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PREFACE

This report is the ninth in a series on the effects of service loads on railroad vehicle wheels. The
study began in 1991 when wheels on three similar fleets of multiple unit (MU) power cars used
in commuter service were found to have unusually high rates of cracking. The Federal Railroad
Administration (FRA) Office of Safety requested technical support from the FRA Office of
Research and Development in monitoring the affected fleets. At the same time, the FRA Office
of Research and Development undertook a wheel performance research project to identify and
evaluate options for long-term solutions.

The first eight reports cover the work performed to evaluate the immediate actions that were
taken to assure continued operational safety and to assess the effects of modifications made to the
braking system on one of the affected fleets. The reports in the series are listed at the end of the
document, before the appendices. The second phase, now underway, focuses on wheel
performance research, where the goal is to develop a method of analysis that can be proactively
applied to estimate the point at which the service demands placed upon wheels could lead to
adverse residual stresses in the outer rim. Numerical analyses using conventional and specially
developed software have been used to make estimates of these stresses.

This report documents a series of destructive experiments designed to gather information about
wheel rim residual stresses for the purposes of verifying the integrity of the numerical estimates.
A new approach to the measurement of these stresses, which uses a saw cut to release the stresses
in the wheel, is employed. A combination of high-sensitivity moiré interferometry and
Michelson interferometry is applied to provide full-field information about the distribution of
displacements around a saw cut notch on both flat surfaces of the wheel rim. The technique is
applied to eight railroad wheels (four passenger wheels and four freight wheels). Results in the
form of contour plots of displacements in the vicinity of the notch are presented for the eight
specimens in the eight appendices.

PROTECTED UNDER INTERNATIONAL COPYRIGHT
ALL RIGHTS RESERVED.

NATIONAL TECHNICAL INFORMATION SERVICE
U.S. DEPARTMENT OF COMMERCE
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INTRODUCTION

Railroad car wheels during normal service, with time, develop large residual stresses that can
lead to premature, and in some instances, catastrophic failure. These stresses are caused by
thermal cycles combined with contact stresses. A good understanding of this stress distribution
and its variation over time in service can help in developing a better wheel design that would
minimize the magnitude of maximum stresses and the danger of catastrophic failure of a wheel.
A knowledge of this distribution can also help in improving the techniques used for routine
inspection of wheels and the detection of potentially dangerous stress distribution.

In past years, a significant effort has been made to develop experimental techniques for testing
railroad car wheels. The most accepted and commonly used destructive technique has been
measurement, using an extensometer, of the closing or opening of a gap introduced by saw
cutting along the radius of a wheel from the flange tip to some distance into the rim or plate of
the wheel. This standard procedure provides a qualitative evaluation of the average conditions in
the rim, namely, the magnitude of the net force, and the overall character of the stress
distribution (tensile or compressive). Unfortunately, it only provides information at one point.
In addition, measurement errors result from the harsh cutting conditions. Some improvement can
be realized by the application of resistance strain gages, but strain gage limitations and the
limited number of data points provide only a partial view of the total stress pattern in the wheel.
Although this procedure is well suited for its original surveying purpose, recent experiments and
calculations have shown that the procedure must be refined to provide the research-quality data
required for the present studies.

A new approach to generating the deformation data in wheel cutting tests was introduced by
R. Czarnek in 1992 [1], [2]. High-sensitivity moiré interferometry was used to measure the
displacement distribution along a cut [3], [4]. Full-field information provided by the recorded
interferograms allowed the determination of radial and hoop displacement distribution in the
vicinity of the cuts, as well as the detection of plastic deformation along the edges of the cuts.
A new, portable moiré interferometer allowed the application of this technique in a machine shop
rather than in a holographic laboratory [5], [6].

In support of the Federal Railroad Administration (FRA) Office of Research and Development,
the Volpe Center is conducting studies of factors related to the development of cracks in railroad
. car wheels. These studies require the collection of experimental data for use in various ways to
estimate the actual residual stresses present in a wheel, either as-manufactured or incurred during
service.

Presented below are the results of an experiment performed using a revised procedure in which
high-resolution, full-field data were produced by high-sensitivity moiré interferometry and
Michelson interferometry on both flat surfaces of the rim of a wheel. Since interferometric
measurements are made from the flat surfaces of the wheel rim, this technique may be applied to
any wheel design (that is, straight-, curved-, or parabolic-plate passenger or freight wheels). The
secondary data, related to the absolute reference for the released radial displacement field, were
produced using dial indicators mounted on a reference plate attached to the hub of the wheel.
In the locations having a large surface curvature, additional data were collected at selected
discrete points using resistance strain gages.



EXPERIMENTAL METHODS
High-Sensitivity Moiré Interferometry

High-sensitivity moiré interferometry is a method of precisely measuring the deformation of
solid bodies under various loading conditions. As opposed to strain gages and extensometers,
which provide information about the state of deformation at a point and are averaged over the
sensor area, this method is a full-field technique. The resulting fringe patterns are contour maps
of the measured displacements. With the help of computers, these patterns can be converted to
contour maps of strains and, if material properties are known, stresses. Moiré interferometry can
be classified as a combination of holography and the traditional moiré method. It maintains all
the sensitivity of holography, (i.e., a fraction of a micrometer) and at the same time offers easy
interpretation of interferograms that are typical for moiré methods. The fringes are simply
contour lines of a measured component of an in-plane displacement. Furthermore, the contrast of
the patterns is usually better than in either one of the parent techniques. If properly implemented,
the recorded fringes have full contrast, even for very large deformations. Under the same
conditions, interferograms produced by holography would be hardly readable. At present, moiré
interferometry is routinely used on flat surfaces only. Applications to cylindrical surfaces have
been tried, but the amount of effort required and the questionable quality of the results made
them hard to justify as anything other than an interesting academic exercise.

Moiré interferometry is an optical measuring technique based on two-beam interference.
Figure 1 illustrates the basic principle of a moiré interferometry system. Two collimated and
mutually coherent beams of light illuminate a diffraction grating produced through a replication
process on a flat surface of a specimen. This specimen grating follows the deformation of the
specimen surface and modulates the shape of the wave fronts of the diffracted beams. The first
diffraction order of one and the negative first diffraction order of the other interfere, producing an
interference fringe pattern recorded on the camera.

If the interferometer is tuned properly at the initial no-load configuration, the two diffracted
beams emerge along the normal to the specimen surface and produce a uniform intensity field
called a null field. After the load is applied, the specimen deforms and a new contour map of the
phase difference of the two interfering beams is formed. Each fringe is assigned a number called
a fringe-order, defined by equation (1):

N=S4+C (1)

where N  is the fringe order

is the phase difference

is the wavelength of light

1s a constant corresponding to rigid body motion of the origin of the coordinate
system.

a>w

Fringe orders are directly proportional to the in-plane displacements of the points on the
specimen surface, in the direction perpendicular to the grating lines. Equation (2) defines the

2



relationship between the fringe order and the displacement it represents for the case presented
above: '

- N
U 2, (2)

where U s the displacement
fs  is the frequency of the diffraction grating replicated on the specimen.

Figure 1. Basic Moiré Interferometry System

Michelson Interferometry

The Michelson interferometer produces an interference pattern by combining a beam of light
reflected from the surface of the specimen with a beam reflected from a flat reference surface.
The interference fringes are the contour lines representing the topography of the specimen
surface. The contour interval is equal to half of the wavelength of light used in the experiment.
A schematic diagram of a Michelson interferometer is illustrated in Figure 2.
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Figure 2. Schematic Diagram of the Michelson Interferometer

EXPERIMENTAL PROCEDURE
Handling Fixture

Since the railroad car wheels are heavy (about 400 kg) and access to both sides is needed, it is
important to be able to handle these wheels without risking injury to people or damage to the
instrumentation. A simple but effective device was developed for this purpose consisting of
a fork-shaped frame and a shaft mounted in a sleeve bearing attached to a fork of a standard
industrial fork-lift. The recommended configuration is illustrated in Figure 3. A wheel remains
attached to this device throughout the duration of a test. This fixturing also makes it easier to
clamp the wheel to the table of a band saw.
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Figure 3. A Wheel Handling Fixture

Specimen Preparation

The specimen is prepared by the application of diffraction gratings for full-field interferometric
measurements, and deformation and temperature sensors for point monitoring at discrete
locations. Two diffraction gratings are applied to the surfaces of interest. It is important that the
two gratings be positioned exactly along the same radial plane. The replication procedure is
described in detail in reference [4]. The surface of the wheel is prepared for the replication using
a portable hand-held grinder. The surface should be free of rust, contaminations, and major
deviations from flatness. An area about 100 by 100 millimeters is cleaned and degreased. The
replicating procedure is illustrated in Figure 4. The mold is a phase diffraction grating treated
with a parting substance and coated with a thin metallic layer by physical vapor deposition. The
mold is cemented to the specimen surface with a two-component adhesive and pulled away after
the adhesive is cured. The thin metallic layer remains on the surface of the specimen providing
high diffraction efficiency for the grating. Since the mold is made of a flat piece of glass, the
formed grating is flat enough to serve as a mirror surface in a Michelson interferometer.



Thin layer of metal is vacuum deposited on the
surface of a phase diffraction grating treated with
a parting agent.

diffraction grating is repllcated
on the specimen surface.

Figure 4. Preparation of a Specimen Grating Using Replication Process

In addition, five to seven strain gauges and at least two thermocouples are applied to the tread
surface of the wheel. A disposable mount, illustrated in Figure 5, is spot-welded to the tip of the
flange for the attachment of an extensometer.

—»l |<— 6.310.3

kv

re——— 50.8 ———

< 19.0 ™

Figure S. Disposable Extensometer Mount (Dimensions in Millimeters)

A special reference plate was manufactured for taking measurements of absolute displacements of
points on the rim. This plate was reinforced with stiffeners to minimize deflections and was
bolted to the wheel using two nuts spot-welded to the hub. Three precision displacement sensors
were mounted to this plate in the vicinity of the cut. The exact position of all the sensors is
indicated in Figures6 and 7. In the first experiment, the three displacement sensors were
high-precision mechanical dial gauges. In subsequent experiments, these were replaced by
strain-gauge instrumented beams and capacitive probes, improving the accuracy of measurements
by two orders of magnitude.
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Figure 6. Location of Strain Gages, Thermocouples, and Gratings around the Cut
(Dimensions in Millimeters) ‘

Cutting and Data Recording

Before the first cut, all the strain gages and the extensometer are connected to a multichannel
indicator and balanced to zero. The initial patterns are photographed and the wheel is positioned
on the band saw. After all the dial indicators and the extensometer are attached, the initial
readings are recorded.

The first cut is made to the depth of 28 mm, corresponding to the radial distance from the tip of
the flange to the point at the center of the tread. After this first increment, all the gage and
thermocouple readings are recorded. During the cutting, the blade is continuously lubricated
using a cutting oil harmless to the coating of the diffraction grating.

The second cut increment is introduced to a predetermined depth. Again the readings are
recorded and the wheel is moved off the table for interferometric measurements.

After the temperature of the wheel reaches an acceptable uniformity, the moiré interferometer is
positioned on the wheel. The instrument is tuned to the mold used in the replication of the
grating under investigation. Both in-plane displacement fields are recorded. The moiré
interferometer is removed and replaced with the Michelson interferometer. The out-of-plane
displacement pattern is recorded. All the interferograms are photographed with and without
a carrier pattern. Those with a carrier pattern are used for the determination of the sign of the .
gradients of the measured displacements.



The measurements are performed on both sides of the wheel. Once the interferograms are
developed, the wheel is repositioned on the table of the saw and the cycle is repeated. In the
interest of timely completion of the experiments, the number of cuts at which the interferometric
measurements were performed under this program was limited to three, with the exception of
wheel #2, in which five interferometric measurements were made. After that, the cut is extended
in 10 mm increments to a total depth of at least 150 mm or until the cut closed. The data are
recorded using discrete sensors.

All the data from the discrete sensors are tabulated and the deformation parameters are calculated
for each cut increment. Since the displacement sensors and the extensometers must be removed
at each increment, the absolute displacements are calculated as the sum of the measured
increments.

Figure 7. Location of Thermocouples, Gratings, and Displacement Sensors on the Wheel
(Sensor S#1 measures the radial displacement. Sensors S#2 and S#3 measure
displacements along the axis of the wheel.)



Data Analysis and Experimental Results

The data recorded using the extensometer indicates that the gap measured at the tip of the flange
was closing as the depth increased. The displacement curve representing this motion is
illustrated in Figure 8.

The interferograms were recorded at approximately every 10 millimeters of cut depth measured
from the tread surface. An example of such a pattern is illustrated in Figure 9. Both gratings
survived the cutting process with a minimum amount of damage, and the data could be collected
to within 1 mm of the edge of the cut.

Depth of cut (mm)

Gap extension [mm]

-1.200~

Figure 8. Gap Extension as a Function of the Cut Depth Measured Using
an Extensometer

The data were collected from the interferograms using a digitizing tablet connected to a personal
computer. The two in-plane components of the displacement field were combined numerically
using the hybrid analysis package developed by Czarnek, Lee, and Lin [7], [8], [9]. As aresult,
six contour maps per grating were produced for each cut increment. These maps represent the
three orthogonal components of displacement and the three in-plane components of strain. The
displacement maps are presented in Figure 10 and strains in Figure 11. In addition, the hybrid
analysis program produced a set of numerical data for further numerical analysis. The data can
be provided at the nodal points of the mesh generated by a finite element package, or at the nodal
points of the mesh generated by the hybrid analysis package. The overall accuracy of the
interferometric measurements was approximately 100 nm.

The interferometric measurements of all three components of the displacement field were fully
successful. The two interferometers offered high mechanical stability, allowing quality
measurements to be made in a shop environment.

It was noticed that due to the mode hopping in one of the lasers there was the possibility of
introducing an artificial pattern of uniform strain. To avoid this possibility, it is recommended



that in future experiments temperature-stabilized lasers be used or a strain gage rosette be applied
in the vicinity of the grating.

The dial gage measurements indicate that the absolute displacement measurements require a set
of dedicated, high-sensitivity sensors. The measured displacements are too small to allow the
grid method to be reliable enough in this application. The displacements measured in the radial
and axial directions were on the order of 100 micrometers at a cut depth of 74 mm. Itis
recommended that small contact sensors based on strain gages be used in at least two points, one
for each direction. As an alternative, capacitive non-contact probes could be used.

The displacements measured by the extensometer are relatively large, making it feasible to use
the grid method for cut opening along the cut line through the tread surface. However, strain
levels below 1000 um/m are too small to be measured using the grid technique.

The application of thermocouples proved to be very useful. In comparison with a contact
thermometer used in earlier work, the response time and the accuracy of measurements were
much better. The collected data indicate that the amount of generated heat strongly depends on
the blade used and the lubrication applied. The maximum temperature change measured during
this experiment for all but one cut did not exceed 3 degrees Celsius during any one of the cuts.
The thermocouple closest to the cut was located 27 mm from the blade.

Hw

! : L

Figure 9. A Fragment of a Radial Displacement Pattern at the Second Increment of the
Cut on the Back Rim Face (Fringe interval is 417 nm)
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Rallroad Car Wheel No. 4 Back Rim Face I m‘erferometry Results After Cut #2
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Figure 10. Computer Generated Contour Maps of the Three Components of the
Displacement Field Representing the Data Collected from the Interferograms
Recorded at the Second Cut Increment (Dimensions and displacements are in
millimeters)
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Railroad Car Wheel No. 4 Back Rim Face Interferometry Results After Cut #2
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Figure 11. Computer Generated Contour Maps of the Three Components of the In-Plane
Strain Calculated from the Displacement Fields Presented in Figure 10
(Dimensions are in millimeters)

12



SUMMARY AND CONCLUSIONS
This report documents the experimental procedure and the data resulting from the saw-cut tests.
The data collected during each of the eight experiments appear in the following appendices.

Table 1, below, is a guide for identification of the subject wheel in each of the experiments.

Table 1. Wheel Identification from Moiré Experiments

Experiment # | Wheel Identification | New/Used? | Passenger/Freight?
1 FRA 1530142 T New Passenger
2 322-1480 142 T Used Passenger
3 36524-46 146 Used Passenger
4 44543-46 146 New Passenger
5 26526 242 Used Freight
6 26508 242 New Freight
7 26524 Used Freight
8 26512 New Freight

Generally, the data are consistent with findings of previous saw-cut tests on freight wheels in that
cuts into new wheels tend to close (net compressive rim stress) as the saw progresses into the rim
and used wheels exhibit cut opening behavior (net rim tension) [10]. The tendency of a saw-cut
to open or close is related to the state of residual stress in the wheel rim. Residual stresses are
imparted to wheels from three primary contributors:

¢ initial residual stresses resulting from the wheel manufacturing process,
¢ mechanical contact stresses from wheel-on-rail contact loads, and
e thermal stresses due to on-tread friction braking.

During manufacture, wheels are heat-treated (quenched) to induce residual compression in the
rim. Such compression near the wheel-rail contact surface has the beneficial effect of retarding
the formation and growth of fatigue cracks, which may form due to service loads. It is well
known that severe service environments can result in negation of the beneficial residual surface
compression, leaving this region in a state of tension, which may promote the development of
fatigue cracking.

This phenomenon, known as rim stress reversal, is the result of flash-heating of a shallow layer
of material near the wheel tread during on-tread braking when wheels are put to use. The
frictional heat generated at the brake shoe causes a shallow layer of the material near the tread
surface to expand. The expansion is resisted by the unheated bulk of the wheel rim. If the
thermal load is sufficient, the material near the tread surface yields (undergoes plastic
deformation) and upon cooling, the as-manufactured compressive condition at the tread is
reversed to tension.
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Quantification of the degree of rim stress reversal as a function of the service conditions to which
the wheels are exposed is the subject of the wheel performance research described previously.
Following initial investigations of the cracking observed in the affected fleets by the FRA and
the Volpe Center, a plan that lays out astrategy for this study was developed. The major
components of the plan are identified in Figure 12.

MFG EFFECTS | SERVICE ENVIRONMENT
HEAT | CONTACT HEAT STOP
TRANSFER FORCE TRANSFER  f«—]  BRAKING
MODEL | MODEL MODEL TEST
I
I
SAW CUT PLASTIC ELASTIC ELASTIC §¥Q§§§°‘”"
DATA STRESS l STRESS STRESS MODEL
ANALYSIS MODEL | MODEL MODEL
|
i INITIAL RESIDUAL STRESSES MECHANICAL THERMAL - E
; FROM MANUFACTURING STRESS STRESS E
E (RIM-QUENCHING PROCESS) ENVELOPE ENVELOPE E
: ‘ ) { ‘ E SAW CUT
| 5 DATA
'; ~ FINAL RESIDUAL STRESS STATE 1-— ANALYSIS

Figure 12. Master Plan for Investigating the Effects of Service
Variables on Wheel Residual Stresses

The dashed box in Figure 12 represents the target of the wheel research program, which involves
development of a set of analytical tools to be used to provide estimates of the final residual stress
state in railroad wheels from the three contributors identified above. To assess the validity of the
analytical scheme, experimental corroboration of model predictions is required. The shaded
portions of Figure 12 identify those aspects of the program that have been accomplished through
this series of experiments.

The collected data will be used by the Volpe Center to develop estimates of the relieved stresses,
which correspond to the relieved strains measured in these experiments. Reconstruction of these
stresses (the “saw-cut data analysis” portions of Figure 12) is a formidable task as the amount of
data collected per wheel is significant. In order to accomplish this task, the Volpe Center is
working with researchers from the Cracow University of Technology, under a joint research

14



research program, in the development of ahybrid technique capable of reconstructing the
relieved residual stresses from the measurements described herein. This work is underway, and
limited preliminary results indicate that reasonable estimates of the residual stress field can be
obtained. Details of the reconstruction procedure and the results of its application will be the
subject of a future report.

This experiment demonstrated that interferometric techniques can be successfully used in testing
the deformation of railroad wheels in a machine shop environment. The results indicate that the
experimental procedure is practical, however, some modifications would be beneficial. Two
major changes would be the addition of grid measurements to the tread area and the use of small
discrete sensors for point measurements of absolute displacements. Numerical analysis of the
data produced will determine whether other modifications are needed.
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Appendix 1. Wheel #1 Experimental Results

This appendix contains the results from the test on both sides (front and back rim faces)
of the first wheel. All the data are in a local coordinate system that is located at the intersection
of the inner edge of the rim and the cutting line; the vertical axis points away from the center of
the wheel.

The attached figures show the location of all the sensors. At three points on the wheel,
thermocouples (TC) measure the temperature difference (which never exceeded 3.1°C)
immediately after each cut. The temperature at TC3, the one farthest from the cut, was equal to
the ambient temperature. The strain measurements were taken after the difference decreased to
about 1°C or less at an ambient temperature in the range of 25°C to 29°C.

The extensometer, strain gage, and displacement sensor data are provided in tabular form.
The interferometric data is provided in the form of contour maps and as data files in ASCII
format for three specific cutting stages. The corresponding cut depths are 43 mm, 54 mm, and
74 mm.

The wheel was identified by the following markings:

FRA 1530
142T
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WHEEL #1 TEST DATA

'FRA 1530

TESTING OF DOT RAILROAD CAR WI{EEL #1 |142T
DATE: Aug-94 | i
mm/mm Dial Gages (mm) | mm i (°C) : (°C | (°C)
Opening ‘

Cut Depth (mm) | Gagel | Gage2 | Gage3 | Gaged | Gage5 1 2 3 Displacement | TC 1| TC2 | TC3
0 0 0 0 0 0! .0000] .0000 .0000‘ .000; 264 258, 259
29 -8 10 -35 28 -85/ -.0037; -.0020; .0003 -013! 26.8; 259] 258
43 341 -6 34 29| 376] -.0029| -.0007, .0009 -218] 292 262! 26.1

48| 480 -170 442 39| 457; -.0031] -.0008 .0013 -259NA |NA [NA
54, 614] 31| 540 34| 536] -.0022] -.0004; .0016 -267| 270 255, 254
66| 779 43, 631 34| 605| -.0013|removed .0023 -327| 28.1] 269! 27.0
74| 806] 43| 658 39] 617| -.0007|removed .0028 -365 30.1; 279 275
80| 994 113] 831] 199 789 .0001|removed. .0034 -397| 29.8] 29.0| 289
90 988 98| 831| 178{ 785 .0010|removed .0042 -447| 30.7] 29.4| 2838
100 972 81| 817, 153| 785 .0024|removed .0057 -495 31.1] 301, 289
110} 942 81 802 132| 762) .0035|removed .0073 -.543] 309, 299 289
120 961] 108 805{ 161} 761 .0045|removed .0090 -605 31.0] 30.0; 290
130 926 56| 769 117| 749] .0060|removed, .0106 -.664; 31.1] 300/ 289
140 917 73] 191 117| 736] .0068|removed, .0118 -723| 309; 30.3| 288
150, 887 511 760 104| 729| .0077|removed .0129 -771] 308! 30.1; 289
160| 886 66] 780! 130| 750! .0083|removed .0138 -.820. 30.8! 30.1| 289
170 891 79| 786| 140{ 742|removedremoved .0145 -.867 30.8| 30.1] 289
180 891 58| 750 138 747 |removedremoved .0154 -916| 30.6| 30.0{ 289
190, 910 58/ 774 122| 739|removediremoved .0164 -969 304| 299/ 289
206] 914 69 771 124| 741iremovedremoved .0179 -1.072} 30.3| 30.0| 289
208 811| -147| 732] 47| 561|removedremoved .5316 -1.234] 222| 224] 224

END
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Railroad Wheel No. 1 Test

Displacement vs. Cut Depth
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Railroad Wheel No. 1 Test
Strain Gage Readings vs. Cut Depth
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Railroad Wheel No. 1 Test
Dial Gage Reading vs. Cut Depth
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Appendix 2. Wheel #2 Experimental Results

This appendix contains the results from the test on both sides (front and back rim
faces) of the second wheel. All the data are in a local coordinate system that is located at
the intersection of the inner edge of the rim and the cutting line; the vertical axis points
away from the center of the wheel.

The attached figures show the location of all the sensors. At two points on the
wheel, thermocouples (TC) measure the temperature difference (which never exceeded
1.9°C) immediately after each cut. The temperature at TC2, the one farther from the cut,
was equal to the ambient temperature. The strain measurements were taken after the
difference decreased to about 1°C or less at an ambient temperature in the range of 22°C
to 26°C.

The extensometer, strain gage, and displacement sensor data are provided in
tabular form. The interferometric data is provided in the form of contour maps and as
data files in ASCII format for five specific cutting stages. The correspondmg cut depths
are 33 mm, 39 mm, 45 mm, 59 mm, and 74 mm.

The wheel was identified by the following markings:

322-1480
142°T
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WHEEL #2 TEST DATA

TESTING OF DOT RAILROAD CAR WHEEL #2 5322-1408 142T
DATE: | AUGUST 18 1994 |
Imm/mm mm mm rad °C) ' (°0)
f Radial Opening '
Cut Depth (mm) | Gagel | Gage?2 ‘ Gage3 | Gage4 | Gage5 | Displacement | Displacement . Rotation | TC1 | TC2
0 0 0 0 Ui 0 .000 .000} 0.00E+OO§ 244 244
28 -13 8 33 24[ -72 .013 .087 -4.63E—051 248! 244
33 22 11 37 32 54 018 12| -6.35E-05] 253, 244
39 122 -14 253 30 250 .028 140 -3.61E-05| 26.8| 245
45 425 47 496 30 426 .040 173, -951E-06; 27.00 25.1
59 776/  -101 713 29 554 .070 237 -1.25E-04] 25.6) 233
74 852 -132 760 14 575 .109 312] -1.65E-04| 26.3] 241
85 867| -147 769 9 577 .140 363] -1.81E-04| 26.0; 25.1
95 868 -157 776 -20 578 173 A422] -145E-04| 26.5] 25.0
105 846 -153 766 42 581 222 473] 1.66E-04| 26.6] 25.1
115 834, -147 751 -45 578 278 553) 2.35E-04| 266 25.1
125 821 -156 743 -52 567 319 629 ' 25204 262| 25.1
135 816/ -151 739 -49 565 354 761" 2.185-04' 26.2 25.1
145 814/ -150 735 -48 563 375 .816v | 189E-04 | 221 221
155 813] -150 735 -47 564 399 .868 209E-04 22,10 221
165 812 -150 734 47 562 417 919 "1;9415-02‘ 221 221
175 812/ -150 734 47 562 440 .973.' 1>.02B-04 22.1] 221
185 811 -149 733 47 561 462 1.039 8.?2}3—05 223 221
195 811] -148 733 -47 561 488 1 .1()6vf"1:»2.1,7E-06 222 221
205 810] -148 732 -47 560 .520 1 .202; 1 DSE.-{)4 223| 222
208 811 -147 732 -47 561 532 1 .234i. ;1-;62E-64 222 224
END | _Estimated
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Railroad Wheel No. 2 Test
Displacement vs. Cut Depth
1.4

M Radial Displacement

® Opening Displacement

1.2; 2
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Displacement (mm)
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0 50 100 150 200
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Strain (mm/mm)

Railroad Wheel No. 2 Test
Strain Gage Readings vs. Cut Depth

1000
L
' b !
800 L /r .
& AAN
T ATA AtA—A|AA|A-ATa
600 o ,
B o0 Ot o mo-oio-oHm
/
400 B Gagel
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-9 0090100180008
-200
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Rotation (rad)

Railroad Wheel No. 2 Test

Wheel Rotation vs. Cut Depth

B Rotation |

~
i

L

50

T

T =T

Cut Depth (mm)
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Appendix 3. Wheel #3 Experimental Results

This appendix contains the results from the test on both sides (front and back rim faces)
of the third wheel. All the data are in a local coordinate system that is located at the intersection
of the inner edge of the rim and the cutting line; the vertical axis points away from the center of
the wheel.

The attached figures show the location of all the sensors. At two points on the wheel,
thermocouples (TC) measure the temperature difference (which never exceeded 6°C)
immediately after each cut. The temperature at TC2, the one farther from the cut, was equal to
the ambient temperature. The strain measurements were taken after the difference decreased to
about 1°C or less at an ambient temperature in the range of 18°C to 22°C.

The extensometer, strain gage, and displacement sensor data are provided in tabular form.
The interferometric data is provided in the form of contour maps and as data files in ASCII
format for three specific cutting stages. The corresponding cut depths are 35 mm, 48 mm, and
63 mm.

The wheel was identified by the following markings:
36524-46
146
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WHEEL #3 TEST DATA

146

TESTING OF DOT RAILROAD CAB WHEEL #3 | 336524-46
DATE: December 12 1994 } | :
mm/mm mm mm rad °C) (°C)
Radial Opening
Cut Depth (mm)| Gagel | Gage2 | Gage3 | Gage5 | Gage6| Gage7 | Displacement | Displacement | Rotation | TC1 | TC2
0 0 0 0 0 0 0! .000 .000] 0.00E+00 18.6i 18.6
28] -15 10 -47] -110 24 16 -017 .130|  6.00E-05 18.6 235
35 124 13| 247 409 a5 30 -033 -1.409, 8.00E-05 18.6 246
48| 852] -26] 1011 1146 731 106 -.081 -1.288] 1.20E-04 20.3 235
55| 1016 -62| 1130] 1225 73| 166 -.119 -1.205|  4.00E-05 20.0 223
63| 1056 91} 1160, 1236 44| 221 -.158 -1.129] -2.00E-05 20.0 229
70| 1057| -118] 1162 12361 41| 276 -201 -1.054] -1.60E-04] 215 229
80| 1044, -148| 1162] 1225 -278| 341 -261 -941| -2.80E-04 21.6 234
90{ 1033| -172| 1161] 1223| -666; 378 -.320, -.833] -3.20E-04 215 236
100| 1022{ -200| 1164| 1221} -917| 411 -.393 -709| -3.00E-04 21.6 240
110{ 1022 -200] 1164| 1221} -917| 411 -.489 -.612; -9.50E-04 21.6 244
END
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Railroad Wheel No. 3 Test
Wheel Rotation vs. Cut Depth
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Railroad Car Wheel No. 3 2nd Side Interferometry Results

Vertical Strain Field After Cut No. 3
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Appendix 4. Wheel #4 Experimental Results

This appendix contains the results from the test on both sides (front and back rim faces)
of the fourth wheel. All the data are in a local coordinate system that is located at the
intersection of the inner edge of the rim and the cutting line; the vertical axis points away from
the center of the wheel.

The attached figures show the location of all the sensors. At two points on the wheel,
thermocouples (TC) measure the temperature difference (which never exceeded 1.7°C)
immediately after each cut. The temperature at TC2, the one farther from the cut, was equal to
the ambient temperature. The strain measurements were taken after the difference decreased to
about 1°C or less at an ambient temperature in the range of 21°C to 23°C.

The extensometer, strain gage, and displacement sensor data are provided in tabular form.
The interferometric data is provided in the form of contour maps and as data files in ASCII
format for three specific cutting stages. The corresponding cut depths are 35 mm, 48 mm, and
63 mm. '

The wheel was identified by the following markings:
44543-46
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WHEEL #4 TEST DATA

TESTING OF DOT RAILROAD CAR WHEEL #4 44543-46 146
DATE: | 17:May9s |
! mm/mm ‘ | mm mm i rad °C) (°C)
: l Radial s .Opening i '
Cut Depth (mm) | Gagel|Gage2| Gage3| Gage4 Gage:S?Gag%i Displacement ; Displacement Rotation TC1 TC2
O; 0| 0 0 0j 0 O: 000 .000‘: 0.00E+00; 229, 229
28 -14l 3] 37| 22 -80] 20 -.014 -.104 -2.36E-06;j 23.4i 229
35 65 7, 114] 36| 178, 31 -.027 -.152, 2.39E-05 23.7] 229
48] 654 31| 726 33 792| 73 -.075 -.259, -7.10E-05| 22.7| 213
63 1122] -85 1085 1] 1083 85 -.165 -427| -1.19E-04 23.6| 22.2
70| 1185 -102]| 1132 -7, 1119 29 -.213 -.505, -6.82E-05| 23.5 ‘ 229
80| 1215| -135| 1150| -33| 1127| -162 -.283 -.615 -190E-04/NA |NA
90{ 1229 -161! 1159] -57| 1133| -501 -.350 =723 -3.99E-04: 244 229
100] 12171 -191| 1154| -991 1126| -739 -428 -.826] -5.46E-04| 24.4| 23.0
110 1193 -187| 1148, -131| 1127] -722 -.542 -920, -6.13E-04| 24.7| 23.0
120{ 1187, -180| 1146| -134/ 1129, -776 -.621 -1.027| -9.28E-04| 24.7| 23.1
130| 1187] -170| 1147 -122| 1135 -763 -.682 -1.136| -1.05E-03| 24.5| 23.1
140| 1177) -172| 1142| -125| 1129 ;759 -.733 -1.239| -1.28E-03! 24.5 23.1
150| 1172] -179] 1132] -133} 1121] -764 -773 -1.319] -1.49E-03; 24.5| 23.1
wheel closed at bottom of the wheel (non-flange side)
el [ [ [ |




Displacement (mm)

Railroad Wheel No. 4 Test
Displacement vs. Cut Depth

MW Radial Displacement

@ Opening Displacement

-1.2

-14

\

50 100

150 200

Cut Depth (mm)




Strain (mm/mm)

Railroad Wheel No. 4 Test

Strain Gage Readings vs. Cut Depth

1500
1000
/
/
I
500
I
B Gagel
O'o ® Gage2
0 Llee==r=
| \ A Gage3
\ Gage4
“ O Gages
‘ Gage6
500 o O Gage
)
3
00
? 0000
-1000 . ' . . r . , . r . ' .
0 20 40 60 80 100 120 140 160 180 200 220 240

Cut Depth (millimeter)

4-6




Railroad Wheel No. 4 Test
Wheel Rotation vs. Cut Depth

5 |

B Rotation

0.0002
o_i i

-0.0002

-0.0004 :

-0.0006 :

-0.0008 :

Rotation (rad)

-0.001 -

\

-0.0012

\

-0.0014-

-

-0.0016-

50

100

150

Cut Depth (mm)

200
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Appendix 5. Wheel #5 Experimental Results

This appendix contains the results from the test on both sides (front and back rim faces)
of the fifth wheel. All the data are in a local coordinate system that is located at the intersection
of the inner edge of the rim and the cutting line; the vertical axis points away from the center of
the wheel.

The attached figures show the location of all the sensors. At two points on the wheel,
thermocouples (TC) measure the temperature difference (which never exceeded 1.5°C)
immediately after each cut. The temperature at TC2, the one farther from the cut, was equal to
the ambient temperature. The strain measurements were taken after the difference decreased to
about 1°C or less at an ambient temperature in the range of 19°C to 22°C.

The extensometer, strain gage, and displacement sensor data are provided in tabular form.
The interferometric data is provided in the form of contour maps and as data files in ASCII
format for three specific cutting stages. The corresponding cut depths are 34 mm, 48 mm, and
60 mm.

The wheel was identified by the following markings:

26526
242
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WHEEL #5 TEST DATA

TESTING OF DOT RAILROAD CAR WHEEL #5 %#26526 ‘ :

DATE:  JUNEI2195 | o
| mm/mm mm ‘ mm [ rad \ °C) ‘ °C)

| i ; | | ; Radial ! Opening I :
Cut Depth (mm)| Gagel}Gage2£Gage3}Gage4%Gage5 Gage6 | Displacement Displacement } Rotation ‘ TC 1 TC 2
0! 0, 0l 0 0; 0! 0 00001 0.00011 0.00E+00§ 20.1% 20.6
28, 209 1931 2513 179 269‘ 229 0.205 0.106; -1.39E-04! 203 20.7
34 180] 2781 234l 243 165| 221 0.245 0.142| -2.38E-04; 20.6] 208
48 150; 293 3, 263, -100 188 0.362 0.214] -2.38E-04] 21.6] 214
60 160, 323 -]24i 266| -243 172 0.513 0.294 -1.98E-04! 19.1] 18.9
70| 1620 346] -165 302/ -291 142 0.697 0.388; -9.92E-05| 21.6] 21.2
80 133{ 373i -1822i 332] -297 58 0.920l 0.523] -1.19E-04, 22.1] 213

‘ : ! 1
90! 1101 396/ -191 356, -285 5 1.339 0.680, -2.78E-04] 22.5| 213
100]  102; 414, -197] 368 -275 67 1.759 0.833| -3.57E-04| 22.7) 225
110!  103] 423] -198] 373] -270] 264 2.074 0947 -3.57E-04] 229| 214
120 104] 424! -196] 375] -267) 445 2.381 1.041) -2.18E-04| 23.0] 215
130] 108|424 -193] 373 -264| 457 2.660 1.116; 2.20E-18| 229/ 215
140| 111} 424| -189] 372/ -261| 446 2.997 1.187, 2.98E-04| 22.8| 215
150/ 114] 423| -185] 371] -259| 441 3.349 1.264) 6.55E-04| 229 21.6
160! 116] 422| -183] 370] -257| 441 3.674 1.333] 9.52E-04| 22.8] 215
170{ 118} 421} -182; 368| -257| 439 4.009 1.409] 1.21E-03] 229| 21.6
180 119| 420 -179] 366, -255| 435 4.302 1.482] 147E-03] 229| 216
190 120)  420] -179] 366, -254, 436 4.628 1.559 1.77E-03| 22.8/ 21.6
2000 121|419 -178! 363] -253! 433 4.933 1.638] 2.06E-03| 22.8| 216
END
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Displacement (mm)

Railroad Wheel No. 5 Test
Displacement vs. Cut Depth
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Railroad Wheel No. 5 Test
Strain Gage Readings vs. Cut Depth

500
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Rotation (rad)

Railroad Wheel No. 5 Test
Wheel Rotation vs. Cut Depth

0.0016 , l

) | B Rotation n
0.0014 5
0.0012
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Railroad Car Wheel No. 5 Second Side Interferometry Results

)

in mm

Residual Strain (Ey) Field After Cut No. 1 (
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Appendix 6. Wheel #6 Experimental Results

This appendix contains the results from the test on both sides (front and back rim faces)
of the sixth wheel. All the data are in a local coordinate system that is located at the intersection
of the inner edge of the rim and the cutting line; the vertical axis points away from the center of
the wheel.

The attached figures show the location of all the sensors. At two points on the wheel,
thermocouples (TC) measure the temperature difference (which never exceeded 4.8°C)
immediately after each cut. The temperature at TC2, the one farther from the cut, was equal to
the ambient temperature. The strain measurements were taken after the difference decreased to
about 1°C or less at an ambient temperature in the range of 22°C to 27°C.

The extensometer, strain gage, and displacement sensor data are provided in tabular form.
The interferometric data is provided in the form of contour maps and as data files in ASCII
format for three specific cutting stages. The corresponding cut depths are 35 mm, 45 mm, and
60 mm.

The wheel was identified by the following markings:

26508
242
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WHEEL #6 TEST DATA

TESTING OF DOT RAILROAD CAR WHEEL #6

1#26508 as man., 6HB 242
| i i

DATE: | JUNE231995 | | |
| mm/mm | mm mm rad f (°C) . (°C)
Radial Opening
Cut Depth (mm) | Gagel | Gage2 | Gage3 | Gage4 | Gage5 | Gage6| Displacement | Displacement | Rotation | TC1: TC 2
0 0 0 0 0 0 0 0.000 0.000: 0.00E+00! 22.3| 228
27 7 -1 -16 9 -27 11 0.000 -0.077] 1.79E-04! 269, 234
35 38 8 37 15| 100 28 -0.001 -0.099, 3.57E-04; 27.1 | 233
45| 209 -1 237 15| 308 48 -0.024 -0.1361 5.75E-04! 28.2l 234
60; 389 -25/ 394 6/ 429 71 -0.061 -0.210] 7.54E-04! 27.2{ 252
70, 415 -40] 419 -10] 446 56 -0.096 -0.262] 8.73E-04] 26.8] 26.1
80| 405 -60] 426 41| 44 -3 -0.132 -0.325| 8.13E-04] 27.6; 26.]
90| 397 -68| 422| -56] 434 -70 -0.160 -0.385| 7.54E-04| 279, 26.1
100] 395, -75| 419, -58{ 431] -152 -0.189 -0442] 7.14E-04| 28.1| 26.1
110] 397] -77| 418 -60{ 430; -229 -0.212 -0482| 7.34E-04| 28.2] 262
120 393 -81| 416] -59| 427 -300 -0.227 -0.516) 7.54E-04| 28.2| 26.2
1300 394 -80] 416] -59! 426| -332 -0.240 -0.540, 7.54E-04| 282 262
140 393 -81| 415 -581 426 -339 -0.249 -0.559| 8.13E-04| 28.1] 262
150 394 -79, 416] -58| 426] -345 -0.247 -0.575| 5.36E-04| 28.1] 26.2
160 393] -79] 416] -57| 426 -344 -0.255 -0.590! 5.95E-04| 28.0| 263
170 394| -79| 416] -57| 427 -346 -0.263 -0.603] 6.15E-04| 28.0/ 26.3
180 392| -80| 416| -59| 426] -346 -0.272 -0.618) 6.75E-04| 279, 264
190, 392 -79| 416] -56] 428| -347 -0.281 -0.633] 7.54E-04| 279, 264
200 393 -78 415 -56)  426| -345 -0.291 -0.649| 8.13E-04| 279 264
210 394 -79| 416] -56] 426| -346 -0.300 -0.666] 7.94E-04| 27.8] 26.3
END
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Railroad Wheel No. 6 Test
Strain Gage Readings vs. Cut Depth
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Rotation (rad)

Railroad Wheel No. 6 Test

Wheel Rotation vs. Cut Depth
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Railroad Car Wheel No. 6 Flange Side Interferometry Results

Residual Strain (ey) Field After Cut No. 3 (in mm)
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Appendix 7. Wheel #7 Experimental Results

This appendix contains the results from the test on both sides (front and back rim faces)
of the seventh wheel. All the data are in a local coordinate system that is located at the
intersection of the inner edge of the rim and the cutting line; the vertical axis points away from
the center of the wheel.

The attached figures show the location of all the sensors. At two points on the wheel,
thermocouples (TC) measure the temperature difference (which never exceeded 5.4°C)
immediately after each cut. The temperature at TC2, the one farther from the cut, was equal to
the ambient temperature. The strain measurements were taken after the difference decreased to
about 1°C or less at an ambient temperature in the range of 28°C to 30°C.

The extensometer, strain gage, and displacement sensor data are provided in tabular form.
The interferometric data is provided in the form of contour maps and as data files in ASCII
format for three specific cutting stages. The corresponding cut depths are 35 mm, 44 mm, and
60 mm. ~

The wheel was identified by the following markings:
26524
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WHEEL #7 TEST DATA

TESTING OF DOT RAILROAD CAR WHEEL #7 1 . 26524i
DATE:  |August9 1995 | | | ! | ;
mm/mm ‘ mm mm rad | (°C) : (°C)
Radial Opening

Cut Depth (mm) | Gagel | Gage2 | Gage3 | Gage4 | Gage5 | Gage6 | Displacement | Displacement | Rotation | TC1 | TC2
0 0 0 0 0 0 0 0.000, 0.000; 0.00E+00! 29.2] 29.2

28 19]  -11 48 -37 39 -4 0.037 0.133| -1.18E-04; 32.2| 29.2

35 13 -19 79 -40{ -180] -68 0.045 0.172| -591E-05{ 348! 294

4| -1 -16] -164]  -34] -440| -104 0.061 0.226] 3.94E-05{ 30.3| 269

54| -27 2| -318 -19| -593| -153 0.082 0.291] 2.36E-04] 33.1| 30.1

60 -31 7 -356 -5| -634| -188 0.096 0329 3.35E-04] 339| 302

70,  -35 24| -384 24| -665| -260 0.125 0419] 6.50E-04] 30.1] 28.2

80, -61 39| -389 57| -660{ -406 0.169 0.551] 8.27E-04; 31.0 283

90 -81 62! -386 81| -640] -560 0.244 0.726| -3.94E-04| 31.5| 284

100; -89 86, -388 88| -624| -576 0.309 0.892] 2.17E-03| 31.6;{ 284

110|  -90 98| -387 90, -616] -367 0.358 1.015 1.81E-03| 31.7| 285

120 -89 102] -385 89, -611 41 0.402 1.112] 2.1 ;E-Os 31.7] 286

130 -88] 102 -382 87| -607] 295 0.447 1.192) 291E-03| 315 287

140f -87{ 100 -380 84| -606/ 301 0.488 1.264) 4.04E-03] 31.6] 288

150 -84| 100/ -378 82| -603] 298 0.530 1.332] 5.04E-03| 315 28.7

160 -83 98| -376 80| -602| 298 0.576) 1.399] 5.98E-03| 31.6/ 28.8

170, -82 97| -375 80| -601| 297 0.629 1.467|- 6.81E-03| 31.5| 28.8

180 -81 97| -374 78| -600| 297 0.672 1538 7.70E-03| 31.5| 288

190 -80 97| -373 76| -602| 295 0.718 1.615 8.64E-03] 314 289
200 -81 96| -372 76| -599| 294 0.750 1.679] 9.31E-03] 314 29.0}

END
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Displacement (mm)

Railroad Wheel No. 7 Test
Displacement vs. Cut Depth
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Strain (mm/mm)

Railroad Wheel No. 7 Test
Strain Gage Readings vs. Cut Depth
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Rotation (rad)

Railroad Wheel No. 7 Test
Wheel Rotation vs. Cut Depth
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Railroad Car Wheel No. 7 Flange Side Interferometry Results
Residual Strain (ey) Field After Cut No. 3 (in mm)
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Appendix 8. Wheel #8 Experimental Results

This appendix contains the results from the test on both sides (front and back rim faces)
of the eighth wheel. Each side has a local coordinate system that is located at the intersection of
the inner edge of the rim and the cutting line; the vertical axis points away from the center of the
wheel. Due to the hardened outer rim, the cutting had to start with a carbide blade and then
continue with a regular blade.

The attached figures show the location of all the sensors. At two points on the wheel,
thermocouples (TC) measure the temperature difference (which never exceeded 10.8°C)
immediately after each cut. The temperature at TC2, the one farther from the cut, was equal to
the ambient temperature. The strain measurements were taken after the difference decreased to
about 1°C or less at an ambient temperature in the range of 20°C to 25°C.

The extensometer, strain gage, and displacement sensor data are provided in tabular form.
The interferometric data is provided in the form of contour maps and as data files in ASCII
format for three specific cutting stages. The corresponding cut depths are 35 mm, 45 mm, and
60 mm.

The wheel was identified by the following markings:
26512
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WHEEL #8 TEST DATA

TESTING OF DOT RAILROAD CAR WHEEL #8 | 26512

DATE: !September 13 1995 i } [ ] l |
mm/mm mm mm | rad l (°C) i (°C)

Radial Opening @
Cut Depth (mm) | Gagel | Gage2 | Gage3 | Gage4 | Gage5 | Gage6 | Displacement | Displacement | Rotation | TC 1| TC2
0 0 0 0 0 0 0 0 0 0.00E+00] 24.0, 24.1
28 13 71 32 8 -38 15 .0073 -0411| 0.00E+00! 30.8/ 24.3
35 23 -8 -4 17 41 21 0131 -.0542| 2.71E-05] 35.2| 244
45| 167 -16] 190 15| 278 44 -.0002 -.0942] 9.80E-05; 25.3| 24.0
55| 279 321 293 8 361 70 -.0191 -1332] 7.69E-05| 259 24.8
60, 309, 41| 318 5! 378 79 -.0331 -1611| 5.19E-05| 262, 24.8
70| 335 -59| 339] -10] 389 89 -.0556 -.1819| 3.09E-05| 21.0{ 20.8
80, 325 -80] 345 -36| 388 80 -.0809 -2553| 3.58E-05| 21.7\ 207
90| 317] 91| 346] -55| 380 55 -.1049 -3090] 4.55E-05| 22.3| 2038
100 312 96, 342/ -61] 374 14 -.1273 -3644| -6.14E-05| 22.6| 20.8
110 312] -100] 341 -6l 368 47 -.1440 -4066| -1.39E-04] 22.7| 208
120 310{ -101| 340] -61| 366| -133 -.1578 -4411| -1.88E-04| 22.83| 20.8
130 311} -101] 339] -60] 364 -233 -.1676 -4647 -2.32E-04| 22.7; 2038
140]  310[ -102] 339, -60| 364 -298 -1771 -4844| -2.80E-04; 22.8| 2038
151] 310 -102/ 339 -60] 363} -307 -.1784 -.5008; -2.85E-04; 22.7| 20.8
160 309 -101] 338 -59| 363 -302 -.1880 -5140| -3.63E-04] 22.7| 209
170, 309| -101] 338 -58{ 363 -299 -.1978 -.5282| 4.02E-04| 22.6| 209
180 310 -100{ 338/ -59; 362| -299 -.2069 -.5403| 4.45E-04| 22.5| 209
190 309 -100| 338 -59; 363 -300 -2164 -.5573|NA 22.2| 209
200 309| -100| 337 -59{ 363 -299 -2242 -5715|NA 22.1] 208
210 309 -99| 338/ -58] 363 -299 -2329 -.5879|NA 22.1 209
220) 309 99| 336 -58] 363 -299 -.2409 -.6542|NA 22.0{ 209
End
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Displacement (mm)

Railroad Wheel No. 8 Test
Displacement vs. Cut Depth
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Strain (mm/mm)

|§1|1

Railroad Wheel No. 8 Test
Strain Gage Readings vs. Cut Depth
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Railroad Wheel No. 8 Test
Wheel Rotation vs. Cut Depth
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