded rail.

5.2.2 Analysis of Trackability Performance Test Data

Analysis of data in the trackability regime fell under 
the subregimes of harmonic roll, track twist, and curve 
entry/exit. The test data for harmonic roll consisted of 
medium speed runs on a branch line. The data from the 
medium speed (4 mph to 30 mph) runs on the branch line 
were examined. However, no indications of harmonic 
roll could be discerned from the data. In other words, 
no quantifiable levels of roll motion were found in the 
data. Therefore, no quantified levels of performance 
are provided for this subregime.-

In the other two subregimes, namely track twist and 
curve entry/exit, the wheel unloading index has been 
quantified. Data relating to the track twist subregime 
consisted of yard track tests and those relating to curve 
entry/exit consisted of the segments of curved zone 
test runs representing the entry and exit spirals associ­
ated with each of the curves in the test track. The 
quantified levels of the wheel unloading index for the 
track twist subregime are provided in tabulated format. 
For the curve entry/exit subregime, values of the 
wheel unloading index with associated probability of 
occurrence of 95% are plotted as functions of speed.

5.2.3 Analysis of Curve Negotiation 
Performance Test Data

Test data from field tests in the curved track zone 
were examined and the data collected over track seg­
ments of constant curvature identified for use in the 
curve negotiation regime. The test data consisted of 
wheel/rail force measurements through the instru­
mented wheelsets and bearing adapters, and the angle 
of attack measurements through the eddy current 
transducers.

Lateral forces and L/V ratios were calculated at all 
four wheel/rail interfaces on the leading truck of the 
test car. The lateral forces and L/V ratios at all four 
wheel/rail interfaces were subjected to comparative 
analysis, correlated with operational parameters such 
as speed as well as track curvature. On the basis of 
such an analysis,, the forces and ratios at the leading- 
outer wheel were confirmed to be larger than those at 
the other locations, especially at speeds near and above 
the equilibrium speeds.

FIGURE 5.2.1-1. RMS LATERAL ACCELERATION 
AT SILL LEVEL VERSUS SPEED 

-EMPTY CARS

FIGURE 5.2.1-2. RMS LATERAL ACCELERATION 

AT LEADING AXLE/ LEADING 

TRUCK VERSUS SPEED 

- EMPTY CARS
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The results of the calculations of the angle of attack of 
the Type II trucks are given in Appendix A.

5.2.4 Analysis of Ride Quality Performance Test Data

The high speed tangent track test runs were used in the 
analysis of ride quality performance. Since this body of 
data was the same as the one used" for the analysis of 
lateral stability performance, the distinction between 
the two analyses should be made clear. Ride quality 
analysis confined itself to those parts in the body of 
high speed test data which excluded extreme 
phenomena such as unstable behavior characterizing 
hunting.

The requirement to quantify transmissibility as a per­
formance index necessitated the concurrent analysis of 
track geometry data and test vehicle response data. 
The track geometry data (Appendix B) were acquired 
through an independent test run on the same track 
which was utilized for performance tests. Therefore, 
concurrent analysis of the two bodies of data imposed a 
few conditions such as the definite establishment of 
one-to-one correspondence between the two bodies of 
test data insofar as they ensured corresponding 
input/output relationships. In the already completed 
characterization of Type I truck performance
(Reference 1), this was accomplished by merging the 
track geometry data base with the performance test 
data base and alignment of the two data bases relative 
to track location established. However, during the 
course of work on the Type II truck data, striking a 
compromise witli available project resources did not 
allow for such an effort including merger of the two 
data bases and the spectral analyses required to 
quantify transmissibility. Consequently, the
quantification of performance in this regime 
concentrated on the rms response over the wide band 
spectrum (0 - 20 Hz) as a performance index.

5.3 PERFORMANCE CHARACTERISTICS

As a result of the analysis of field test data on the 
performance of the seven Type II trucks, quantified 
levels of performance could be studied as functions of 
operational variables. Analysis of test data permitted 
quantification of the performance indices defined with­
in each of the performance regimes. The performance 
characteristics presented in this section of the report 
represent the quantitative range of these indices as 
functions of operational variables such as speed and 
lading conditions. It is considered that these ranges of 
quantitative performance levels are typical to the ex­
tent that they may be expected to be repeatable under 
comparable test conditions.

In making any comparison with the performance levels 
associated with Type I trucks described in Reference 1, 
one cautionary note is important to keep in mind. That 
is, the Type n trucks were tested in conjunction with an 
open hopper car and the trucks used the CN profile 
wheels; whereas, the Type I trucks tested under TDOP 
Phase I were in conjunction with carbodies inclusive of 
boxcars and covered hopper cars, and the trucks used 
the AAR standard 1:20 taper profile wheels. Although 
the Type I trucks tested in TDOP Phase II were tested 
in conjunction with an open hopper car, the trucks did 
use the AAR standard 1:20 taper wheel profiles. One 
other cautionary remark is in order; namely, that the 
seventh Type n truck tested during TDOP, Phase II, 
which has been referred to as a "truck with unconven-_

tional design" or one featuring "primary + secondary 
suspension elements", was a 70-ton truck as compared 
to the other six Type n trucks which were aU 100-ton 
trucks.

The results presented in the following subsections are 
organized by performance regimes and by the two 
forms of grouping (rigid and radial, etc.) discussed in 
Section 4.

All the figures presented in this section represent 
results from data on seven Type II trucks grouped into 
various categories. Each symbol on a given figure 
represents a data point referring to a specific Type II 
truck. An explanation of the symbols is given in Table
5.3-1.

5.3.1 Lateral Stability Performance Characteristics

Characteristic performance levels represented by quan­
tified ranges of performance indices as functions of 
operating speed for this regime of lateral stability are 
shown in Figures 5.3.1-1 through 5.3.1-18. Figures 
5.3.1-1 through 5.3.1-10 present the performance char­
acteristics for the trucks classified into groups repre­
senting primary suspension trucks, secondary suspension 
trucks, and primary + secondary suspension truck. 
Figures 5.3.1-11 through 5.3.1-18 present the same 
information by grouping the trucks in an alternate 
manner, namely radial trucks, rigid trucks, and the 
truck with the unconventional design; the truck with 
the unconventional design is the same as the one 
represented by the primary + secondary suspension 
category. The rms and peak levels o f lateral accelera­
tions represented in these figures are obtained at the 
sill level of the carbody by choosing the maximum 
levels between the forward and rear ends of the car- 
body.

In the interest of presenting complete information from 
the test data, response levels at the center of the 
carbody at the sill level are presented in Figures 5.3.1- 
19 through 5.3.1-36; and respdnse levels at the truck 
axle are presented in Figures 5.3.1-37 through 5.3.1-45. 
The spectrum of the characteristic frequencies o f hunt­
ing as a function of speed for all the configurations 
tested is given in Figure 5.3.1-46.

A summary of the results is presented in Tables 5.3.1-1 
through 5.3.1-4 on test configurations with empty cars 
and loaded cars, respectively. Since sustained hunting 
was observed in only relatively few cases, the analysis 
considered in some detail the intermittent hunting 
phenomenon. Even within the intermittent hunting, 
amplitudes of oscillations were carefully studied by 
arbitrarily grouping them in three categories, namely 
low amplitude (less than 0.5g), moderate amplitude 
(from 0.5 to 0.8 g), and high amplitude (larger than 0.8 
g) of oscillations. Consideration of the results in this 
detail was deemed necessary in view of the requirement 
to establish guideline - specifications for the classes of 
trucks tested.

5.3.2 Tirackability Performance Characteristics

Quantification of performance characteristics in this 
performance regime covered the subregimes of har- 

- monic roll, track twist, and curve entry/exit. Perfor­
mance test data covering the harmonic roll subregime 
consisted of data from test runs on branch line, Class 2
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track. Analysis of the test data indicated that the 
excitations arising from the track irregularities were 
not sufficient to cause the rock and roll phenomenon. 
This phenomenon is characterized by roll angles in the 
range of 3° to 5°. The test data, however, showed a 
moderate response with the roll angle being in the 
range of 0.3 to 1.0°. Therefore, no characterization of 
performance for the Type II trucks in this subregime is 
provided. The performance characteristics presented in 
this section cover only the two subregimes of track 
twist and curve entry/exit.

The performance index defined in the subregime of 
track twist (load equalization) is the wheel unloading 
index (WUI). From the definition (see Section 2), it may 
be seen that this index may vary from zero for a 
perfectly equalized truck to unity for a truck with one 
wheel completely unloaded. To provide some statistical 
significance associated with the quantitative values 
presented, the index presented is the 95th percentile; 
and the average value as well as the standard deviation 
of the index are given. The results presented represent 
the performance of trucks as they traverse a left hand, 
IS degree curved yard track at an approximate speed of 
10 mph. The superelevation of the curve was -0.26 
inch. The results are given in Tables 5.3.2-1 and 5.3.2-2.
The data presented indicates a wide variation in perfor­
mance between the various trucks tested. The empty 
cars, in general, experience higher values of wheel 
unloading index as compared with loaded ears. 
Although individual Type II trucks seem to attain im­
proved load equalization levels,, as a class, the group of 
vehicles tested cannot make such a claim.

The main response descriptor used in the subregime of 
curve entry/exit is the 95 th percentile of the wheel 
unloading index, WUI95. In descriptive terms, the 95th 
percentile indicates that the value of the wheel unload­
ing index given is likely to be exceeded only 5% of the 
time during a single passage through the spirals. The 
results are presented in Figures 5.3.2-1 thru 5.3.2-32. ,

5.3.3 Steady State Curve Negotiation 
Performance Characteristics

Results presented in this section cover five of the seven 
Type n trucks included for evaluation in TDOP, Phase
II. The exceptions are the truck featuring primary + 
secondary suspension elements, which was not instru­
mented for measurement of the key parameters in this 
regime, namely lateral and vertical forces at the 
wheel/rail interface and wheel/rail angle of attack, and 
a rigid truck which was instrumented only to measure 
the angle of attack.

In the process of analyzing the field test data to 
quantify the performance indices, some unexpected 
behavioral trends were observed as they relate to the 
wheel/rail force measurements. A closer examination 
of these trends through various test runs as well as 
examination of coupler force data confirmed that the 
measured lateral forces tended to be asymmetric with 
respect to the sense of track curvature. In general, the 
lateral forces tended to be lower on right-hand curves 
as compared to left-hand curves. Although various 
hypotheses were formulated to explain the causes of 
this asymmetric trend, they remain to be verified.

These hypotheses include relating the measurements to 
well defined wheel/rail contact geometry considera­
tions which may uncover patterns of asymmetry them­
selves, and influence of truck "set" or "memory" as the 
truck travels from one curve to another, among others. 
A comparison of the lateral forces for the five Type II 
trucks as they behaved over right-hand curves and left- 
hand curves as two distinct groups are given in Figures
5.3.3- 1 through 5.3.3-4. Figures 5.3.3-1 and 5.3.3-2 
represent the results for the test configurations with 
empty cars and Figures 5.3.3-3 and 5.3.3-4 represent 
results for test configurations with loaded cars. On the 
basis of conservatism under the circumstances, the 
characterization of performance of the trucks was 
determined upon the higher level of forces, namely 
those obtained over the left-hand curves.

Lateral forces and L/V ratios at each of the four 
wheel/rail interfaces on the leading truck were ex­
amined for the three test speed conditions, namely 
below, at, and above equilibrium, or "balance" speeds. 
The algebraic means (average values) of the lateral 
forces were calculated for each curve over the length 
of track which could be considered "steady state" or 
"constant curvature" track. In plotting the characteris­
tics, the absolute values of these algebraic averages 
were used.

Performance characteristics of the Type II trucks re­
presented by quantified levels of performance indices, 
namely lateral force at the leading outer wheel, and 
L/V ratio at the leading outer wheel, organized into 
groups representing trucks with primary suspensions, 
trucks with secondary suspensions, radial trucks, and 
rigid trucks are presented in Figures 5.3.3-5 through
5.3.3- 100. Figures 5.3.3-5 through 5.3.3-52 represent 
results covering the test configurations with empty 
carbodies, and Figures 5.3.3-53 through 5.3.3-100 repre­
sent results covering the test configurations with 
loaded carbodies.

The absolute average net lateral forces acting on the 
leading axle of the leading truck and the leading truck 
itself as a whole are presented in Figures 5.3.3-101 
through 5.3.3-106 to provide a more comprehensive 
view of truck performance in curves.

The trucks featuring radial alignment features seem to 
accomplish their goal of attaining flange free curving in 
the shallower ranges of track curvature (up to 3.7 
degrees), but in the zone with sharper track curvature 
(5 degrees and above) guidance around the track 
depends on flange contact. No definitively detrimental 
degradation in performance was discerned in the case 
of the rigid trucks relative to the baseline performance 
of Type I trucks. Of course, any comparative 
evaluation has to keep in perspective the differences in 
test conditions, especially as they relate to wheel 
profiles. It is recalled here that the Type I trucks were 
tested with AAR Standard 1:20 profile wheels, whereas 
the Type n trucks were tested with CN profile wheels. 
In general, the test data indicate that in all the cases 
the trailing axle tends to carry the higher net lateral 
forces for the conditions representing the below 
balance speed test runs, and the leading axle tends to 
carry the higher net lateral forces for the conditions 
representing the balance speed and the above balance 
speed test runs.

12



5.3.4 Ride Quality Performance Characteristics

As discussed in Section 5.2.4, only one of the two 
identified performance indices in this regime was quan­
tified, namely the rms response over the wide band 
spectrum of 0-20 Hz. The index was analyzed for the 
vertical, lateral, and roll accelerations on the carbody. 
Accelerations were measured on both ends of the 
carbody and the quantitative characteristics presented 
in this section are the result of studying the vertical, 
lateral, and roll accelerations at both ends to choose 
the performance boundaries determined by the maxi­
mum levels.

Resulting characteristics of performance, represented 
by rms vertical, lateral, and roll accelerations in a 0-20 
Hz frequency bandwidth, plotted as functions of operat­
ing speeds, are shown in Figures 5.3.4-1 thru 5.3.4-27. 
Figures 5.3.4-1 thru 5.3.4-9 illustrate the vertical re­
sponse; 5.3.4-10 thru 5.3.4-18 illustrate the lateral 
response; and 5.3.4-19 thru 5.3.4-27 illustrate the roll 
response.

Considering vertical vibrations, trucks with primary 
suspensions indicate comparable acceleration environ­
ment between the empty and loaded conditions, with 
the rms acceleration levels tending to increase with 
increasing speeds. On the other hand, secondary sus­
pension trucks indicated a pronounced difference 
between the empty and loaded carbody responses, with 
the empty car responses being the consistently higher 
levels. The truck with primary + secondary suspension 
elements featured in the design was tested only in the 
loaded condition, and the response levels for this con­
figuration were bordering the lower bounds of perfor­
mance levels for the whole class of Type II trucks.

In general, for the empty cars equipped with Type II 
trucks, the rate of increase of the amplitude o f vertical 
oscillations with increasing vehicle speed is small; the 
response curves level off in the speed range of 40 to 60 
mph. Above 60 mph, the rate of increase in the 
response levels of some trucks indicate possible 
resonance phenomena at high speeds or, perhaps, a high 
degree of coupling between the vertical and lateral 
motions of the vehicle system exciting coupled modes. 
An examination of the performance of the class of rigid 
trucks relative to the radial trucks indicate that, for 
the empty car test conditions, the responses for the 
radial trucks vary in a range so wide that they form the 
upper and lower bounds of performance for the whole 
group of Type n trucks; in the loaded condition, the 
response of the radial trucks also determines the upper 
bounds of performance for the whole group o f Type II 
trucks tested.

In lateral motion, the responses of the primary suspen­
sion trucks with empty cars indicate levels higher than 
that for the secondary suspension trucks. In the loaded 
condition, the differences in the levels of acceleration 
responses were not significant. Empty cars generally 
indicated higher levels of lateral acceleration response 
as compared to loaded cars for the Type II trucks, as a 
group.

Generalization of performance for groups of Type H 
trucks in the case of roll motion proved to be difficult. 
Rather, individual trucks showed the ability of specific 
design features to influence roll motion. The ability of 
a given truck to provide the levels of damping required 
to control the motion was especially demonstrated in 
the results of the roll response levels.

TABLE 5.3-1. SYMBOL IDENTIFICATION FOR TYPE B TRUCKS

A Dresser DR-1
r~ •

Primary Suspension 
Trucks c •

□ Barber-Scheffel Secondary Suspension 
Trucks A □ A ■

O Devine-Scales Primary + Secondary 
Suspension Trucks 0

• Maxiride 100

A National Swing Motion Radial Trucks A D O

■ ACF Fabricated Rigid Trucks' • a a

0 Alusuisse Other Trucks 0
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FIGURE 5.3.1-1 RMS LATERAL ACCELERATION AT SILL
LEVEL VERSUS SPEED - PRIMARY 
SUSPENSION TRUCKS/EMPTY CARS

SPEED, MPH
FIGURE 5.3.1-3 RMS LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - PRIMARYSUSPENSION TRUCKS/LOADED CARS

30 HO 50 60 70 80
SPEED, MPH

FIGURE 5.3.1-2 RMS LATERAL ACCELERATION AT SILL
LEVEL VERSUS SPEED - SECONDARY 
SUSPENSION TRUCKS/EMPTY CARS

SPEED, MPH
FIGURE 5.3.1-4 RMS LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - SECONDARYSUSPENSION TRUCKS/LOADED CARS
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FIGURE 5.3.1-5 RMS LATERAL ACCELERATION AT SILL 
LEVEL VERSUS SPEED - PRIMARY +
SECONDARY SUSPENSION TRUCKS/LOADED CARS

FIGURE 5.3.1-6 PEAK LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - PRIMARYSUSPENSION TRUCKS/EMPTY CARS
FIGURE 5.3.1-7 PEAK LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - SECONDARYSUSPENSION TRUCKS/EMPTY CARS
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FIGURE 5.3.1-9 PEAK LATERAL ACCELERATION AT SILL 
LEVEL VERSUS SPEED - SECONDARY 
SUSPENSION TRUCKS/LOADED CARS

FIGURE 5.3.1-10 PEAK LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - PRIMARY +SECONDARY SUSPENSION TRUCKS/LOADED CARS
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SPEED, HPH
FIGURE 5.3.1-11 RMS LATERAL ACCELERATION AT SILL 

LEVEL VERSUS SPEED - RADIAL TRUCKS/ 
EMPTY CARS

SPEED, MPH
FIGURE 5.3.1-12 RMS LATERAL ACCELERATION AT SILL 

LEVEL VERSUS SPEED - RIGID TRUCKS/ 
EMPTY CARS

SPEED, HPH
FIGURE 5.3.1-13 RMS' LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - RADIAL TRUCKS/LOADED CARS

FIGURE 5.3.1-14 RMS LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - RIGID TRUCKS/LOADED CARS
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FIGURE 5.3.1-15 PEAK LATERAL ACCELERATION AT SILL 
LEVEL VERSUS SPEED - RADIAL TRUCKS/ 
EMPTY CARS

SPEED, MPH
FIGURE 5.3.1-16 ' PEAK LATERAL ACCELERATION AT SILL 

LEVEL VERSUS SPEED - RIGID TRUCKS/ 
EMPTY CARS

FIGURE 5.3.1-17 PEAK LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - RADIAL TRUCKS/LOADED CARS
FIGURE 5.3.1-18 PEAK LATERAL ACCELERATION AT SILLLEVEL VERSUS SPEED - RIGID TRUCKS/LOADED CARS
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5.3.1-19 RMS LATERAL ACCELERATION AT CARBODY 

CENTER/SILL LEVEL VERSUS SPEED - 
PRIMARY SUSPENSION TRUCKS/EMPTY CARS

SPEED, MPH
FIGURE 5.3.1-20 RMS LATERAL ACCELERATION AT CARBODY 

CENTER/SILL LEVEL VERSUS SPEED - 
SECONDARY SUSPENSION TRUCKS/EMPTY CARS

FIGURE 5.3.1-21 RMS LATERAL ACCELERATION AT CARBODY FIGURE 5.3.1-22 RMS LATERAL ACCELERATION AT CARBODYCENTER/SILL LEVEL VERSUS SPEED - CENTER/SILL LEVEL VERSUS SPEED -PRIMARY SUSPENSION TRUCKS/LOADED CARS ' SECONDARY SUSPENSION TRUCKS/LOADED CARS
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FIGURE 5,3.1-23 RMS LATERAL ACCELERATION AT CARBODY 

CENTER/SILL LEVEL VERSUS SPEED - 
PRIMARY + SECONDARY SUSPENSION 
TRUCKS/LOADED CARS

FIGURE 5.3.1-24 PEAK LATERAL ACCELERATION AT CARBODYCENTER/SILL LEVEL VERSUS SPEED -PRIMARY SUSPENSION TRUCKS/EMPTY CARS

SPEED, HPH
FIGURE 5.3.1-25 PEAK LATERAL ACCELERATION AT CARBODY,CENTER/SILL LEVEL VERSUS SPEED -/SECONDARY SUSPENSION TRUCKS/EMPTY CARS
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FIGURE 5.3.1-26 PEAK LATERAL ACCELERATION AT CARBODY 
CENTER/SILL LEVEL VERSUS SPEED - 
PRIMARY SUSPENSION TRUCKS/LOADED CARS

SPEED, MPH

FIGURE 5.3.1-27 PEAK LATERAL ACCELERATION AT CARBODY 
CENTER/SILL LEVEL VERSUS SPEED - 
SECONDARY SUSPENSION TRUCKS/LOADED CARS

FIGURE 5.3.1-28 PEAK LATERAL ACCELERATION AT CARBODY 
CENTER/SILL LEVEL VERSUS SPEED - 
PRIMARY + SECONDARY SUSPENSION TRUCKS/ 
LOADED CARS ,
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SPEED, MPH

FIGURE 5.3.1-29 RMS LATERAL ACCELERATION AT CARBODY 
CENTER/SILL LEVEL VERSUS SPEED - 
RADIAL TRUCKS/EMPTY CARS

FIGURE 5.3.1-31 RMS LATERAL ACCELERATION AT CARBODYCENTER/SILL LEVEL VERSUS SPEED -RADIAL TRUCKS/LOADED CARS

FIGURE 5.3.1-30 RMS LATERAL ACCELERATION AT CARBODY 
CENTER/SILL LEVEL VERSUS SPEED - .
RIGID TRUCKS/EMPTY CARS

FIGURE 5.3.1-32 RMS LATERAL ACCELERATION AT CARBODYCENTER/SILL LEVEL VERSUS SPEED -' RIGID TRUCKS/LOADED CARS
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SPEED, MPH
FIGURE 5.3.1-33 PEAK LATERAL ACCELERATION AT CARBODY 

CENTER/SILL LEVEL VERSUS SPEED - 
RADIAL TRUCKS/EMPTY CARS

FIGURE 5.3.1-34 PEAK LATERAL ACCELERATION AT CARBODY 
CENTER/SILL LEVEL VERSUS SPEED - 
RIGID TRUCKS/EMPTY CARS

FIGURE 5.3.1-35 PEAK LATERAL ACCELERATION AT CARBODYCENTER/SILL LEVEL VERSUS SPEED -RADIAL TRUCKS/LOADED CARS

SPEED, KPH
FIGURE 5.3.1-36 PEAK LATERAL ACCELERATION AT CARBODYCENTER/SILL LEVEL VERSUS SPEED -RIGID TRUCKS/LOADED CARS
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SPEED. MPH
FIGURE 5.3.1-37 RMS LATERAL ACCELERATION AT LEADING 

AXLE/LEADING TRUCK VERSUS SPEED - 
PRIMARY SUSPENSION TRUCKS/EMPTY CARS

SPEED, MPH
FIGURE 5.3.1-38 RMS LATERAL ACCELERATION AT LEADING 

AXLE/LEADING TRUCK VERSUS SPEED - 
SECONDARY SUSPENSION TRUCKS/EMPTY CARS

FIGURE 5.3.1-39 RMS LATERAL ACCELERATION AT LEADINGAXLE/LEADING TRUCK VERSUS SPEED -PRIMARY SUSPENSION TRUCKS/LOADED CARS

SPEED, MPH

FIGURE 5.3.1-40 RMS LATERAL ACCELERATION AT LEADINGAXLE/LEADING TRUCK VERSUS SPEED -' SECONDARY SUSPENSION TRUCKS/LOADED CARS
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FIGURE 5-3.1.41 RMS LATERAL ACCELERATION AT LEADING 
AXLE/LEADING TRUCK VERSUS SPEED - 
PRIMARY + SECONDARY SUSPENSION 
TRUCKS/LOADED CARS

SPEED, MPH
FIGURE 5.3.1-42 RMS LATERAL ACCELERATION AT LEADINGAXLE/LEADING TRUCK VERSUS SPEED -RADIAL TRUCKS/EMPTY CARS

SPEED, MPH
FIGURE 5.3.1-43 RMS LATERAL ACCELERATION AT LEADINGAXLE/LEADING TRUCK VERSUS SPEED -RIGID TRUCKS/EMPTY CARS
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FIGURE 5.3.1-44 RMS LATERAL ACCELERATION AT LEADING 

AXLE/LEADING TRUCK VERSUS SPEED - 
RADIAL TRUCKS/LOADED CARS

30 AO 50 60 70 80
SPEED, MPH

FIGURE 5.3.1-45 RMS LATERAL ACCELERATION AT LEADING 
AXLE/LEADING TRUCK VERSUS SPEED - 
RIGID TRUCKS/LOADED CARS

SPEED, MPH
FIGURE 5.3.1-46 RANGE OF CHARACTERISTIC FREQUENCY 

OF HUNTING - ALL TEST CONDITIONS
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TABLE 5.3,1-1. RESULTS OF TEST DATA ANALYSIS 
IN LATERAL STABILITY REGIME.PRIMARY & SECONDARY 
TRUCKS, EMPTY CAR

Truck
Classification

Phenomenological
Behavior

Range of
Critical
Speed(mph)

Hunting
Frequency(Hz)

Track
Excitation
Frequency(liz)

RMS Lateral 
Acceleration 
(g's)

Peak
Lateral
Accel.
(g's)

Percentage of 
Time of Occurrence 
of Observed 
Phenomenon

Primary
Suspension
Trucks

o

Moderate
Amplitude
Intermittent
Hunting

60 2.70 2.30 0.12-0.14 0.55-0.60 60-65

Sustained Hunting 79 3.0 3.0 0.12-0.16 0.85-0.88 100

•

Moderate
Amplitude
Intermittent
Hunting

65-70 2.70 2.5-2.6 0.11-0.12 0.63-0.65 60-65

High Amplitude
Intermittent
Hunting

79 3.0 3.0 0.12-0.14 0.80-0.84 75-80

A
Moderate
Amplitude
Intermittent
Hunting

60-65 2.70-2.80 2.30-2.50 ,05-0.10 0.34-0.43 60-65

Secondary 
Suspension 
Trucks ^

Moderate
Amplitude
Intermittent
Hunting

45 2.90 1.70 0.10 0.35-0.43 65-70

Sustained Hunting 55-60 2.90 2.0-2.30 0.20-0.24 0.65-0.68 100

▲
Moderate
Amplitude
Intermittent
Hunting

60-65 2.70-3.0 2.30-2.50 0.07-0.09 0.G0-0.60 60-65

■

Moderate
Amplitude
Intermittent
Hunting

60-65 . 2.70 2.30-2.50 0.08-0.12 0.41-0.50 6Q-65

TABLE 5.3.1-2. RESULTS OF TEST DATA ANALYSIS 
IN LATERAL STABILITY REGIME,PRIMARY & SECONDARY 
TRUCKS, LOADED CAR

Truck
Classification

Phenomenological
Behavior

Range of
Critical
Speed(mph)

Hunting
Frequency(Hz)

Track
Excitation
Frequency(Hz)

RMS Lateral 
Acceleration
(g’s)

Peak
Lateral
Accel.
(g's)

Percentage of 
Time of Occurrence 
of Observed 
Phenomenon

Primary
Suspension
Trucks

W

Moderate
Amplitude
Intermittent
Hunting

70-75 2.70 2.60-2.80 0.07-0.11 0.60-0.70 40-50

70-79 2.70 2.60-3.0 0.10-0.14 0.60-0.75 55-60

A _
Secondary r*i 
Suspension  ̂
Trucks —  

▲
■

Moderate
Amplitude
Intermittent
Hunting

75-79 2.70-3.0 2.80-3.0 0.10-0.14 0.48-0.5 80-85
79 3.0 3.0 0.07-0.09 0.41-0,43 15-20

70-75 2.80 2.60-2.80 0.07-0.08 0.50-0.55 30-35
70 2.70 2.60 0.10-0.14 0.35-0.40 80

Primary + 
Secondary 
Suspension / \  
Trucks V

None N/A N/A N/A N/A N/A N/A
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TABLE 5-3.1-3. RESULTS OF TEST DATA ANALYSIS 
IN LATERAL STABILITY REGIME, RADIAL AND RIGID 
TRUCKS, EMPTY CAR

Truck
Classification

Phenomenological
Behavior

Range of
Critical
Speed(inph)

Hunting
Frequency(Hz)

Track
Excitation
Frequency(Hz)

RMS Lateral 
Acceleration 
(g's)

Peak
Lateral
Accel.
(g's)

Percentage of 
Time of Occurrence 
of Observed 
Phenomenon

A
Moderate
Amplitude
Intermittent
Hunting

60-65 2.7-2.8 2.3-2.5 0.05-0.L0 0.34-0.43 60-65

Kadiul r—| 
Trucks 1—11

Moderate
Amplitude
Intermittent
Hunting

45 2.9 1.70 0.10 0.35-0.43 65-70

Sustained Hunting 55-60 2.90 2.0-2.30 0.2-0.24 0.65-0.68 100

o

Moderate
Amplitude
intermittent
Hunting

60 2.70 . 2.30 0,12-0.14 0.55-0.60 60-65

Sustained Hunting 79 3.0 3.0 0.12-0.16 0.87-0.88 100

A
Moderate
Amplitude
Intermittent
Hunting

60-65 2.70-3.0 2.3-2.5 .07-0.09 0.46-0.48 60-65

Rigid
Trucks (p

Moderate
Amplitude
Intermittent
Hunting

65-70 2.70 2.5-2.6 0.105-0.12 0.63-0.65 60-65

High Amplitude
Intermittent
Hunting

79. 3.0 3.0 0.12-0.14 0.80-0.84 75-80

■
Moderate
Amplitude
Intermittent
Hunting

60-65 2.7 2.3-2.5 0.08-0.12 * 0.50-0.60 60-65

TABLE 5.3.1-4. RESULTS OF TEST DATA ANALYSIS 
IN LATERAL STABILITY REGIME, RADIAL AND RIGID 
TRUCKS, LOADED CAR

Truck
Classification

Phenomenological
Behavior

Range of
Critical
Speed(mph)

Hunting
Frequency(Hz)

Track
Excitation
Frequency(Hz)

RMS Lateral 
Acceleration 
(g's)

Peak
Lateral
Accel.
(g's)

Percentage of 
Time of Occurrence 
of Observed 
Phenomenon

A

Radial D  
Trucks ^ —

Moderate
Amplitude
Intermittent
Hunting

75-79 2.7-3.0 2.8-3.0 0.1-0.14 0.48-0.50 80-85

79 3.0 3.0 0.07-0.09 0.41-0.43 15-20
70-75 2.7 2.6-2.8 .07-0.11 0.60-0.70 40-50

A_
Rigid #  
Trucks —

■

Moderate
Amplitude
Intermittent
Hunting

70-75 2.8 2.6-2.8 0.07-0.08 0.50-0.55 , 30-35
70-79 2.7 2.6-3.0 0.1-0.14 0.6-0.75 55-60
70 2.7 2.6 0.1-0.14 0.35-0.40 80

Unconventional
0

None N/A N/A N/A N/A N/A N/A

28



TABLE 5.3.2-1. WHEEL UNLOADING INDEX LEVELS 
FOR PRIMARY & SECONDARY SUSPENSION TRUCKS

Empty Car Loaded Car
Truck Average Standard

Deviation WU195 Average Standard
Deviation WUI95

Primary Suspension 
Trucks

o 0.454 0.218 0.744 .252 0.136 0.512 .

• 0.177 0.069 0.297 0.182 0.068 0.307

Secondary Suspension A 0.564 0.135 0.783 0.190 0.053 0.281
□ 0.156 0.218 0.343 0.241 0.101 0.400

▲ 0.314 0.126 0.553 0.277 0.058 0.368

TABLE 5.3.2-2. WHEEL UNLOADING INDEX LEVELS 
FOR RADIAL AND RIGID TRUCKS

Empty Car Loaded Car
Truck Average Standard

Deviation WUI95 Average Standard
Deviation WUI95

Radial
Trucks

. A 0.564 0.135 0.763 0.190 0.053 ' 0.281
□ 0.156 0.083 0.343 0.241 0.101 0.400
O 0.454 0.218 0.744 0.252 0.136 0.512

Rigid A 0.314 0.126 0.553 0.277 0.058 0.368

• 0.177 0.069 0.297 ‘ .0.182 Q.068 0.307
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FIGURE S.3.2-9 
95% LEVEL OF WHEEL UNLOADING INDEX 

FIGURE S.3.2-10 
95% LEVEL OF WHEEL UNLOADING INDEX

VERSUS SPEED -PRIMARY-EUSPENSION 
VERSUS SPEED - SECONDARY SUSPENSION

TRUCKS/EMPTY CARS/5.2 CURVE 
TRUCKS/EMPTY CARS/5.20 CURVE

95% LEVEL OF WHEEL UNLOADING INDEX

95% LEVEL OF WHEEL UNLOADING INDEX
O O O O o Mo n> « oo o



FIGURE 5.3.2-15 
95% LEVEL OF WHEEL UNLOADING INDEX 

FIGURE 5.3.2-16 
95% LEVEL OF WHEEL UNLOADING INDEX

VERSUS SPEED - PRIMARY SUSPENSION 
VERSUS SPEED - SECONDARY SUSPENSION

TRUCKS/LOADED CARS/6.2°CURVE 
' TRUCKS/LOADED CARS/6.2 CURVE

95% LEVEL OF WHEEL UNLOADING INDEX
CD O © O ©o ro (7i oc a

95% LEVEL OF WHEEL UNLOADING INDEX
o  O O O O £-*
o r o  ^  oo o



95% LEVEL OF WHEEL UNLOADING INDEX



FIGURE 5.3.2-17 95% LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RADIAL TRUCKS/EMPTY CARS/2.5° CURVE
FIGURE 5.3.2-18 95% LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RIGID TRUCKS/EMPTY CARS/2.5U CURVE

FIGURE 5.3.2-19 95% LEVEL OF WHEEL UNLOADING INDEX
VERSUS SPEED - RADIAL TRUCKS/LOADED
CARS/2.5U CURVE

FIGURE 5.3.2-20 95% LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RIGID TRUCKS/LOADED CAKS/2.5" CURVE
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5.3.2-25 9595 LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RADIAL TRUCKS/EMPTY CARS/5.2U CURVE
FIGURE 5.3.2-26 9596 LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RIGID TRUCKS/EMPTY CARS/5.2U CURVE

----- CURVE ENTRY
----- CURVE EXIT

0.8 -

0.6 -

10 20 30 NO 50

SPEED. MPH

FIGURE 5.3.2-27 95% LEVEL OF WHEEL UNLOADING INDEX
VERSUS SPEED - RADIAL TRUCKS/LOADED
CARS/5.2U CURVE
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10 20 30 40 50

SPEED, MPH

FIGURE 5.3.2-29 95% LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RADIAL TRUCKS/EMPTY CAKS/6.2U CURVE
FIGURE 5.3.2-30 95% LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RIGID TRUCKS/EMPTY CARS/C,2° CURVE

10 20 30 40 50

SPEED, MPH

FIGURE 5.3.2-31 95% LEVEL OF WHEEL UNLOADING INDEX
VERSUS SPEED - RADIAL TRUCKS/LOADED
CARS/6.2 CURVE

FIGURE 5.3.2-32 95% LEVEL OF WHEEL UNLOADING INDEXVERSUS SPEED - RIGID TRUCKS/LOADED CARS/6.21"' CURVE
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FIGURE 5.S.3-3 
LATERAL FORCE ON LEADING OUTER WHEEL 

FIGURE 5.3.3-4 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS DEGREE OF CURVATURE/NEAR BALANCE 
VERSUS DEGREE OF CURVATURE/NEAR BALANCE

SPEED/PIGHT HAND CURVES/TYPE B TRUCKS 
, SPEED/LEFT HAND CURVES/TYPE II TRUCKS

WITH LOADED HOPPER CARS 
WITH LOADED HOPPER CARS

AVERAGE LATERAL FORCE, LB

AVERAGE LATERAL FORCE, LB
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FIGURE 5.3.3-1 
LATERAL FORCE ON LEADING OUTER WHEEL 

FIGURE 5.3.3-2 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS DEGREE OF CURVATURE/NEAR 
VERSUS DEGREE OF CURVATURE/NEAR BALANCE

BALANCE SPEED/RIGHT HAND CURVES/ 
SPEED/LEFT HAND CURVES/TYPE H TRUCKS

TYPE H TRUCKS WITH EMPTY HOPPER CARS 
WITH EMPTY HOPPER CARS

AVERAGE LATERAL FORCE. LB 20.00U |----1----1--------t----1---
-j 

20,000
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5.3.3-S LATERAL FORCE ON LEADING OUTER WHEEL VERSUS SPEED - 2.5 CURVE/PRIMARY SUSPENSION TRUCKS/EMPTY HOPPER CARS
FIGURE S.3.3-6 LATERAL FORCE ON LEADING OUTER WHEEL VERSUS SPEED - 2.5 CURVE/SECONDARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-7 LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS SPEED - 3.7 CURVE/PRIMARY
SUSPENSION TRUCKS/EMPTY HOPPER CARS

FIGURE S.3.3-8 LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS SPEED - 3.7 CURVE SECONDARY
SUSPENSION TRUCKS/EMPTY HOPPER CARSI
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FIGURE 5.3.3-11 
LATERAL FORCE ON LEADING OUTER WHEEL 

FIGURE 5.3.3-12 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS SPEED - 5.2 CURVE/PR1MARY 
VERSUS SPEED - 5.2 CURVE/SECONDARY

SUSPENSION TRUCKS/EMPTY HOPPER CARS 
, SUSPENSION TRUCKS/EMPTY HOPPER CARS

AVERAGE LATERAL FORCE. LB
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FIGURE 5.3.3-9 
LATERAL FORCE OS LEADING OUTER WHEEL 

FIGURE 5.3.3-10 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS SPEED - 5.1° CUAVE/PR1MARY 
VERSUS SPEED - 5.1u CURVE/SECONDARY

SUSPENSION TRUCKS/EMPTY HOPPER CARS 
SUSPENSION TRUCKS/EMPTY HOPPER CARS

AVERAGE LATERAL FORCE, LB

AVERAGE LATERAL FORCE, LB

20,000 |------1------1------1------1 
20,000
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5.3.3-13 LATERAL FORCE ON LEADING OUTER WHEEL VERSUS SPEED - 6.2 CURVE/PRIMARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

TRACK CURVATURE, DEGREE

FIGURE 5.3.3-15 LATERAL FORCE ON LEADING OUTER WHEELVERSUS DEGREE OF CURVATURE NEAR BALANCE SPEED - LEFT HAND CURVES - PRIMARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-14 LATERAL FORCE ON LEADING OUTER WHEEL VERSUS SPEED - 6.2° CURVE/3ECONDARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-16 LATERAL FORCE ON LEADING OUTER WHEELVERSUS DEGREE OF CURVATURE NEAR BALANCE SPEED - LEFT HAND CURVES - SECONDARY ' SUSPENSION TRUCKS/EMPTY HOPPER CARS
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FIGURE 5.3.3-17 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 2.5U CURVE/PRIMARY SUSPENSION TRUCKS/EMPTY HOPPER CARS
FIGURE 5.3.3-18 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 2.5U CURVE/SECONDARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-19 L/V RATIO ON LEADING OUTER WHEEL VERSUS’
SPEED - 3.7 CURVE/PRIMARY SUSPENSION
TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-20 L/V RATIO QN LEADING OUTER WHEEL VERSUS
SPEED - 3.7U CURVE/SECONDARY SUSPENSION
TRUCKS/EMPTY HOPPER CARS
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5.3.3-21 L/V RATIO QN LEADING OUTER WHEEL VERSUS SPEED - 5.1 CURVE/PRIMARY SUSPENSION FIGURE 5.3.3-22 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 5.1° CURVE/SECONDARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-23 L/V RATIO ON LEADING OUTER WHEEL VERSUS
SPEED - 5.2 CURVE/PRIMARY SUSPENSION
TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-24 L/V RATIO ON LEAIUNG OUTER WHEEL
VERSUS SPEED - 5.2 CURVE/SECONDARY
SUSPENSION TRUCKS/EMPTY HOPPER CARS
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5.3.3-25 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 6.2° CURVE/PRIMARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

----1----1--______I____I____
1 2 3 A 5 6 7

TRACK CURVATURE, DEGREE

FIGURE 5.3.3-27 L/V RATIO ON LEADING OUTER WHEEL VERSUSDEGREE OF CURVATURE NEAR BALANCE SPEED - LEFT HAND CURVES - PRIMARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-26 L/V RATIO QN LEADING OUTER WHEEL VERSUS SPEED - 6.2 CURVE/SECONDARY SUSPENSION TRUCKS/EMPTY HOPPER CARS

TRACK CURVATURE, DEGREE

FIGURE 5.3.3-28 L/V RATIO ON LEADING OUTER WHEEL VERSUS DEGREE OF CURVATURE NEAR BALANCE SPEED LEFT HAND CURVES - SECONDARY SUSPENSION ' TRUCKS/EMPTY HOPPER CARS
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FIGURE 5.3.3-29 LATERAL FORCE OK LEADING OUTER WHEEL VERSUS SPEED - 2.5 CURVE/RADIAL TRUCKS/EMPTY HOPPER CARS
FIGURE 5.3.3-30 LATERAL FORCE OK LEADING OUTER WHEEL VERSUS SPEED - 2.5 CURVE/RIGID TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-31 LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS SPEED - 3.7W CURVE/RADIAL
TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-32 LATERAL FORCE ON LEADING OUTER WHEEL
VERSUS SPEED - 3.7 CURVE/RIGID
TRUCKS/EMPTY HOPPER CARS
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FIGURE 5.3.3-35 
LATERAL FORCE ON LEADING OUTER WHEEL 

FIGURE 5.3.3-36 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS SPEED - 5.2° CURVE/RADIAL 
VERSUS SPEED - 5.2° CURVE/RIGID

TRUCKS/EMPTY HOPPER CARS 
TRUCKS/EMPTY HOPPER CARS
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FIGURE 5.3.3-33 
LATERAL FORCE OH LEADING OUTER WHEEL 

FIGURE 5.3.3-34 
LATERAL FORCE OH LEADING OUTER WHEEL

VERSUS SPEED - 5.1 CURVE/RADIAL 
VERSUS SPEED - 5.1° CURVE/RIGID

TBUCKS/EMPTY HOPPER CARS 
TRUCKS/EMPTY HOPPER CARS

AVERAGE LATERAL FORCE, LB
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FIGURE 5.3.3-37 LATERAL FORCE ON LEADING OUTER WHEEL VERSUS SPEED - 6.2U CURVE/RADIAL TRUCKS/EMPTY HOPPER CARS
FIGURE 5.3.3-38 LATERAL FORCE ON LEADING OUTER WHEEL VERSUS SPEED - 6.2 CURVE/RIGID TRUCKS/EMPTY HOPPER CARS

TRACK CURVATURE, DEGREE

20,000

15,0003
UJ(_>CdoIX.
§ 10.000t—
3
LU(JDsUJ>

5,000

0
i  2 3 A 5 6 7

TRACK CURVATURE, DEGREE

i i i i r

J_______I I_______L

FIGURE 5.3.3-39 LATERAL FORCE ON LEADING OUTER WHEEL VERSUS DEGREE OF CURVATURE NEAR BALANCE SPEED - LEFT HAND CURVES - RADIAL TRUCKS/EMPTY HOPPER CARS
FIGURE 5.3.3-40 LATERAL FORCE ON LEADING OUTER WHEEL VERSUS DEGREE OF CURVATURE NEAR BALANCE SPEED - LEFT HAND CURVES - ' RIGID TRUCKS/EMPTY HOPPER CARS
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5.3.3-41 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 2.5° CURVE/RADIAL TRUCKS/ 'EMPTY HOPPER CARS
FIGURE 5.3.3-42 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 2.5° CURVE/RIGID TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-43 L/V RATIO QN LEADING OUTER WHEEL VERSUS
SPEED - 3.7U CURVE/RADIAL TRUCKS/
EMPTY HOPPER CARS

FIGURE 5.3.3-44 L/V RATIO ON LEADING OUTER WHEEL VERSUS
SPEED - 3.7 CURVE/RIGID TRUCKS/
EMPTY HOPPER CARS
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20 30 40

SPEED, MPH

FIGURE 5.3.3-45 L/V RATIO QN LEADING OUTER WHEEL VERSUS SPEED - 5.1 CURVE/RAD1AL TRUCKS/EMPTY HOPPER CARS
FIGURE 5.3.3-46 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 5.1° CURVE/RIGID TRUCKS/EMPTY HOPPER CARS

FIGURE 5.3.3-47 L/V RATIO.QN LEADING OUTER WHEEL VERSUS
SPEED - 5.2° CURVF./RADIAL TRUCKS/
EMPTY HOPPER CARS

FIGURE 5.3.3-48 L/V RATIO ON LEADING OUTER WHEEL VERSUS
SPEED - 5.2 CURVE/RIGID TRUCKS/

, EMPTY HOPPER CARS
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5.3.3-49 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 6.2° CURVE/RADIAL TRUCKS/EMPTY HOPPER CARS
FIGURE 5.3.3-50 L/V RATIO ON LEADING OUTER WHEEL VERSUS SPEED - 6.2U CURVE/RIGID TRUCKS/EMPTY HOPPER CARS

TRACK CURVATURE, DEGREE

FIGURE 5.3.3-51 L/V RATIO ON LEADING OUTER WHEEL VERSUS DEGREE OF CURVATURE NEAR BALANCE SPEED - LEFT HAND CURVES - RADIAL TRUCKS/EMPTY HOPPER CARS

0.2 -

0.0 ____i____i____i____i____i___^
1 2  3 4 5 6 7

TRACK CURVATURE, DEGREE

FIGURE 5.3.3-52 L/V RATIO ON LEADING OUTER WHEEL VERSUS DEGREE OF CURVATURE NEAR BALANCE SPEED - LEFT HAND CURVES - ' RIGID TRUCKS/EMPTY HOPPER CARS
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FIGURE 5.3.3-55 
LATERAL FORCE ON LEADING OUTER WHEEL 

FIGURE 5.3.3-56 
LATERAL FORCE ON LEADING OUTER WH]

VERSUS SPEED - 3.7° CURVE/PRIMARY 
VERSUS SPEED - 3.7 CURVE/SECONDARY

• SUSPENSION TRUCKS/LOADED HOPPER CARS 
, SUSPENSION TRUCKS/LOADED HOPPER CA.
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FIGURE 5.3.3-53 
LATERAL FORCE OS LEADING OUTER WHEEL 

FIGURE 5.3.3-54 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS SPEED - 2.5 CURVE/PRIMARY 
VERSUS SPEED - 2.5 CURVE/SECONDARY

SUSPENSION TRUCKS/LOADED HOPPER CARS 
SUSPENSION TRUCKS/LOADED HOPPER CARS
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FIGURE 5.3.3-59 
LATERAL FORCE ON LEADING OUTER WHEEL 

FIGURE 5.3.3-60 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS SPEOT- 5.2° CURVE/PRIMARY 
VERSUS SPEED - 5.2 CURVE/SECONDARY

SUSPENSION TRUCKS/LOADED HOPPER CARS 
SUSPENSION TRUCKS/LOADED HOPPER CARS
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FIGURE 5.3.3-57 
LATERAL FORCE OK LEADING OUTER WHEEL 

FIGURE 5.3.3-58 
LATERAL FORCE ON LEADING OUTER WHEEL

VERSUS SPEED - 5.1 CURVE/PRIMARY 
VERSUS SPEED - 5.1 CURVE/SECONDARY

SUSPENSION TP.UCKS/LOADED HOPPER CARS 
SUSPENSION TRUCKS/LOADED HOPPER CARS

AVERAGE LATERAL FORCE, LB

AVERAGE LATERAL FORCE, LB
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FIG U R E 5.3.3-65 L/V R A TIO  ON LEAD IN G  O U TER  WHEEL VERSUS 
SPEED -  2.5°C UR V E/PR IM A R Y SUSPENSION 
TR UC KS/LO A DED  HOPPER CARS

FIGURE 5.3.3-67 L/V RATIO O N  LEADING O U T E R  W H E E L  VERSUS
SPEED - 3.7”  C U R V E / P R I M A R Y  SUSPENSION
T R U C K S / L O A D E D  H O P P E R  C A R S

F IG U R E 5.3.3-66 L/V R A TIO  ON LEAD IN G  O U TE R  W HEEL VERSUS 
SPEED -  2.5° CUR VE/SECO ND AR Y SUSPENSION 
TR UC KS/LO A D ED  HOPPER CARS

FIGURE 5.3.3-68 L/V RATIO Q N  LEADING O U T E R  W H E E L  VERSUS-
SPEED - 3.7U  C U R V E / S E C O N D A R Y  SUSPENSION

, T R U C K S / L O A D E D  H O P P E R  C A R S
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5.3.3-69 L/V B A TJQ  ON LEAD IN G  O U TER  W HEEL VERSUS 
SPEED -  5.1° CURVE/PRIM ARY SUSPENSION 
TR UC KS/LO A D ED  HOPPER CARS

FIG U R E 5.3.3-70 L/V R A TIO  QN LEAD IN G  O U TE R  W HEEL VERSUS 
SPEED -  5 . l '  CUR V E/SECO ND AR Y SUSPENSION 
TR U C K S /LO A D ED  HOPPER CARS

FIGURE 5.3.3-71 L/V RATIO O N  LEADING O U T E R  W H E E L  VERSUS
SPEED - 5.2° C U R V E / P R I M A R Y  SUSPENSION
T R U C K S / L O A D E D  H O P P E R  C A R S

30

SPEED. MPH

FIGURE 5.3.3-72 L/V RATIO O N  LEA D I N G  O U T E R  W H E E L  VERS U S
S P EED - 5.2 C U R V E / S E C O N D A R Y  SUSPENSION
T R U C K S / L O A D E D  H O P P E R  C A R S
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5.3.3-73 L/V R A TIO  ON LEAD IN G  O U TER  W HEEL VERSUS '  F IG U R E 5.3.3-74 L/V R A TIO  ON LEAD IN G  O U TE R  W H EEL VERSUS 
SPEED -  6.2 CURVE/PRIM ARY SUSPENSION SPEED -  6.2° CUR VE/SECO ND AR Y SUSPENSION
TR UC KS/LO A D ED  HOPPER CARS TR U C K S /LO A D ED  HOPPER CAR S

2 3 A 5 6

TRACK CURVATURE, DEGREE

F IG U R E 5.3.3-75 L/V R A TIO  ON L EA D IN G  O U TE R  W HEEL VERSUS
D EGR EE O F C U R V A TU R E  NEAR B A LA N C E  SPEED -  
L E F T  H AN D  CURVES -  PRIM ARY SUSPENSION 
TR UC KS/LO A D ED  HOPPER CARS

F IG U R E 5.3.3-76 L/V R A TIO  ON LEAD ING O U TE R  W HEEL 
VERSUS D EGR EE O F C U R V A TU R E  N EAR  
B A LA N C E  SPEED -  L E F T  H AN D  CURVES -  
S ECO N D AR Y SUSPENSION TR U C K S /LO A D ED  
HOPPER CARS
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F IG U R E 5.3.3-77 L A T E R A L  FO R C E O N  LEAD IN G  O U TE R  WHEEL 
VERSUS SPEED -  2.5 CUR V E/R AD IA L 
TR U C K S /LO A D ED  HOPPER CARS

FIGUR E 5.3.3-78 L A T E R A L  F O R C E  ON LEAD IN G  O U TER  WHEEL 
VERSUS SPEED -  2.5 CURVE/RIGID 
TR U C K S /LO A D ED  HOPPER CARS

20.000

1 5 ,0 0 0

10,000

5 ,0 0 0

10

BALANCE SPEED

_L_
2 0  30

SPEED, MPH

A0 50

FIGURE 5.3.3-79 L A T E R A L  F O R C E  O N  LEADING O U T E R  W H E E L
VERSUS SPEED - 3.7 CURVE/ R A D I A L
T R U C K S / L O A D E D  H O P P E R  C A R S

FIGURE 5.3.3-80 L A T E R A L  F O R C E  O N  LEADING O U T E R  W H E E L
VERSUS SPEED - 3.7 CURVE/RIGID
T R U C K S / L O A D E D  H O P P E R  C A R S
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FIG U R E 5.3.3-89 L/V R A TIO  QN LEAD ING O U TER  W HEEL VERSUS 
SPEED -  2.5 CUR VE/R ADIAL TR UCKS/
LO A D ED  HOPPER CARS

FIG U R E 5.3.3-90 L/V R A TIO  ON LEAD IN G  O U TE R  W HEEL VERSUS 
SPEED -  2.5U  CURVE/RIGID TR UCKS/
LO A D ED  HOPPER CARS

FIGURE 5.3.3-91 L/V RATIO O N  LEADING O U T E R  W H E E L  VER S U S  FIGURE 5.3.3-92 L/V RATIO Q N  LEADING O U T E R  W H E E L  VERSUS
SPEED - 3.7 C U R VE/RADIAL TRU C K S /  SPEED - 3.7° CURVE/RIGID TRU C K S /
L O A D E D  H O P P E R  C A R S  , L O A D E D  H O P P E R  C A R S

6 0



FIG U R E 5.3.3-93 L/V R A TIO  ON L EA D IN G  O U TER  WHEEL VERSUS 
SPEED -  5.1° CUR V E/R AD IA L TRUCKS/ 
L O A D ED  HOPPER CARS

FIG U R E 5.3.3-94 L/V R A TIO  ON LEAD IN G  O U TE R  W HEEL VERSUS 
SPEED -  5.1° CURVE/RIGID TR UCKS/
LO A D ED  HOPPER CARS

FIGURE 5.3.3-95 L/V RATIO Q N  L E A D I N G  O U T E R  W H E E L  VERSUS
SPEED - 5.2° C U R V E / R A D I A L  TBUCKS/
L O A D E D  H O P P E R  C A R S

FIGURE 5.3.3-96 L/V RATIO O N  LEADING O U T E R  W H E E L  VERSUS
SPEED - 5.2° CURVE/RIGID T R U C K S /
L O A D E D  H O P P E R  C A R S

61



FIG U R E 5.3.3-97 L/V R A TIO  QN LEAD IN G  O U TE R  W HEEL VERSUS F IG U R E  5.3.3-98 L/V R A TIO  QN LEAD IN G  O U TE R  W H EEL VERSUS
SPEED -  6.2° CUR VE/R AD IAL TR UCKS/ SPEED -  6.2° CURVE/RIGID TR UC KS/
L O A D ED  HOPPER CARS LO AD ED  HOPPER CARS

TRACK CURVATURE, DEGREE

o

§
>■

UJ
s

TRACK CURVATURE, DEGREE

FIG U R E 5.3.3-99 L/V R A TIO  ON LEAD IN G  O U TER  WHEEL VERSUS
D EG R EE OF C U R V A TU R E  N EAR  B A LA N C E SPEED r  
L E F T  H AN D  CURVES -  R A D IA L TRUCKS/
L O A D E D  HOPPER CARS

F IG U R E 5.3.3-100 L/V R A TIO  ON LEAD ING O U TE R  W H EEL VERSUS 
D EG R EE O F C U R V A TU R E/N EA R  B A L A N C E  SPEED 

, L E F T  H AN D  CURVES -  RIGID TR U C K S /LO A D ED  
HOPPER CARS
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F IG U R E  5.3.4-1 RMS V ER TIC A L  A C C E L E R A TIO N  VERSUS
SPEED t  0-20 H Z F R EQ U EN C Y  BAND/
EM PTY CARS/PRIM ARY SUSPENSION TR U C K S

FIGUR E 5.3.4-2 RMS V E R TIC A L  A C C E L E R A n O N  VERSUS SPEED 
-  0-20 H Z F R E Q U E N C Y  BA N D/EM PTY CARS/ 
S EC O N D A R Y  SUSPENSION TR U C K S

0.0 -
(ft

Zo
S  0 .3  -
UJ
LlJ(_>C_)c

§ 0,2 -
i—

0.0 _____I_____ i_____I----- l--:--
3 0  0 0  5 0  6 0  7 0  80

SPEED, MPH

FIGURE 5.3.4-3 R M S  VERTICAL A C C E L E R A T I O N  VERSUS SPEED -
0-20 H Z  F R E Q U E N C Y  B A N D / L O A D E D  CARS/
P R I M A R Y  SUSPENSION T R U C K S

FIGURE 5.3.4-4 R M S  V E RTICAL A C C E L E R A T I O N  VERSUS SPEED -
0-20 H Z  F R E Q U E N C Y  B A N D / L O A D E D  CARS/
S E C O N D A R Y  SUSPENSION T R U C K S
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FIG UR E 5.3.4-5 RMS V E R TIC A L  A C C E L E R A TIO N  VERSUS SPEED -
0-20 HZ FR E Q U E N C Y  BAND/LOADED CARS/ 
PRIM ARY + SECO N D AR Y SUSPENSION TR U C K S

FIG U R E  5.3.4-6 R M S  VERTICAL A C C E L E R A T I O N  VERSUS SPEED -
0-20 H Z  F R E Q U E N C Y  B A N D / E M P T Y  CARS/
RAD I A L  T R U C K S

FIGURE 5.3.4-7 R M S  VERTICAL A C C E L E R A T I O N  VERSUS SPEED
0-20 H Z  F R E Q U E N C Y  B A N D / E M P T Y  CARS/
RIGID T R U C K S
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FIG U R E 5.3.4-8 RMS V ER TIC A L  A C C E L E R A TIO N  VERSUS SPEED -
0-20 HZ F R E Q U E N C Y  BAND/LO ADED  CARS/ 
R A D IA L TR U C K S

FIGURE 5.3.4-9 RMS V E R TIC A L  A C C E L E R A TIO N  VERSUS SPEED 
0-20 HZ F R E Q U E N C Y  BAND/LO ADED  CARS/ 
RIGID TR U C K S
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SPEED, MPH SPEED, MPH

FIGURE 5.3.4-10 R M S  L A T E R A L  A C C E L E R A T I O N  VERSUS SPEED -
0-20 H Z  F R E Q U E N C Y  B A N D / E M P T Y  CARS/
P R I M A R Y  SUSPENSION T R U C K S

FIGURE 5.3.4-11 R M S  L A T E R A L  A C C E L E R A T I O N  VERSUS SPEED
0-20 H Z  F R E Q U E N C Y  B A N D / E M P T Y  CARS/
S E C O N D A R Y  SUSPENSION T R U C K S

67



RN
S 

LA
TE

RA
L 

AC
CE

LE
RA

TI
ON

, 
G

's

F IG U R E 5.3.4-12 RMS L A T E R A L  A C C E L E R A TIO N  VERSUS SPEED -  
0-20 HZ FR E Q U E N C Y  BAND/LO ADED  CARS/ 
PRIM ARY SUSPENSION TR U C K S

SPEED, MPH
FIG U R E 5.3.4-13 RMS L A T E R A L  A C C E L E R A TIO N  VERSUS SPEED -  

0-20 HZ F R E Q U E N C Y  BAND/LOADED CARS/ 
S EC O N D A R Y  SUSPENSION TR U C K S

SPEED, MPi:

FIGURE 5.3.4-14 R M S  L A T E R A L  A C C E L E R A T I O N  VERSUS SPEED -
0-20 H Z  F R E Q U E N C Y  B A N D / L O A D E D  CARS/
P R I M A R Y  + S E C O N D A R Y  SUSPENSION T R U C K S
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FIG U R E 5.3.4-15 RMS L A T E R A L  A C C E L E R A T IO N  VERSUS SPEED -  .
0-20 H Z F R E Q U E N C Y  BAND/EM PTY CARS/
R A D IA L  TR U C K S

SPEED, MPH
FIGURE 5.3.4-17 R M S  L A T E R A L  A C C E L E R A T I O N  VERSUS SPEED -

0-20 H Z  F R E Q U E N C Y  B A N D / L O A D E D  CARS/
R A D I A L  T R U C K S

FIG UR E 5.3.4-16 RMS L A T E R A L  A C C E L E R A TIO N  VERSUS SPEED -  
0-20 H Z  F R E Q U E N C Y  BAND/EM PTY CARS/
RIGID TR U C K S

SPEED, MPH
FIGURE 5.3.4-18 R M S  L A T E R A L  A C C E L E R A T I O N  VERSUS SPEED -

0-20 H Z  F R E Q U E N C Y  B A N D / L O A D E D  CARS/
RIGID T R U C K S
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F IG U R E 5.3.4-19 RMS R O LL A C C E L E R A TIO N  VERSUS SPEED -  

0-20 HZ F R EQ U EN C Y  BAND/EM PTY CARS/ 
PRIM ARY SUSPENSION TR UCKS

FIG U R E 5.3.4-20 RMS R O LL A C C E L E R A TIO N  VERSUS SPEED -  
0-20 HZ F R E Q U E N C Y  BAND/EM PTY CARS/ 
SECO N D AR Y SUSPENSION TR U C K S

F IG U R E 5.3.4-21 RMS R O LL A C C ELER A TIO N  VERSUS SPEED -  
0-20 HZ FR EQ U EN C Y BAND/LOADED CARS/ 
PRIM ARY SUSPENSION TR UCKS

FIGURE 5.3.4-22 R M S  R O L L  A C C E L E R A T I O N  VERSUS SPEED -t
0-20 H Z  F R E Q U E N C Y  B A N D / L O A D E D  CARS/'
S E C O N D A R Y  SUSPENSION T R U C K S
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F IG U R E 5.3.4-23 RMS R O LL A C C E L E R A TIO N  VERSUS SPEED -  

0-20 HZ F R E Q U E N C Y  BAND/LO ADED  CAR S/ 
PRIM ARY + SECO N D AR Y SUSPENSION TR U C K S
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FIGURE 5.3.4-24 R M S  R O L L  A C C L  Y R A T I O N  VERSUS SPEED -
0-20 H Z  F R E Q U E N C Y  B A N D / E M P T Y  CARS/
R A D I A L  T R U C K S

FIGURE 5.3.4-25 R M S  R O L L  A C C E L E R A T I O N  VERSUS SPEED -
0-20 H Z  F R E Q U E N C Y  B A N D / E M P T Y  CARS/
RIGID T R U C K S
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FIG U R E 5.3.4-26 RMS R O LL  A C C E L E R A TIO N  VERSUS SPEED -  
0-20 HZ F R E Q U E N C Y  BAND/LOADED CARS/ 
R A D IA L TR U C K S

FIG U R E 5.3.4-27 RMS R O LL A C C E L E R A TIO N  VERSUS SPEED -  
0-20 HZ F R E Q U E N C Y  BA N D /LO A D ED  CARS/ 
RIGID TR U C K S
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SECTION 6 -  PERFORMANCE SPECIFICATIONS

A principal objective of the Truck Design Optimization 
Project has been the development of a set of perfor­
mance specifications which the premium design freight 
car trucks shall be expected to meet. The performance 
characterization of Type II trucks derived from the 
field test and analytic efforts during TDOP/Phase II 
provided the basis for such a set of specifications. 
However, since the test program was limited in its 
extent in terms of the test variable parameters, and 
also since much data on the effects of component 
degradation in service remain to be acquired, the 
performance specifications provided in this document 
should be considered preliminary in nature. As further 
data and results become available on the performance 
capabilities of the Type II trucks, these specifications 
could be expanded and enhanced to evolve into a more 
comprehensive set of specifications universally appli­
cable to premium freight car trucks under a wider 
variety of operating conditions and equipment para­
meters.

6.1 SCOPE

was corroborated through physical reasoning, 
comparison with conventional wisdom in railroad 
literature, ar.d, whenever possible, through the use of 
test data from other sources.

Extreme behavior of individual trucks, attributable to 
specific considerations relatable either to hardware 
conditions or to test conditions, were excluded from the 
recommended specifications. Such exclusions were 
made after careful and deliberate engineering evalua­
tions of associated conditions and also after compara­
tive studies with published results. Nevertheless, they 
do constitute engineering judgment and contain an 
element of subjective evaluation.

In the interest of coordinating the results with the 
industry, the recommended guideline performance 
specifications were discussed with industry representa­
tives at the TDOP Consultants' meetings. Final results 
were subjected to review by industry arid government 
representatives and comments derived from this review 
process were accounted for in the final specifications 
presented in this section.

Although it was envisioned that the performance speci­
fications developed on the basis of work performed 
during the project would be applicable to freight car 
trucks universally, it is considered essential to keep in 
perspective the finite frontiers of the effort undertaken 
during the project when applying the specifications to 
evaluate freight car trucks. Under conditions compar­
able to those covered by the project effort, it is' indeed 
believed that the recommended specifications will be 
applicable. Caution is urged, however, in determining 
what constitutes a set of comparable conditions for 
evaluation..

6.3 RECOMMENDED QUANTITATIVE LEVELS 
OF PERFORMANCE

This section presents the quantitative levels of perfor­
mance that may be expected of the Type II freight car 
trucks in each of the performance regimes under the 
applicable conditions.

6.3.1 Lateral Stability Performance Specifications

Parametric conditions associated with the guideline 
performance specifications in this regime are:

Initially, it was conceived that the development of 
performance specifications would be on the basis of 
experimental and analytic investigations of a compre­
hensive set of freight car truck/carbody configurations 
that would represent commercially available vehicle 
systems on the market, Furthermore, the analytic 
investigations were to be conducted using available 
analytic tools subject to validation during .the project. 
For various reasons, both technical and economical, 
compromises had to be made in the course of the 
project resulting in limitations of these investigations 
which are reflected in the results.

The recommended performance specifications are or­
ganized by performance regimes. In each regime, the 
parametric conditions associated with the 
recommended guidelines on quantitative performance 
are outlined. In using the performance specifications, 
it is advisable to relate them to these parametric 
conditions to ensure that application of the specifica­
tions are to conditions equivalent to, or at least com­
parable to, the conditions listed.

6.2 DEVELOPMENT OF PERFORMANCE 
SPECIFICATIONS

The basis on which the performance specifications were 
developed was the performance field test data acquired 
from field tests conducted during TDOP Phase n. The 
field test data were analyzed in each of the 
performance regimes to yield quantitative measures of 
performance represented by performance indices. The 
validity of specific details or trends within each regime

Equipment
Carbodies:

Wheel
Profiles:

Track 
High Speed 
Tangent Track:

100-ton open hopper car 
(with 100-ton Type II trucks)

70-ton open hopper car 
(with 70-ton Type II trucks)

CN profile (new)
(with 100-ton Type n trucks)

AAR Std. 1:20 Taper 
profile (new)
(with 70-ton Type II trucks)

Class 4, Mainline, BJR

Operating Conditions
Speed: 40 to 79 mph

Lading: Carbodies in empty and fully
loaded conditions

Recommended performance specifications are given in 
Figures 6.3.1-1 through 6.3.1-4. The given bands of 
performance levels indicate values that muy be 
reasonably expected to be obtained under the nominal 
operating conditions and associated reasonable 
variations. The upper bounds on the bands of
quantitative performance levels constitute limiting 
values on the corresponding parameters.
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6.3.2 Trackability Performance Specifications Track Class 4, BJR, Curved Track___  ____  •......... - ----- -- ---  1.1° - 6.2°
Parametric conditions associated with the guideline
performance specifications in the subregime of track (See Figure 5.1.3-1 for data pertaining to the curve 
twist are: zone.)

Equipment

Carbodies: 100-ton open hopper car

Wheel Profiles: CN Profile (new)

Track Yard, BJR, 16° curve
(-0.26 inch superelevation)

Operating Conditions

Speed: 10 mph

Lading: Carbodies in empty and fully
loaded conditions

Recommended performance specifications are given in 
Table 6.3.2-1.

TABLE 6.3.2-1. WUIg5 LEVELS FOR 

TYPE n FREIGHT CAR TRUCKS

Performance
Index

Empty Cars Loaded Cars

Wheel Unloading 
Index (95% level)

0.30 - 0.55 0.28 - 0.37

Operating Conditions

Speed: .* 25 - 48 mph

Lading: Carbodies, in empty and fully
loaded conditions

Recommended performance specifications, are 
presented in Figures 6.3.3-1 through 6.3.3-20. Due to 
the radical differences between the radial and rigid 
trucks among the Type II freight car trucks in this 
performance regime, the limiting performance asso­
ciated with rigid trucks is indicated separately, in 
addition to the performance level bands associated with 
the radial trucks. The broken lines, always at a level 
higher than the performance bands in the figures, 
represent the upper limits recommended for the rigid 
trucks. This exception, in separating the two subclasses 
of trucks, among the Type II designs, is considered 
warranted since better performance on the part of rigid 
trucks on curved track is not attainable at this time and 
imposing such demands is not considered reasonable. 
The bends in the curves representing the rigid trucks' 
performance occur at the balance speed.

6.3.4 Ride Quality Performance Specifications

Parametric conditions associated with the guideline 
performance specifications in the regime of ride quality 
are:

Note: 95% level denotes that the given values shall not 
be exceeded in more than 5% of the time.

Parametric conditions associated with the guideline 
performance specifications in the subregime of curve 
entry/exit are:

Equipment

Carbodies: 100-ton open hopper car

Equipment

Carbodies:

Wheel Profiles:

100-ton open hopper car 
(with 100-ton Type II trucks)

70-ton open hopper car 
(with 70-ton Type II trucks)

CN profile (new)
(with 100-ton Type II trucks)

Wheel Profiles: CN profile (new)

Track Class 4, BJR, Curved Track,1.1°-6.2°
Operating Conditions

Speed: 25 - 48 mph

— AAR Sta. 1:20 Taper 
profile (new)
(with 70-ton Type II trucks)

Track 

High Speed
Tangent Track: Class 4, Mainline, BJR

Lading Carbodies in empty and
loaded conditions

Recommended performance specifications in the curve 
entry/exit subregime are given in Figures 6.3.2-1 
through 6.3.2-8.

6.3.3 Steady State Curve Negotiation 
Performance Specifications

Parametric conditions associated with the guideline 
performance specifications ir. this regime are:

Equipment

Carbodies: 100-ton open hopper car

CN profile (CN)

(See Appendix B for details on track geometry.)

Operating Conditions

Speed: 40 - 79 mph

Lading: Carbodies in empty and fully
loaded conditions

Recommended performance specifications are given in 
Figures 6.3.4-1 thru 6.3.4-6. The bands of performance 
Jevels indicate the values of performance indices likely 
to be obtained under comparable nominal operating 
conditions with their associated reasonable levels of 
variations. The upper boundary cf the performance 
bands represent the limiting levels of performance in 
each case.

Wheel Profiles:
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SPEED, MPH SPEED, MPH

F IG U R E 6.3.1-1 RMS L A T E R A L  A C C E L E R A TIO N  LEVELS FO R
T Y P E  U F R E IG H T C A R  TR U C K S  WITH 
EM P TY  OPEN HOPPER CARS

FIGUR E 6.3.1-2 RMS L A T E R A L  A C C E L E R A TIO N  LEVELS FOR 
TY P E  H F R E IG H T CAR S TR U C K S  W ITH 
LO A D ED  OPEN HOPPER CARS

SPEED, MPH

F IG U R E 6.3.1-3 PEAK  L A T E R A L  A C C E L E R A TIO N  LEVELS FO R  
T Y P E  H F R E IG H T CARS TR U C K S  W ITH 
E M P TY  OPEN HOPPER CARS

30 40  50  6 0  70  80

SPEED, MPH

FIG U R E 6.3.1-4 P EA K  L A T E R A L  A C C E L E R A T IO N  LEVELS FO R  
T Y P E  H F R E IG H T CAR S TR U C K S  W ITH 
LO A D ED  OPEN HOPPER CARS
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FIG U R E 6.3.2-1 W U I., LEVELS FO R  TV  PE H TR U C K S  W ITH 
EM P TY  OPEN HOPPER CARS -  2.5U  CURVES 
E N TR Y /E X IT

F IG U R E 6.3.2-2 W U I., LEVELS FO R  T Y P E  H TR UC KS. W ITH
LOATJED OPEN HOPPER CARS -  2.5U CURVES 
E N TR Y /E X IT

1 0  2 0  3 0  <(0 50

SPEED, KPH

F IG U R E  B.3.2-3 W U I.. LEVELS FO R  T Y P E  Q TR U C K S  W ITH 
EM P TY OPEN HOPPER CARS -  3.7U  CURVES 
E N TR Y /E X IT

F IG U R E S.3.2-4 W U I.. FO R  T Y P E  R TR U C K S  W ITH  .
LO A D ED  OPEN HOPPER C A R S -  3.7° 
CURVES E N TR Y /E X IT
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10,000\ <£ onLU
5
UJ R IG ID  TRUCKS— ^  _̂______

R IG ID  TRUCKS s

RADIAL TRUCKS— ^

g 5,000

RADIAL TRUCKS —

, " " ■ 0 ------J------ i______ 1_
10 20 30 W 50

SPEED, MPH

10 20 30 HO 50
SPEED, MPH

F IG U R E  6.3.3-1 L A T E R A L  F O R C E  ON L EA D IN G  O U TE R  W HEEL F O R  
TY P E  H F R E IG H T C A R  TR U C K S  W ITH EM P TY  
OPEN HOPPER CARS -  2.5° CURVES

F IG U R E S.3.3-2 L A T E R A L  F O R C E  ON L E A D IN G  O U TF R  W H EEL FO R  
T Y P E  H FR E IG H T C A R  TR U C K S  W ITH  L O A D ED  
OPEN HOPPER CARS -  2.5° CURVES

F IG U R E  6.3.3-3 L A T E R A L  F O R C E  O N  LEAD IN G  O U TE R  W H EEL FO R  
TY P E  H F R E IG H T C A R  TR U C K S  W ITH EM PTY 
OPEN HOPPER CARS -  3.7U  CURVES

F IG U R E B.3.3-4 L A T E R A L  F O R C E  ON L EA D IN G  O U TE R  W H EEL FO R  
T Y P E  H F R E IG H T C A R  TR U C K S  W ITH  LO A D ED  
OPEN HOPPER CARS -  3.7° CURVES
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FIGURE 6.3.3-9 LATERAL FORCE ON LEADING OUTER WHEEL FOR 
TYPE H FREIGHT C AR  TRUCK WITH EMPTY 
OPEN HOPPER CARS AT BALANCE SPEED 
(+2.5M PH )

FIGURE 6.3.3-10 LATERAL  FORCE ON LEADING OUTER WHEEL FOR 
TYPE H FREIGHT C AR  TRUCK WITH LOADED  
OPEN HOPPER CARS AT BALANCE SPEED 
( +  2.5 MPH)

FIGURE 6.3.3-11 L/V RATIO ON LEADING OUTER WHEEL FOR FIGURE 6.3.3-12 LA I RATIO  ON LEADING OUTER WHEEL FOR
TYPE n FREIGHT C A R  TRUCKS WITH EMPTY TYPE II FREIGHT C AR  TRUCKS WITH LOADED
OPEN HOPPER CARS -  2.5° CURVES OPEN HOPPER CARS -  2.5 CURVES

80



FIGURE 6.3.3-13 L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE n FREIGHT C A R  TRUCKS WITH EMPTY 
OPEN HOPPER C ARS -  3.7 CURVES

FIGURE 6.3.3-15 L/V RATIO  ON LEADING OUTER WHEEL FOR 
TYPE H FREIGHT C A R  TRUCKS WITH EMPTY 
OPEN HOPPER CARS - 5.2U CURVES

FIGURE 6.3.3-14 L/V RATIO  ON LEADING OUTER WHEEL FOR 
TYPE U FREIGHT C AR  TRUCKS WITH LOADED 
OPEN HOPPER CARS -  3.7U CURVES

1.0

0.8 -

fe 0.6 -cd

0.0 ------ 1------ 1______ I______
10 20 30 *10 50

SPEED. MPH

FIGURE 6.3.3-16 L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE n  FREIGHT C AR  TRUCKS WITH LOADED  
OPEN HOPPER CARS -  5.2 u  CURVES
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10 20 30 MO 50 10 20 30 40 50

■ SPEED, MPH SPEED, MPH

FIGURE 6.3.3-17 L/V RATIO ON LEADING OUTER WHEEL FOR FIGURE 6.3.3-18 L/V RATIO  ON LEADING OUTER WHEEL FOR
TYPE R FREIGHT C AR  TRUCKS WITH EMPTY TYPE H FREIGHT CAR  TRUCKS WITH LOADED
OPEN HOPPER CAR  -  6.2U CURVES OPEN HOPPER CAR  -  6.2U CURVES

1 2 3 4 5 , 6  7 

TRACK CURVATURE, DEGREE

1 2 3 4 5 6 7 

TRACK CURVATURE, DEGREE

FIGURE 6.3.3-19 L/V RATIO ON LEADING OUTER WHEEL FOR 
TYPE H FREIGHT C AR  TRUCKS WITH EMPTY 
OPEN HOPPER CARS AT BALANCE SPEED 
(+  2.5 MPH)

FIGURE 6.3.3-20 L/V RATIO  ON LEADING OUTER WHEEL FOR 
TYPE n FREIGHT C AR  TRUCKS WITH LOADED 
OPEN HOPPER CAR S  AT BALANCE SPEED 

'  ( + 2.5 MPH)
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FIGURE 6.3.4-1 RM S VERT ICAL ACCELERATION  LEVELS 
(0-20 HZ) FOR TYPE R FREIGHT CAR  ' 
TRUCKS WITH EMPTY OPEN HOPPER CARS

FIGURE 0.3.4-2 RM S VERTICAL ACCELERATION  LEVELS 
(0-20 HZ) FOR TYPE U FREIGHT C AR  
TRUCKS WITH LOADED OPEN HOPPER CARS

SPEED, MPH

FIGURE 6.3.4-3 RM S  LATERAL  ACCELERATION  LEVELS 
(0-20 HZ) FOR  TYPE H FREIGHT CAR  
TRUCKS WITH EMPTY OPEN HOPPER CARS

SPEED, MPH

FIGURE 0.3.4-4 RM S LATERAL ACCELERATION  LEVELS 
(0-20 HZ) FOR TYPE H FREIGHT C AR  
TRUCKS WITH LOADED OPEN HOPPER CARS

83



SPEED, HPH

FIGURE 6.3.4-5 RMS ROLL ACCELERATION LEVELS (0-20 HZ) 
FOR TYPE H FREIGHT CAR  TRUCKS WITH 
EMPTY OPEN HOPPER CARS
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APPENDIX A - ANGLE OF ATTACK
INTRODUCTION

Measurement of the wheel/rail angle of attack was one 
of the goals of the TDOP Phase II test program. 
Considerable effort was expended in developing a vehi­
cle-borne angle of attack measurement system. The 
field test data acquired through this instrumentation 
package included the six Type ' n 100-ton trucks 
equipped with CN wheel profiles. The cars were tested 
in empty and loaded conditions. The test data showed, 
in general, considerable scatter. However, analysis of 
the data was precluded due to schedule constraints. 
Therefore, some test data results which may be useful 
for subsequent research efforts, are presented here.

INSTRUMENTATION SYSTEM

Angle of attack data are provided by non-contacting 
position sensors mounted on the right side of each axle 
of the leading truck. Two sensors measure the relative 
sideframe to wheel displacement, and two others mea­
sure the relative sideframe to rail displacement. The 
difference between the two sensors gives the relative 
angle; the difference between the sideframe to wheel 
and the sideframe to rail angles results in the angle of 
attack (see Figures A -l through A-4). The sensors are 
of the eddy current type, which result in signals based 
on the average distance from the sensor to a surface.

RESULTS

The results of the angle of attack of the Type n trucks 
are presented in Figures A-5 through A-28. Figures A-5 
through A-24 give the average angle of attack as a 
function of vehicle speed, while Figures A-25 through 
A-28 give the average angle of attack as a function of 
the degree of track curvature near balance speed.
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FIGURE A-l. WHEEL TO RAIL DISPLACEMENT MEASUREMENT 
FIXTURE SHOWN IN RUNNING POSITION

FIGURE A-2. WHEEL TO RAIL DISPLACEMENT MEASUREMENT 
FIXTURE SHOWN IN RAISED POSITION
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IGURE A-5. AVERAGE ANGLE OF ATTACK VERSUS SPEED - 
.1° RH CURVE, EMPTY CARS

FIGURE A-6. AVERAGE ANGLE OF ATTACK VERSUS SPEED - 
1.1 RH CURVE, LOADED CARS

SPEED. MPH

FIGURE A-7. AVERAGE ANGLE OF ATTACK VERSUS SPEED -
2.5° LH CURVE, EMPTY CARS

FIGURE A-8. AVERAGE ANGLE OF ATTACK VERSUS SPEED ■
2.5° LH CURVE, LOADED CARS
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FIGURE A-9. AVERAGE ANGLE OF ATTACK VERSUS SPEED -  FIGURE A-1G. AVERAGE ANGLE OF ATTACK VERSUS SPEED -
3.0° RH CURVE, EMPTY CARS 3.0 RH CURVE, LOADED CARS
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FIGURE A - l l .  AVERAGE ANGLE OF ATTACK VERSUS SPEED -  FIGURE A-12. AVERAGE ANGLE OF ATTACK VERSUS SPEED
3.7° LH CURVE, EMPTY CARS 3.7 LH CURVE, LOADED CARS
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SPEED. MPH

FIGURE A-13. AVERAGE ANGLE OF ATTACK VERSUS SPEED - 
5.0° RH CURVE, EMPTY CARS

SPEED, MPH

FIGURE A-14. AVERAGE ANGLE OF ATTACK VERSUS SPEED ■ 
5.0° RH CURVE, LOADED CARS

SPEED, MPH

FIGURE A-15. AVERAGE ANGLE OF ATTACK VERSUS SPEED -
5.1° LH CURVE, EMPTY CARS

SPEED, MPH

FIGURE A-16. AVERAGE ANGLE OF ATTACK VERSUS SPEED -
5.1° LH CURVE, LOADED CARS
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jUHE A-17. a v e r a g e  a n g l e  o f  a t t a c k  v e r s u s  s p e e d  -
1° LH CURVE, EMPTY CARS

FIGURE A-18. AVERAGE ANGLE OF ATTACK VERSUS SPEED - 
5.2° LH CURVE, LOADED CARS

FIGURE A-19. AVERAGE ANGLE OF ATTACK VERSUS SPEED -  FIGURE A-20. AVERAGE ANGLE OF ATTACK VERSUS SPEED -
6.1° RH CURVE, EMPTY CARS 6-1° RH CURVE, LOADED CARS
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FIGURE A-21. AVERAGE ANGLE OF ATTACK VERSUS SPEED - 
6.2° RH CURVE, EMPTY CARS

a

SPEED. MPH

FIGURE A-22. AVERAGE ANGLE OF ATTACK VERSUS SPEED - 
6.2° RH CURVE, LOADED CARS

FIGURE A-23. AVERAGE ANGLE OF ATTACK VERSUS SPEED -  FIGURE A-24. AVERAGE ANGLE OF ATTACK VERSUS SPEED
6.2° LH CURVE, EMPTY CARS 6.2° LH CURVE, LOADED CARS
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FIGURE A-25. AVERAGE ANGLE OF ATTACK VERSUS DEGREE FIGURE A-26. AVERAGE ANGLE OF ATTACK VERSUS DEGREE
OF CURVATURE NEAR BALANCE SPEED - RH CURVES, EMPTY OF CURVATURE NEAR BALANCE SPEED - RH CURVES, LOADED
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FIGURE h-21. AVERAGE ANGLE OF ATTACK VERSUS DEGREE 
OF CURVATURE NEAR BALANCE SPEED - LH CURVES, EMPTY 
CARS

FIGURE A-28. AVERAGE ANGLE OF ATTACK VERSUS DEGREE 
OF CURVATURE NEAR BALANCE SPEED -  LH CURVES, LOADED 
CARS
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APPENDIX B - TRACK GEOMETRY DATA
To be able to correlate response measurements made on 
test vehicles with a known track input, track geometry 
measurements were made twice over a period o f about 
one year. The first set o f measurements was taken 
during the first week in November 1978, (Reference 5). 
The'second set o f track geometry measurements were 
taken in December 1979, (Reference 6). Both tests 
utilized the T-6 Track Geometry Survey Car.

The survey was conducted.over the five test zones used 
in testing of freight car trucks during Phase II, south of 
I.as Vegas, Nevada on Union P acific trackage (see Table 
B -l). These zones ranged from eight miles to 0.22 
miles in length and contained a full spectrum o f track 
conditions. Measurements o f  each test zone were taken 
at six-inch sample intervals as the survey car passed 
through the zone, normally once in each direction.

The track parameters which are reported are: right and 
left alignment, gauge, right and le ft profile, crcsslevel, 
and curvature (degrees per 100 ft.). A digital tape o f 
these parameters (including speed and ALD) has been 
supplied to VVyle in the form o f both space curve and 
short mid-chord offset. The track properties and the 
statistical analysis o f  the geometry parameters are 
given in Table B-2 (Reference 6). Typical power 
spectral densities are shown in Figures B -l through 
B -l 6.
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TABLE B-l. TEST ZONES

Site Number Site Designation/Description

1 Location - Arden to Sloan, NV 
Mileposts -  321.5 to 314 
Track Type - Class 4 - Curved 
Rail Type -  133-pound Jointed 
Speed Limit -  40 mph

2 Location -  Boulder Junction to Arden, NV 
Mileposts - 326.5 to 321.5 
Track Type - Class 4 - Tangent 
Rail Type - 133-pound Jointed 
Speed Limit - 79 mph

3 Location - Las Vegas, NV 
Mileposts - Las Vegas, Yard 
Track Type -  Curved, 16 Degrees 
Rail Type - Unknown 
Speed Limit - 10 mph 
Distance - 0.22 miles

4 Location - Blue Diamond Spur, NV
Mileposts - 1.5 to 8
Track Type - Class 2 - Curved and Tangent
Rail Type - 131-pound Jointed
Speed Limit - 20 mph

5 Location - Balch to Crucero, CA 
Mileposts - 210.5 to 204.5 
Track Type . - Class 4 - Tangent 
Rail Type - 133-pound CWR 
Speed Limit . - 79 mph

TABLE B-2. TRACK PROPERTIES AND STANDARD DEVIATIONS OF TRACK ALIGNMENT, 
GAUGE, PROFILE, AND CROSS-LEVEL

TestZone Section Milepost DistanceProcesedfoot
RailLengthfoot Gaugeinch

CrossLevelinch
Leftinch Rightinch Averageinch Leftinch Rightinch Averageinch

! \ Sioan to Arden 314 to 321.5 39424 39 0.144 0.145 0.136 0.23 0.115 0.126 0.114 -
Arden to Sloan 321.5 to 314 39424 39 0.145 0.147 0.137 0.23 0.106 0.124 0.109 -

2 Arden to Boulder Junction 321.5 to326.5 26112 39 0.084 0.083 0.069 0.142 0.114 0.106 0.101 0.172

Boulder Junction to Arden 326.5 to321.5 26112 39 0.09 0.086 0.077 0.134 0.092 0.126 0.100 0.175
3 Las Vegas yard (East Bound) - 1536 39 0.936 0.926 0.922 0.414 1.236 1.150 1.183 -

Las Vegas Yard (West Bound) - 1536 39 0.907 0.907 0.900 0.322 1.162 1.249 1.196 -
4 Blue Diamond Spur (East Bound) 1.5 to 8 34304 33 Ac 39 0.182 0.179 0.173 0.183 0.132 0.153 0.129 -

Flue Diamond Spur (West Bound) 8 to 1.5 33792 33 & 39 0.141 0.144 0.134 0.181 0.127 0.151 0.126 -
£ Crucero to Balch 204.5 to210.5 31232 Welded .084 0.083 0.070 0.136 0.090 0.084 0.082 0.285

Balch to Crucero 210.5 to204.5 31744 Welded 0.077 0.088 0.072 0.133 0.083 0.102 3.0B8 0.285
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I.O-p Z O N E  2 EASTBOUND, MILEPOST 321.5 T O  326.5

FIGURE B-l. POWER SPECTRAL DENSITY -  ZONE 2, LEFT ALIGNMENT
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FIGURE B-2. P O W E R  SPECTRAL DENSITY - ZONE 2, RIGHT ALIG N M E N T
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FREQUENCY, CY/FT

FIGURE B-3. POWER SPECTRAL DENSITY - ZONE 2, AVERAGE ALIGNMENT

FREQUENCY, CY/FT

FIGURE B-4. P O W E R  SPECTRAL DENSITY - Z O N E  2, G A U G E
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FIGURE B-5. POWER SPECTRAL DENSITY - ZONE 2, LEFT PROFILE
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ZONE 2 EASTBOUND. MILEPOST 321.5 TO 326.5
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FIGURE B-6. P O W E R  SPECTRAL DENSITY - Z O N E  2, RIGHT PROFILE
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FIGURE B-8. P O W E R  SPECTRAL DENSITY - Z O N E  2, CROSSLEVEL

B-6



1.0 ZONE 5 WESTBOUND, MILEPOST 210.5 TO 204.5

FIGURE B-9. POWER SPECTRAL DENSITY - ZONE 5, LEFT ALIGNMENT
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: FIGURE B-10. P O W E R  SPECTRAL DENSITY - Z O N E  5, RIGHT ALIGNMENT
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1 ,0 - , - Z O N E  5 WESTBOUND, MILEPOST 210.5 T O  204.5
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FIGURE B -ll. POWER SPECTRAL DENSITY - ZONE 5, AVERAGE ALIGNMENT

1.0 ZONE 5 WESTBOUND, MILEPOST 210.5 TO 204.5
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FIGURE B-12. P O W E R  SPECTRAL DENSITY - Z O N E  5, G A U G E
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1.0 - r Z O N E  5 WESTBOUND, MILEPOST 210.5 TO 204.5
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FIGURE B-13. POWER SPECTRAL DENSITY - ZONE 5, LEFT PROFILE
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FIGURE B-14. P O W E R  SPECTRAL DENSITY - ZONE 5, RIGHT PROFILE
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