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PREFACE 

The wheel is one of the most critical components of a car or 

locomotive in that a failure often results in a major derailment 

causing significant damage and operational losses. The availability 

of effective methods to determine if wheels have developed cracks is 

a potentially effective way to control such losses. ~he objective of 

this work was to evaluate an inspection method for the detection of 

wheel cracks. 
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EXECUTIVE SUt1r-1ARY 

In this report, a laboratory demonstration system is described 

which is 75 - 85% reliable in detecting large cracks in wheels. The 

system works by recognizing the difference in the sound of a cracked 

wheel. In a sense it could be described as an automation of the art 

of carmen who can pick out bad wheels by their sound from a hammer 

blow. 

In the automated system a hammer is actuated by a wheel as it 

moves along the track. A microphone is used to detect the sound. The 

electrical signal from the microphone is analyzed in terms of its 

frequency (or tonal) content and in terms of hov; quickly or slovlly it 

(and the sound) dies away. These data are then processed by a mini­

computer which has been programmed to recognize the various patterns 

of sounds or acoustic signatures as they are termed in this report. 

The minicomputer makes a decision as to whether or not the \Theel is 

bad. 

The background research reported here has been directed at 

answering such practical questions as the effects on the acoustic 

signature of wheel size and geometry, wheel load, surface covering, such 

as grease and dirt layers, and the various types of defects and cracks. 

It is concluded that the system works well enough in the laboratory to 

justify development of a prototype field installation. 

There are presently under development other systems for in-track 

flaw detection method, one being the ultrasonic surface wave (USW) 

technique. One of the authors of this report was involved with 

pioneering research on the USW technique, which has the inherent 

xii 
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limitation that it can only find flaws within a shallow depth below 

the surface of the wheel tread. On the other hand, the acoustic 

signature technique, while it has not yet been field tested, has the 

potential of finding major flaws anywhere on the wheel. ~he reliability 

of the acoustic signature technique can be improved with the use of 

more sophisticated computer programming for pattern recognition. In 

addition the development of programs for recognition of various 

sounds could be applied to other problems such as detecting flat 

spots or shattered rims or air hose leaks. 

xiii/xiv 
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1. INTRODUCTION 

1.1 STATEMENT OF PROBLEM 

Hell developed nondestructive test rn~thods are in use for 

monitoring product quality during the manufacture of railway wheels, 

including ultrasonic, magnetic particle, dye penetrant, and eddy cur­

rent inspection techniques. However, there are no reliable, economical 

methods for finding in-service wheels with plate cracks. Today most 

flawed wheels on rolling stock are found by visual inspection. A con­

siderable number of wheels have heavy coats of grease and grime in 

the plate area of the wheel, and thus, ·if large crackS are present, 

they may not be visible; The principal.types of wheel cracks and 

their importance in derailments have been discussed in a previous 

report [3]. 

A need exists for an autornoated railway wheel test facility 

that is capable of detecting flawed wheels on a passing train. The 

operation of such a test station would be economical only if it 

did not interfere with normal railway service, if it operated 

automatically, and if its reliability was such that it did not 

produce erroneous results, with railway personnel performing only 

necessary maintenance or repair. By locating such·automated in­

spection stations at key railway junctions, a high percenta~e of 

cars could be monitored. 
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1.2 PRIOR WORK AND CURRENT OBJECTIVES 

Some effort has been made by several groups to develop 

the principles of such automatic inspection stations. 'JlWo 

promising techniques are ultrasonic and acoustic signature 

methods. In the ultrasonic method, a pulse is serit into the 

wheel as it rolls over a transducer~ Bray and Dalvi [1-5] 

initiated this work with one-fourth scale model wheels. Dalvi 

succeeded in producing surface waves on the tread of a station­

ary .one-fourth scale wheel and detecting various machined flaws 

on the tread both with pulse.echo and attenuation techniques. 

Scanning Systems, Inc., have.built a prototype system based 

on the same principle. Their system was field tested in the 

fall of 1973 wit~ a good success rate in dete6ting thermal 

cracks on the tread of rolling wheels. The system, however, is 

effective only for cracks that are within about 3/8 inch of 

the surface of the .tread. Bray succeeded in detecting plate 

flaws using ultrasonic pulses and this work has been extended 

by Batelle Northwest. 

In the acoustic signature method· (where acoustic signature 

means the characteristic sound or vibration emitted by an ob­

ject), a wheel is excited so that the radiated sound from the 

wheel may be distinguished from background noise. When a 

crack is introduced, the acoustic signature will change. 
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The acoustic signature method is gaining in acceptance as a 

nondestructive test method. Some of the early work relating 

to flaw detection of various aircraft components was done by 

Shroer, et al [6]. Signature analysis is also used in detec­

tion of flawed bearings [?]. 

The first experiments aimed at evaluating the feasibility 

of the acoustic signature method as a railway wheel flaw detec­

tion device were performed by Nagy with one-fourth scale 

wheels [s]. The experiment consisted of an examination of the 

audio frequency acoustic radiation from an excited wheel. 

Several ways of exciting wheels were experimented with and 

finally it was found that the most reproducible results were 

obtained with a random noise input. 

Some results of third octave ban~ spectral analysis of 

sound from such model wheels are shown in Figure 1.1. There 

were two good wheels and the dotted areas indicate the differ­

ences between the spectral levels of the good wheels and a bad 

wheel (which had a simulated plate flaw) • The differences be­

tween the good and bad wheel spectra were much greater than 

the differences between the spectra of the good wheels and so 

it was felt that the acoustic signature technique would also 

be a feasible flaw detection method. These results were con­

firmed with narrow band analysis which showed shifts of resonant 
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Fig. 1.1 

-----T---

~ INDICATES DIFFERENCE BETWEEN FLAWED WHEEL AND 
TWO GOOD WHEELS • 

.. 
}f~~!tWH~ INDICATES DIFFERENCE BETWEEN TWO GOOD \mEELS. 

500 1000 2000 5000 lOK 20K 
FREQUENCY IN HZ 

1/3 Octave Comparative Graph for Three Model Wheels, 
Random Noise Tests ( Dashed line indicates flawed 
wheel spectra ) 

4 
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frequencies and amplitude changes. Most of,.the changes in­

duced by flaws in the spectra of the model wheels lie roughly 

in the 1.5 - 20 kHz range. Using the usual scaling law, this 

corresponds to a frequency range of roughly 400 Hz to 5000 Hz 

in full sized wheels. 

Although they were promising, the results of the experi­

ments with one-fourth scale model wheels did not yield enough 

data for the design of a prototype flaw detection device. The 

experiments performed were limited by the fact that the flaws 

were machined into the wheels. A machined flaw is only an 

approximation to an in-service fatigue crack. The effects of 

load, grease layers, wear and geometrical variations also re­

mained as unknown factors. It was also unclear from the earli­

er study if sounds arising from normal railroad practice could 

be used for signature analysis or whether a specially construct­

ed transducer would be necessary. 

The objective of the current research program was to ex­

tend the earlier work to a feasibility study on full size wheels, 

some of which had real flaws acguired through normal use. 

1.3 SYSTEM DESCRIPTION 

A system to detect flaws using acoustic signatures is il­

lustrated schematically in Fig. 1.2. The excitation might 
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MICROPHONE 

t 
I EXCITATION DATA PROCESSOR 

FLAW INDICATOR 
TRACK 

ACCELERot-'ETER 

Fig. 1.2 Schematic of Flaw Indicator System Components 

·--~--- --------- -~ -~ 
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consist of a single impact (hammer blow or passage over a 

joint), continuous shaking due to surface roughness of the 

track as in rolling, or slip-stick action as in the cases of 

retarder action, braking or in passage around a curve. The 

vibratory mechanical energy of the excited wheel is partially 

degraded by sound radiation into the air and vibration of the 

track. (There are other nonacoustic forms of energy loss in 

addition, of course.) These two forms of acoustic energy 

could be detected by a microphone or track mounted accelero­

meter, respectively. The transduced signal would be interpret­

ed by a data processing unit and a decision made as to whether 

or not the wheel is flawed. Finally some sort of flaw in­

dicator would be actuated if necessary. 

1.3.1 Design Questions 

In order to prove feasibility and to produce an optimum 

system, information is required on a nu~er.of ~ettinent ques­

tions. The central point of the system is obviously the wheel, 

faulty or otherwise. Since the vibrational response of any 

object is determined by its impedance (mass and stiffness re­

actance, damping and modal coupling), it would be desirable 

to have a complete knowledge of these quantities as a function 

of frequency, and then to know how they are affected by the 

presence of flaws of various types and sizes. It should then, 
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in principle, be possible to predict the vibrational response 

of the wheel under various forms of excitation. Clearly the 

best form of excitation would be that whose forcing function 

has a wide frequency band in the range in which there are the 

greatest impedance differences between good and bad wheels. 

Selection of the best detection method is then simply a matter 

of finding which has maximum sensitivity to the wheel vibra­

tion in the same frequency range. The choice of data process­

ing method consists of determining the differences between 

signatures of good and bad wheels in the most reliable manner. 

Finally the constraints of achieving convenient and reliable 

hardware have to be met. 

1.3.2 Procedures 

There are basically two ways in which these design ques­

tions may be resolved. For lack of better terminology, we 

shall call these the deterministic and statistical approaches. 

In the deterministic approach one would attempt to cal­

culate the impedances of good and bad wheels, with experimental 

verification, and then predict the wheel response under forcing 

functions typical of various types of excitation. Selection 

'Of detection devices and data processing schemes then could be 

determined to achieve maximum differentiation of good and bad 

wheel signatures. 

------,--
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Alternatively, the purely statistical approach would be 

to set up a prototype system, varying excitation methods and 

detection devices by trial and error. By sampling large num­

bers of wheels, the statistical patterns of signatures from 

good and bad wheels could be established and data processing 

schemes evolved to maximize the reliability of recognizing bad 

wheels. 

The major problem with the deterministic method is the 

difficulty of obtaining precise knowledge of the impedance 

functions. Here one has to resort to partial knowledge. For 

instance, it is possible to determine the resonance frequencies 

of good and bad wheels ( at which the reactance becomes zero} 

both experimentally and theoretically. The damping can also 

be measured, as a function of frequency. It is only possible 

to conjecture the nature of the forcing functions of the vari­

ous excitation methods from experimental tests. On the other 

hand, the basic problem with using a purely statistical ap­

proach is that of obtaining a sufficient number of flawed 

wheels among large numbers of good wheels. 

In practice, it appears that a combination of the deter­

ministic and statistical approaches is desirable, due to the 

difficulties of trying to follow either one in a rigorous 

manner. Thus, the understanding implicit in the deterministic 
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approach, in so far as it exists, can be used as a guide in 

deciding which trials to undertake in statistical data gather­

ing. 

In the following chapters, the status of knowledge bear­

ing on the key design problems is outlined. The starting 

point is a discussion of the determination of wheel resonances, 

firstly with approximate models and then by using a finite 

element method. The results of these theoretical studies are 

then compared with experimental and field data, and the prin­

cipal differences between good and bad wheel signatures deter­

mined. The efficacy of various excitation and detection meth­

ods is then discussed and data processing methods are re­

viewed. Finally, a laboratory demonstration system and its 

performance is described. Experimental and computational de­

tails are presented in appendices. 
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2. THE RAILWAY WHEEL 

2.1 INTRODUCTION 

As explained in the preceding chapter, it would be de­

sirable to be able to determine theoretically the response of 

a wheel to various forcing functions. If such a theory could 

be developed, it would serve several very practical purposes. 

For example, it is difficult to collect a sample of wheels 

with all the variations of flaw sizes and types that might 

eventually be encountered by a working device. With a reliable 

theory, however, the behavior of such variations could be 

simulated. The problem is that the theory is not easily 

developed. 

We start by considering various elementary models and 

proceed to a finite element analysis. Although the theory 

has not been advanced as far as is desirable, it still yields 

some useful insights. 

2.2 ELEMENTARY THEORY 

2.2.1 Introduction 

The railway wheel consists of a heavy rim, connected to 

the hub with a plate section (see Fig. 2.1) and may be model­

ed as a ring or as a plate. In Fig. 2.1 such ring and plate 
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model outlines are superimposed over the actual cross section 

of the wheel. Bray [1] used ring and plate models in his 

original study of ultrasonic propagation. In the feasibility 

study of acoustic flaw detection in wheels using one-fourth 

scale models, Nagy made ·an attempt to model the railway 

wheel as a flat annular plate [8]. Although results from these 

elementary models are not in close quantitative agreement with 

experimental values, helpful qualitative insights are gained. 

A considerable amount of research has been done on vibration 

of annular plates by workers interested in high speed turbines, 

high speed saw blades, and related problems. Stappenbeck [9] 

compared the impact excited railroad wheel resonances with 

those of a ring and apparently had greater success than with 

the flat plate model. 

2.2.2 Vibrations of Annular Plates and Circular Rings 

The theory of vibration of thin annular plates was origi­

nally developed in the early 1920's by Southwell [10]. In 

the usual development it is assumed that transverse normal 

and shear strains can be _neglected. Normal stresses are also 

assumed to be zero at the middle surface of the plate. With 

these assumptions, the equation of motion for free vibrations 

is given by: 
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(1) 

where w(x,y) = displacement, 

p = mass density, 

E = Young's modulus, 

I = moment of inertia of plate per unit width, 

H = thickness of plate, 

\) = Poisson's ratio, 

t = time, 

and 'il = Laplacian operator. 

Solutions to Eq. (1) are found by separation of variables. 

Assuming the annular plate to be clamped at its inner radius 

b and free at its outer radius a, the Eigenvalues A , were nm . 

tabulated by Leissa [11] for various ratios of b/a. The 

resonant frequencies are then given by: 

where 

f 
nm 

f 
nm 

for n = 1, 2, 3, 
m = 1, 2, 3, 

= eigenfrequencies, 

A = eigenvalues, nm 

(2) 

and a = the outer radius of the annular plate. 

Timoshenko [12] gives a review of the fundamental theory of a 

vibrating circular ring. The modes of vibration of the ring 

------------- I 



.. -

15 

may be grouped as follows: radial or extensional modes, 

torsional modes and flexural modes. The following assumptions 

are made in the derivations: 

a. The ring has a constant cross section. 

b. The dimensions of the cross section are small when 

compared with the ring radius, r. (see Fig. 2.1). 

c. The cross section is symmetrical with respect to the 

plane of the ring. 

For the case of radial or extensional vibrations, the 

equation of motion is: 

E 
ti + p_r<l U = 0 1 (3) 

where u = the radial displacement. 

The frequency of the fundamental radial mode is found to be: 

(4) 

Higher extensional modes analogous to longitudinal vibrations 

of prismatic bars are given by: 

for n = 0, 1, 2, 3, ... (5) 

For the case of torsional vibrations, the equation of motion 

is: 

(6) 



where 

and 

' 
\ 16 

e = the angle of rotation with respect to 

the plane of the ring~ 

I = the moment of inertia of cross section 
X 

I 
p 

with respect to an axis parallel to the 

plane of the ring~ 

= the polar moment of inertia of cross 

section. 

The frequencies of the torsional modes are given by: 

1 J;;i-I 
f = - x fl +n2 for n = 0 , 1 , 2 , 3 , • • • ( 7) 

n 2rr p~ I • p 

Flexural vibrations of circular rings are of two different 

types; in one, all displacements are parallel to the plane of 

the ring, in the other displacements in the plane of the ring 

as well as displacements normal to it and twist occur. The 

resonant frequencies for these two cases respectively are 

given by the following equations. For in-plane flexure the 

resonant frequencies are given by: 

where 

f 
n 

for n = 1, 2, 3, .. (8) 

A = the cross sectional area, 

I = the moment of inertia of cross section 
z 

with respect to an axis normal to the 

plane of the ring. 

---- -------- T -
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For out-of-plane flexure the resonant frequencies are given 

by: 

where 

f 
n 

I 
X 

for n = l, 2, 3, .• (9) 

= moment of inertia of cross section with 

respect to an axis in the plane of the 

ring. 

2.2.3 Approximation of Wheel Resonances by Elemen~~¥ !~~S~~~ 

In Table 2.1 resonance frequencies calculated using the 

elementary theories discussed in the preceeding section are 

tabulated for the annular plate, the flexural modes perpendic-

ular to the plane of the circular ring along with experimental-

ly obtained values for a 33-inch good wheel. The in-plane 

flexural modes occur at considerably lower frequencies than 

the out-of-plane flexural modes and do not appear to correspond 

to any mode actually observed in the wheel. Resonance fre-

quencies were also calculated for the extensional and torsional 

modes of the circular ring model, and were found to occur at much 
higher frequencies than the flexural modes, and consequently 

they are omitted from these tabulations. 

The resonances obtained with the elementary models differ 
in value from actual wheel resonances. It is to be expected 



~-~---------~·----
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TABLE 2.1. LIST OF RESONANCES CALCULATED WITH ELEMENTARY WHEEL MODELS 

Experimental Resonances 

Modes with Plate Model Modes with Ring Model for 3 3" Wheel 

(Flexural Modes Perpendicular 

to Plane of Ring) 

freq. approx. freq. approx. freq. approx. 

m m in Hz. shape n in Hz shape in Hz shape 

1 0 275 I 
0 0 290 l 0 

2 0 346 + 2 549 + 420 + 
3 0 578 * 3 1579 * 1093 * 0 l 1856 0 4 3049 * 

1890 * 1 1 . 1943 <D 5 4948 ~ 2417 ® 
2 1 2218 E9 6 7272 

3 1 2706 * 
7 10021 

I 

I 

I-' 
(X) 
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that resonant frequencies obtained with an annular plate model 

should be lower than experimentally obtained values for a 

similar size railway wheel since the wheel has a conical plate 

section which is reinforced by a heavy rim. Savin and Fleish-

man [13] investigated the dynamic behavior of circular plates 

reinforced with concentric circular ribs. Their results show-

ed that increasing the "relative rigidity" of the rib will in-

crease the resonant frequencies, whereas increasing the 

"relative mass" of the rib will cause a decrease in the 

resonant frequencies. Similarly, the stiffness of a free 

ring should be less than that of a ring restrained by a heavy 

web section. 

Although the simple annular plate model or the ring model 

are inadequate for accurate prediction of wheel resonances, it 

is of considerable interest to determine whether the vibration 

of a railway wheel is more similar to an annular plate or to 

a circular ring. 

Stappenbeck [9] experimented with 765 mm diameter street 

car wheels. Having obtained experimental resonance frequen-

cies and mode shapes, he reported that those which were ex-

cited the most intensely were the ones with 2, 3, 4, .•• nodal 

diameters and no nodal circles. He examined the frequency 

ratios of these prominent resonances and compared them to 

frequency ratios for a circular ring. 
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For the flexural modes of a circular ring the resonance 

frequencies are given by Eq. (9) which may be rewritten as 

follows: 

where 

= n(n-1) B 
fn /n2 +l+v 

for n = 1, 2, 3, ••• 

B = l (EI /pAr4 )~ 
2TT X 

(10) 

When n = 1, f
1 

= 0, in which case the ring translates in a 

rigid body mode. When n = 2 the ring performs the fundamental 

mode of flexural vibration. The ratios of the frequencies of 

higher order modes to the fundamental are found to be: 1.0, 

2.86, 5.51, 8.94, 13.3, ..• for n = 2, 3, 4, 5, 6, 

respectively. 

In Fig. 2.2 are shown a frequency spectrum obtained experi-

mentally by Stappenbeck for 765 mm diameter wheels under im-

pact and a spectrum obtained by multiplying the lowest resonance 

that Stappenbeck found by the ring flexural model frequency 

ratios. This implies that the constant B in Eq. 10 has to be 

decreased to take account of the presence of the plate. Thus 

there is some correspondence between actual and calculated 

resonances indicating ring-like behavior of the wheel, under 

impact. Stappenbeck further states that the resonance fre-

quencies of the rim, as above are very close to that of the wheel, 
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although it is unclear if he observed this experimentally. 

It must be concluded that exact resonance frequencies 

for modes of vibration of a railway wheel cannot be obtained 

by an annular plate or a ring model. But there are similar­

ities between the behaviors of these simple models and the rail­

way wheel. 

2.2.4 Changes in Resonant Frequencies Due to Imperfections 

Previous work on the vibration of annular plates was 

aimed toward turbine wheels, saw blades, and other high speed 

rotating equipment. The 0bjactive of these studies was to 

determine the effects on the vibration characteristics of the 

plate when imperfections were introduceq!, whether intentionally 

or accidentally. A brief review is given in the following of 

some of this work with mention of those aspects which have 

been found to have parallels in railway wheel vibration. 

Mote [14] analysed the free vibration of centrally clamp­

ed circular saw blades by the Rayleigh-Ritz technique. He 

found that ·clamping stresses and stresses induced by centrif­

ugal force will affect the resonant frequencies. Similarly, 

thermal gradients introduced at the outer edge of the saw 

blade altered the values of resonant frequencies. Mote also 

found that symmetrical modes of vibration (modes with nodal 
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curves on concentric circles) were not excited experimentally. 

Williams [15] has shown that for a perfectly homogeneous 

vibrating disk the angular position of the nodal diameters 

depends solely on the position of the exciting force. However, 

the presence of cracks or discontinuities eliminates the in­

determinacy of position of the nodal diameters, which then take 

on perferred positions. For each mode (with at least one nodal 

diameter) there are two perferred nodal positions. Based on 

experiments performed with thin disks having holes or added 

masses Tobias [16,17] found that the resonant frequencies will 

change. He cites a paper written by Zenneck [18] who explains 

these changes by the change in the kinetic energy of the plate. 

Tobias noted that imperfections in stiffness should produce 

frequency changes by altering the strain energy of the plate. 

It is apparent from his work that the frequency change for one 

of a pair of perferred nodal positions is small, while quite 

large for the other. The numerical value of resonance change 

also increases with increasing mode number, but the percentage 

change is almost constant for the various modes. 

The railroad wheel also bears a similarity to a bell. 

The sounds of bells have been studied extensively and it is 

interesting to note that beat tones in bells are eliminated 

by grinding away amounts of the bell metal at points on the 

periphery of the rim. Occurrence of beat frequencies was 
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noted for plates [16,17] as well as for bells. It was also 

observed by Rayleigh [19] that the lowest mode of bells is 

usually somewhat subdued, and the sound output is from the 

higher modes of flexural vibration. He attributes this to 

the stiffness of the cupped portion or mount of the bell. 

2.3 RESONANCES WITH A FINITE ELEHENT PROGRAH AND EXPERIMENTAL 

RESULTS 

2.3.1 Introduction 

Accurate information on wheel resonances is required to 

predict resonance changes as a crack grows in size. This task 

is difficult to do experimentally since it is not possible to 

collect a set of wheels with the same type of crack, at its 

various stages of growth, due to limitations in time. The 

finite element method of analysis [20,21] appears to be the 

easiest way to tackle the problem theoretically. For con­

venience, it was decided to use the ANSYS Engineering Analysis 

Computer Program evolved from the work of Swanson. Unfortunate­

ly the cost of computer time limited the study to the cases of 

an unflawed wheel and one with a large simulated plate crack. 

In the finite element method of analysis, the continuum 

of the structure to be analysed is separated by imaginary sur­

faces into a number of finite elements. These elements are 

interconnected at a discrete number of points or "nodes" 

I - -~ --- -~--~---
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situated on their boundaries. The displacements of the nodal 

points are the basic unknown parameters of the problem. Func-

tions are chosen to determine the state of displacement with-

in each finite element in terms of its nodal displacements. 

The displacement functions also define the state of strain 

within an element in terms of nodal displacements. If the 

nodal force-displacement relationships for each element are 

known, then the force-displacement relationship may be obtained 

for the entire structure using .matrix methods. The general 

form of the stiffness matrix for each element is 

[k] [u} = [f} (1) 

where 

[k] is the element stiffness matrix, 

[u} is the vector of element nodal displacements, and 

[f} is the vector of element nodal forces. 

For the total structure 

Where 

[K] (U} = (F} 

n 
[K] = ~ [k] 

i>l 

[K] is the total structure stiffness matrix, 

(2) 

(3) 

[u} is a vector of all the nodal displacements in the 

structure, 

and (F} is a vector of all corresponding nodal forces. The 

equation of motion for a structure expressed in matrix 

notation is: 
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[MJ {u} + [cJ {u} + [KJ {u} = {F<t>} (4) 

where 

[M] is the structure mass matrix, 

[c] is the structure damping matrix, 

and {F(t)} is the mode forcing function. 

If it is assumed that the structure is undamped and there is 

no force applied, Eq. (4) reduces to 

[MJ {u} + [KJ {u} = o (5) 

for free vibrations. If it is assumed that these free vibra-

tions will be harmonic and of the form: 

{u} = {u }cosw t 
n n 

for n = 1, 2, 3, •.• 

then Eq. ( 5) becomes: 

which is an eigenvalue problem with n values of w2 and n 

vectors {u} which satisfy Eq. (6). 
n 

(6) 

The ANSYS Program has two options for solving the eigen-

value problem. In one option, after forming the matrices [M] 

and [K], the Eq. (6) is solved by Jacobi iteration [22] to 

yield a complete set of eigenvectors and eigenvalues. In the 

other option, a "matrix condensation" (Guyan reduction) tech-

nique is used. In this procedure, n "master" degrees of 

----~----,--
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freedom are specified to characterize the natural frequencies 

of the system. The mass and stiffness matrices are reduced to 

these master degrees of freedom and the eigenvalue problem is 

solved for the n degrees of freedom. These n eigenvectors 

are then expanded to the full set of structure displacement 

degrees of freedom. 

2.3.2 Good Wheel Resonances 

The principal task for the user of the ANSYS Program is 

the selection of the proper element type, the subdivision of 

the structure to be analyzed into elements, and the determina­

tion of coordinate dimensions for each node (see Appendix D). 

Figure 2.3 shows the computer generated plot of the elements 

that were used for modeling a 33-inch good wheel. 

It was assumed that the wheel is rigidly fixed at the 

hub, is stress free, and is uniformly homogeneous with Youngs' 

modulus E = 30 x lOB PSI and Poisson's ratio v = 0.3. The 

results of the computer run are summarized in Figs. 2.4 and 

2.5. Figure 2.4 shows the calculated line spectrum and ex­

perimentally determined spectra for comparison. The experi­

mental values were obtained as outlined in Appendix A, Section 

A.3.2. 

In Fig. 2.5 are shown approximate mode shapes obtained 

I 



Fig. 2.3 Computer Generated Plot of Elements Used in ANSYS 

Program for Hodeling a 33" Good Wheel 
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with the ANSYS Program for a 33-inc~ diameter good wheel. In 

all of these modes the rim participates in the motion, except 

where noted otherwise. As an illustration of such a mode shape, 

a time average hologram is shown of a one-fourth scale model 

wheel vibrating in a modal configuration having two nodal dia­

meters, in Fig. 2.6. This was obtained as outlined in Section 

A.3.4. Mode shapes in full sized wheels were confirmed by 

probing the vibrating wheel surface with an accelerometer. 

The theoretically obtained resonances are in well spaced 

groups; however, some of the resonances within these groups 

are rather close. For example, the mode with two nodal dia­

meters occurs at 443 Hz and the mode where all of the wheel 

moves one way occurs at 455 Hz. It is apparent from the 

theoretical calculations that for each mode of vibration which 

contains at least one nodal diameter, there are two preferred 

nodal positions shifted relative to each other. The angular 

shift is such that the nodes of one position are aligned with 

the antinodes of the other. This result is in agreement with 

the previously mentioned work of Tobias [16] who found that 

for an ideal disk the resonant frequency of nodal position 

pairs should be identical. It is also apparent that modes 

such as that occurring at 1897 Hz (see Fig. 2.5) where twisting 

motion of the rim takes place could not be predicted by thin 
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plate theory. On the other hand the mode at 2386 Hz, with a 

nodal circle on the rim could not be predicted by the ring 

theory, but is quite close to the corresponding thin plate 

mode, predicted at 1943Hz (see Table 2.1). 

To obtain experimental verification of these theoretical 

results tape recordings of accelerometer signals of wheel 

vibrations were analyzed with a narrow band real time analyzer 

(see Appendix A. 2.2). To facilitate easy comparison of the-

oretically obtained values of resonances to experimental data 

these amplitude vs. frequency plots were converted to line 

spectra in which the presence of a resonance is designated 

with a single line. In Fig. 2.4 line spectra from acceler-

ometers on rails are shown for good wheels 7A and 7C which 

are new sheels mounted onto the same axle, for good wheels 

lG and 4G which are mounted on axles with cracked wheels 

on the other side. Up to about 200 Hz there is good agree-

ment between theory and experiment. In the line spectra for 

the experimental data there is a resonance at 1595 Hz which 

was not predicted theoretically. This resonance is presumed 

to be due to the rail (see section 3.5). The poor agreement 

between theoretical and experimental values at frequencies 

above 2000 Hz may be explained by the approximate nature of 

the theoretical model, which by necessity was composed of rather 

large elements to save computer time. The inaccuracy of the 

! I , 
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theoretical model is expected to increase with increasing 

frequency. 
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The line spectra for good wheels 7A, 7C, and lG look 

quite similar to each other with particularly good agreement 

between wheels 7A and 7C which are two new wheels mounted onto 

the same axle. The line spectra for wheel lG somewhat differs 

from these two, but is still quite close at low frequencies. 

However, the line spectra for wheel 4G is markedly different 

from the three other experimental line spectra. This raised 

the question of just how good wheel 4G really is. While there 

are no visible large cracks on 4G, it is made of the same 

material as wheel 4B, is of the same design, manufactured at 

the same time by forging, and has the same mileage. Wheel 4G 

was cleaned with a powered wire brush and examined for any 

presence of cracks. It was found upon close examination that 

at a radius where the back hub fillet is tangent to the plate 

there is a one-half to three-fourths of an inch wide circum­

ferential band of small cracks (each aligned perpendicular to 

the radial direction) in the mill scale layer which covers 

that area. Wheel 4B, the flawed wheel on the same axle, was 

cleaned in the same region and a similar band of small cracks 

found to exist there also. Furthermore, it appears that on 

wheel 4B the large plate crack originated in this region and 

then progressed outward towards the rim (Fig. 2.7). 
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2.3.3 Flawed Wheel Resonances 

A large plate crack was modelled with the ANSYS Program, 

by providing double and disconnected nodes in the crack area 

(Fig. 2.8). The finite element model was otherwise identical 

to the one used for the good wheel analysis. A plate crack 

was chosen, since this type of flaw is not readily detectable 

at present by any operational NDT method. Fig. 2.9 shows a 

line graph of the calculated resonances along with a line 

graph of the resonances calculated for a good wheel. In Fig. 

2.10 are shown some of the mode shapes that were obtained 

theoretically for a 33" flawed wheel. (See Appendix D for list­

ings.) 

It is apparent from Fig. 2.9 that the wheel with the plate 

flaw has far more resonances than the good wheel. This is 

due to the fact that the resonance values associated with the 

two preferred nodal positions of a particular mode of vibra­

tion have separated. Thus for each mode 0f vibration there 

are two separate resonances. This numerical difference, how­

ever, is not uniform. For example for the mode with one nodal 

diameter the two resonance values are 148.5 Hz and 255.13 Hz, 

whereas for the mode shape with two nodal diameters the two 

resonance values are 421.7 Hz and 429.6 Hz. Thus the presence 

of the crack affects various modes differently. This may be 
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due to the size and angular orientation of the crack with re­

spect to the mode shape. In all cases the mode shapes were 

oriented symmetrically about the crack. The simulated plate 

flaw is rather large (extending about one third of the way 

around the wheel) and the mode shapes that were obtained are 

dominated by the presence of the crack. At the lower, or 

"plate like" resonances, there is some similarity between good 

and bad wheel response (i.e., the presence of well defined 

nodal diameters) even though the crack faces have considerable 

relative motion, thus indicating modification of the mode 

shape. At the higher or "ring like" resonance, the effect of 

the crack is such that similarities to good wheel mode shapes 

disappear and it is not possible to even match mode shapes be­

tween good and bad wheels. A possible explanation is that the 

modes dominated py rim vibrations may be thought of as vibra­

tions of .a ring, partially restrained on its inside diameter. 

The presence of a plate crack locally alters this restraint, 

thus altering the mode shapes and resonance frequencies. 

As an experimental test of the ANSYS program results, 

axle 4, one of whose wheels has a large plate crack, was stud­

ied with particular care. Each wheel was excited with the 

shaker, driven through the usual power amplifier but using a 

frequency synthesizer to provide a pure tone input of hig~ 

r--··--- --------
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frequency stability, in order to distinguish between closely 

spaced resonances. As mentioned previously there is reason 

not to regard wheel 4C as a "good" wheel, but it does not con­

tain a large crack as in 4B and thus affords some basis for 

comparison. Line spectra are shown in Fig. 2.11 for experi­

mental resonance values for the two wheels. There is good 

qualitative agreement between theory and experiment in that 

the number of resonances increases considerably for wheel 4B. 

However, the quantitative agreement is poor due to the ap­

proximate nature of the theoretical model. To obtain exact 

theoretical models for flawed wheels would require an excessive 

amount of computer time. 

The experimental data does show that the flawed wheel 

resonance pairs associated with a particular mode are separate 

frequencies. The good wheel has 4 resonances below 1000 Hz. 

This is in agreement with theory since it predicts 4 resonances 

below 1000Hz. (See Fig. 2. 5 and Appendix D, Section D3.) 

The bad wheel has 9 resonances in this region. Theory predicts 

7 resonances for the bad wheel. This multiplication of reso­

nances is found in other areas of the spectrum as well. 

2.3.4 Effects of Load 

Experiments to determine the effects of load were pe~­

formed as outlined in Appendix A, Section A.3.2. Fig. 2.12 
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shows a series of spectral analyses, each with increasing load. 

The traces are superimposed on one another but slightly offset 

to give a three dimensional perspective. Some resonances are 

enhanced by the load; some are diminished. Some shift slight­

ly in frequency and some split into two separate resonance 

peaks. 

On the other hand, if one does not use too fine discrimina­

tion, it is clear that the changes do not produce complete 

disorder in the th~ee-dimensional plot. That there is a 

characteristic spectrum associated with a good wheel is further 

shown in Fig. 2.13. Here are two such three-dimensional plots 

for two new wheels on either side on an axle, each changing 

under load. Note that the general characteristics of the plots 

are similar. Now, however, consider Fig. 2.14. The upper 

plot is for a good used wheel. The lower plot is a badly crack­

ed wheel on the other side of the same axle. There are pro­

nounced shifts in the positions of the major resonances. 

The same effect is shown in Fig. 2.15. These are line 

spectra in which the presence of a resonance at a particular 

frequency is marked by a line, and its amplitude by the height 

of the line. A 10-ton load does not affect the character of 

the spectrum anywhere near as much as the presence of a large 

crack, even though it produces some of the same changes in 

resonances. 
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2.3.5 Beating 

Decaying sound emitted by a wheel that has been excited 

by a sharp blow on occasion will show a strong beating effect. 

The effect was observed at some of the resonances in the range 

of 1 to 3 KHz. (See Fig. 2.16.) Which resonance shows beat-

ing seems to depend on which area of the wheel is struck. 

Similar results have been obtained by Steele and Lotz [23] 

using a sonogram technique for data analysis. 

The effect is due to two close resonances being equally 

excited, and the beat frequency is the difference between the 

two resonance frequencies. It is to be expected that as the 

frequency difference between the two close resonances increases, 

that this beat frequency will become higher and higher and 

finally unobservable. When a large flaw is present, the like­

lihood of coupled oscillation between two modes is diminished. 

When autocorrelation of a wheel signature under continu­

ous excitation by a shaker is made with bandpass filtering, 

the autocorrelation function can be used to find the beat 

frequency. Fig. 2.17 shows autocorrelations of sound excited 

by random noise shaker drive applied to wheels 7A and 7C 

(good wheels) and for wheels 4G and 4B. The autocorrelations 

are shown as functions of the delay time between samples. 

The beat frequencies which appear in the autocorrelation 

-- ---r·--~----~--- ·-- ----
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function are obviously lower in the case of the good wheels 

than for bad ones. It is possible that this beating effect 

could be used as the basis of a flaw detection method. As 

distinct from observations of decay time only high beat 

frequencies will be found using this method. 

2.4 DAMPING 

Decay rates of sound were obtained for good and defective 

wheels, when they were excited by impact. (See Section A. 3. l 

for description of impact tests.) The minicomputer was used 

to take successive amplitude values of the decaying sound, and 

then decay rates in dB/sec. were calculated. In Table 2.2 are 

shown decay rates for all the 33" wheels on inventory for the 

l/3 octave bands with center frequencies of l, 2, 4, and 8 KHz. 

Decay rate was also obtained for the C weighted overall sound 

level. It is apparent from the table that greasy wheels have 

a higher decay rate than wheels without grease, and that 

faulty wheels have higher decay rates. This effect is also 

shown by oscillograms of decaying sound in Fig. 2.18 for wheels 

3G and 3B which are good and bad greasy wheels on axle 3, and 

in Fig. 2.10 which are for good and bad wheels on axle 4. 

Wheel 7A is a new wheel with a coat of grease which was applied 

in the laboratory. 
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TABLE 2.2 LIST OF TIME DECAY RATES FOR WHEELS ON INVENTORY 

AT THE UNIVERSITY OF HOUSTON. UNITS ARE dB/SEC 

Center Frequencies of 

Wheel 1/3 Octave Bands overall Level Comments 

lk 2k 4k 8'k c scale 

lB 17 33 31 26 20 bad 

lG 3 3 4 18 8 good 

3B 20 36 27 17 12 bad,greasy 

3G 10 29 15 o* 12 good,greasy 

4B 4 19 24 28 12 bad 

4G 3 21 10 19 8 good 

7A 11 27 24 26 13 good,greasy 

7C 3 9 10 18 8 good 

8B 14 30 25 o* 19 bad 

8G 4 4 14 16 5 good 

9A 8 17 17 20 13 good 

9C 12 13 16 26 17 small crack 

* lOA 0 14 6 18 10 good 

10C 5 13 13 17 10 good 

llA 2 6 9 12 6 good 

llC 2 6 13 13 8 good 

Note: The decay times were obtained by impacting the wheel 

with a hammer. 

* Spurious result due to beating. 

----- -r------------ -
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Fig. 2.18 Time Decay of Sound for Wheels on Axle 3 

Fig. 2.19 Time Decay of Sound for Wheels on Axle 4 
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It is concluded from this study that fast decay rates 

tend to indicate bad wheels, but that greasy wheels have com­

parable values to those of flawed ones. In railway practice 

greasy wheels are primarily caused by leaking of lubricant 

from plain journal bearing type wheel bearing boxes. The 

current trend is to replace journal bearings with roller 

bearings. 
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3, EXCITATION AND DETECTION METHODS 

3.1 INTRODUCTION 

The best form of excitation should have a forcing func­

tion with a wide frequency band in the range in which there 

are the greatest impedance differences between good and bad 

wheels. The studies of wheel resonances and damping suggest 

that this frequency range lies from 1 KHz to about 5 KHz. In 

addition, the excitation should generate a vibration amplitude 

in the wheel sufficient for detection above other ambient noise. 

The excitation should be as reproducible as possible and in­

dependent of train velocity. Finally, the excitation needs to 

be reliable, safe, and inexpensive. The three principal forms 

of excitation will now be reviewed in the light of these 

criteria. From the viewpoint of safety it would obviously be 

desirable to use sounds generated in everyday railroad practice. 

Mainly for this reason a number of field recordings were made. 

Analysis of these recordings, as well as data from laboratory 

transducers, will be presented according to the type of forc­

ing function. 

3.2 RANDOM SHAKING 

Rolling along continuous welded rail results in an 
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oscillating force input to the wheel whose frequency content 

depends on the spectral density of track surface roughness. 

At low speeds (say 10 mph), the frequency content of such a 

forcing function will be predominantly low frequency. This 

is illustrated in Fig. 3.1 which shows a l/3 octave band 

analysis of airborne rolling noise from a train moving at a­

bout 10 mph on welded rail. The maximum of the radiated sound 

lies in the 300 to 500 Hz range and thus probably is associated 

with the three low frequency wheel modes. These findings are 

in general agreement with analyses made by workers concerned 

with railroad noise [24]. It is concluded that pure rolling 

(at least at the relatively low speeds required for operation 

of this system) is an unsatisfactory method of exciting the 

frequency range in which flaws produce most effect. 

For laboratory purposes a shaker driven by random noise 

of wide frequency range is a useful and reproducible way to 

excite wheels. However to use such a device in field practice 

would require much greater force amplitudes than the 50-lb. 

maximum value in the present tests in order to achieve a reason­

able signal to noise ratio. Together with the problems of 

housing and maintenance, this would appear to be a relative-

ly expensive prospect. 

- --.·T----· -----.·----
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3.3 SLIP-STICK EXCITATION 

The screeching produced by wheels rounding curves, wheel 

retarders or brakes originates in a frictional action. Stappen­

beck [9] argues that the difference in the coefficients of 

static and kinetic friction results in a periodic forcing 

function. Consequently it is to be expected that there will 

be a preferential excitation of those wheel modes closest in 

frequency to the strong pure tones of the forcing function. 

Stappenbeck found that the screeching noise from 28" train 

wheels on curves contained pronounced resonance lines at 420, 

1059, and 1927 Hz. This result can be compared with the 

present results [20] from analysis of retarder screech. Fig. 

3.2 shows a constant bandwidth analysis of retarder noise 

with pronounced resonancesat 450, 600, 1000, and 2800 Hz. For 

comparison with Fig. 3.1, a 1/3 octave band analysis of 

screeching noise is shown in Fig. 3.3. The point to be made 

is that screech noise excites higher frequency wheel modes 

than rolling. One problem with slip-stick excitation as a 

source of sound for flaw detection is that it is not reproduc­

ible. Stappenbeck has noted, that the frequencies excited 

in a given wheel may change abruptly and that different 

~ay be excited in different wheels. These findings are con­

firmed by the present results. Fig. 3.4 shows a number of line 
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spectra of retarder noise. Each pair of spectra consists of 

analysis of sound from wheels on either side of a given car. 

Successive "take numbers" represent different cars. While 

the spectra from either side are consistently similar, there 

are differences in which resonances are excited from car to 

car. A further problem is that some wheels are not excited 

at all. The reasons for these effects might be resolved 

through further research and means of obtaining more reproduc­

ible results devised. However, the fact is that, at present, 

slip-stick excitation does not seem to be the best candidate 

for a flaw detection device on the basis of lack of reproduc­

ibility and the relatively small number of resonances excited. 

3.4 IMPACT EXCITATION 

The last of the three principal types of excitation to 

be discussed brings us back to the maintenance man's hammer. 

As discussed in section 2.4, impact is the easiest way to 

measure damping. Moreover, it is also a convenient way to 

excite the resonances above 1000Hz. Fig. 3.5 is a narrow 

band analysis of impact noise generated by hitting a wheel 

with a rod and, for comparison, Fig. 2.6 is a 1/3 octave band 

analysis of a similar impact. Impact occurs when a wheel 

crosses a joint and Fig. 3.7 is a 1/3 octave band analysis of 

such an event. Since in this case, the maximum output is 

still in the low frequency (500 Hz) bands, it is concluded 

--~-----



~50 
GOOD Wt£EL 7C z ... _, 

w40 

30 

20 

10 

0 

0 1 2 3 5 ·G 7 8 
FREQUENCY IN KHZ 

Fig. 3.5 Narrow Band Spectra of Impact Noise When Striking a Wheel with a Bar. 
Wheel 7C, Mic~phone Pickup. Note the relatively large number of 
resonances excited, as compared with retarder screech (Fig. 
3. 2) 

~ 



64 

8 40 

z -
..J 

~ 30 

20 

10 

0 
lh9~--~20~~~~~~~~~~~~~5~0~0~~l~K~--~2K~~-L5~K~~~lOK 

FREQUENCY IN HZ 

Fia. 3.6 1/3 Octave Spectra of Impact Noise When Striking a Wheel 
with a Bar (Microphone Pickup ) 

--. ---r-------------



~40 

z .... 
...1 

~30 

20 

10 

' 65 

20 50 100 200 500 1K 2K SK 10K 
FREQUENCY IN HZ 

Pig. 3.7 1/3 Oetave Speetr& ef Impaet Noise When Hitting a Rail Joint 
( Mierephane Piekup ) 



66 

that the impact was not sufficient to completely mask rolling 

noise (see Fig. 3.1). The conclusion is that the best form 

of excitation is an impact,generating sound of sufficient 

intensity to exceed the background noise, since the spectral 

content of impact is much richer in the frequency range of 

interest than the other forms of excitation. 

3.5 CHOICE OF DETECTION METHOD 

The best detection device is basically a transducer with 

maximum sensitivity in the frequency range of interest, namely 

1 to 5 KHz. There are a wide variety of inexpensive micro­

phones and accelerometers to choose from so this element of 

the system is not a problem. The choice of detection method 

really depends on the radiation path and the need to isolate 

the signal from a given wheel. 

If the radiation path is via the track to an accelero­

meter, the problem of track resonances is introduced. An 

experiment was performed in which random noise was used to 

drive the shaker, which was positioned at the top of the 

wheel on the tread. An accelerometer was positiamed on the 

wheel's plate and then on the track. Fig. 3.8 shows a narrow 

band analysis of the two transduced signals. The track borne 

signal shows several resonances not found on the plate. (In 

other tests, the plate transducer was moved to different 

-------~ 
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positions to ensure that it was not situated at a node.} Thus 

there seems to be evidence that track resonances occur at 

500-700 Hz, 1600 Hz, 2800Hz, and 3800 Hz. Since some of 

these resonances lie in the range of the wheel resonances of 

interest, the track borne vibration is obviously a less de-

sirable detection method than the non resonant air-borne path. 

The problem of isolation of the signal from an individual 

wheel will obviously be diminished if the excitation is con-

fined to a given wheel, as with an automatic wheel impacter. 

The isolation will then be achieved with a signal to noise 

ratio of 20 dB. In the field tests performed it was assumed 

that no obstruction could be placed closer than 10 feet to 

* the track. In order to achieve signal isolation the directiv-

ity of the receiver was maximized. The final setup used is 

shown in Fig. 3.9. This obviously cumbersome device would be 

obviated if the receiver could be moved closer to the wheel 

and housed at ground level. Another aspect of the isolation 

problem is that excitation of wheels on either side of the 

axle is necessary. In order to minimize cross talk, it may 

be desirable to stagger the exciters on either side of the 

track,, in actual practise. 

* This assumption was due to an erroneous knowledge of the 
State of Texas Railroad Commission regulations which actu­
ally permit objects of graded sizes at various distances 
from the track. 

---r 
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Fig. 3.9 View of the Parabolic Reflector 
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4, DATA PROCESSING 

4.1 INTRODUCTION 

Data from analytical work and laboratory tests indicate 

that there is considerable variation in the signatures of 

good and flawed wheels. These are temporal, such as decay 

time differences, and spectral, such as resonance changes. 

Changes in signature however also occur due to other factors 

such as the wear of the wheel, manufacturing method, etc. 

The purpose of the data processing apparatus is to analyze 

a particular wheel signature and then render a judgement 

whether the wheel is "good" or "bad". In case of a system 

malfunction, a "no test" indication is also needed. 

On possible approach to accomplish this task may be a 

"template matching" procedure, where the signature of the 

wheel under test is compared against a standard signature. 

various choices exist for the selection of a standard wheel 

signature. The first and seemingly easiest choice is what 

might be termed a "bad wheel" standard signature. If the 

signatures of all flawed wheels were quite alike, if for 

instance they contained resonances which were not present in 

-·---~ 
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good wheel signatures, then a bad wheel standard signature 

would be easy to obtain. In reality however there are a 

variety of ways in which wheels fail. Crack types that occur 

in flawed wheels are numerous [25]. It was found in the course 

of these experiments that signatures of flawed wheels vary 

considerably from one another. A typical bad wheel signature 

does not exist. 

The next choice of a standard for a template matching 

procedure is a "good wheel" standard signature. With the use 

of such a good wheel signature, it is assumed that variations 

in wheel signature due to wheel material, size, and manufactur­

ing method will always be less than variations due to the 

presence of flaws. A standard good wheel signature might be 

arrived at in a deterministic fashion by obtaining wheel signa­

tures analytically and experimentally for all possible varia­

tions of good wheels, and then composing a weighted average. 

However, it is obviously easier to obtain the standard signa­

ture by statistical methods. 

Another choice of a standard for a template matching 

procedure might be called a "pseudo" standard. The assumption 

can be made that when two wheels are pressed onto the same 

axle they are identical in size, design, material, and age. 

So their signatures when similarly excited should be identical. 
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If a flaw is present in one of them their signatures will 

differ. This simple comparison scheme however leaves the 

possibility of equally bad wheels on the same axle going un­

detected. 

The wheel signatures are complex time varying signals 

containing many frequency components. Each frequency channel 

and time interval sampled is a separate parameter for data 

processing. Variations of these parameters will be due to 

a number of causes, some indicative of wheel conditions, 

some perhaps due to random effects totally unrelated to the 

wheel. Thus when signatures are matched, the total difference 

might be more due to the random effects than due to the 

presence of a flaw. 

Comparison problems similar to this one have been en­

countered before and are dealt with in a discipline known as 

pattern recognition [26]. Pattern recognition techniques 

evolved from early attempts to simulate human intelligence 

with a computer, efforts to machine read and recognize hand­

written characters, weather forecasting, photograph sorting, 

etc. These tasks are accomplished by sorting and classifying 

data. Nilsson [27] describes the basic model for a pattern 

classifier as follows: let the pattern that is represented 

--- -~--~----
~~--~- ----------



by a set of real numbers, x1 ,~ ,x3 , ••• x, be sorted from 
n 

other patterns by a pattern classifier. The output of the 

pattern classifier is a single distinct number R for each 

pattern that is examined. {See Fig. 4.1.) To design an 

effective pattern recognition system, the input parameters 

73 

have to be selected such that they are relevant to the recog-

nition problem. Unfortunately no theoretical model exists 

for such a selection process. It must be based on prior 

knowledge of the problem, and a trial and error training of 

the pattern classifier. The operation of the pattern classfi-

er may be described as follows: let the set of input para-

meters, x 1 ,x2 ,x3 , ••• x, that represent the pattern to be 
n 

classified be the rectangular coordinates of a point in the n 

dimensional "pattern space". {See Fig. 4.2.) Then regions 

in t~e pattern space would be designated and labelled say R., 
~ 

such that when a pattern falls into that region R., the out­
~ 

put of the pattern classifier would be Ri. Functions which 

describe the surfaces of the regions R1 ,Rg ,R3 , ••• Rare called 
n 

discriminant functions, and the surfaces are referred to as 

decision surfaces. In Fig. 4.2 is an example of a two dimen-

sional pattern space with X1 and~ as inputs and R1 ,Rg, and 

Rs as three regions in pattern space. Point P(x1 ,x2 ) re-

presents a pattern to be classified. The basic problem in 
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pattern recognition is the selection of the discriminant 

functions so that the patterns are classified into the desired 

groups. 

4.2 WHEEL FLAW DETECTION WITH PATTERN RECOGNITION TECHNIQUES 

The wheel flaw detection problem can be adapted to a 

simple pattern recognition model as discussed in the proceeding 

section. It consists of a pattern classifier with an input 

pattern and a single number output per pattern. (See Fig. 

4.1.) The input pattern to the model was the wheel signature. 

The signature was represented by a parameter vector x 1 ,x2 ,x3 ,xj 

•.• x. The values of the parameters were sixteen normalized 
n 

levels (normalized to the overall sound level) of l/3 octave 

bands with center frequencies from 400 Hz to 1.5 KHz, and the 

decay rate was obtained by taking successive amplitude read-

ings following an impact and calculating the slope. The out-

put of the model was a two state "good" or "bad" indication. 

Currently there are no provisions for a no test indication. 

The pattern classifier was designed as a minimum distance 

classifier, the operatilim which is referred to as "template 

matching". Such a classifier may be used if the patterns fall 

into groups with well-defined averages and if all patterns in 

a group tend to cluster closely around their average. "Good" 

or "bad" judgement then may be made by calculating the distance 
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between the point Pi representing the standard spectrum and 

the point X representing the signature of the wheel under test 

as follows: 

,_ - 12 
X - pi = (x- Pi)·(x- Pi) 

2::t;2. 
J 

where x = the vector from the origin to the point X, 

Pi= the vector from the origin to the point Pi, 

and llj is the deviation of the parameter Xj (a one third octave 

band level or decay time) from the parameter Pij· 

Initially, X and Pi were vectors of 17 components, 16 of 

which were spectral levels, and 1 was the calculated decay 

time. 

For the values of the vector Pi' 2 alternate standard 

spectra were used. In vector P1 the components were values 

belonging to an average good wheel signature, whereas in 

vector P 2 the components were values belonging to the signature 

of the wheel mounted on the other side of the same axle as the 

wheel under test. Choice of "good" and "bad" was made by 

setting a distance limit from the average good wheel 

pattern point. It was found that some of the spectral 

levels in the 1/3 octave bands varied even amoung good 

wheels, probably due to variations in wheel geometry. 

1 
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These bands were eliminated. In Table 4.1 are tabulated distance 

values that were calculated for a set of wheel signatures that 

were obtained from impact tests. Of all the wheels that were 

tested there was one wheel where the performance of the classi­

fier is questionable. Wheel 8G does not have any apparent 

cracks, but it is worn beyond serviceable limits. 

The data processing task was accomplished with a NOVA 

1220 Computer. In Figure 4.3 the schematic of the data process­

ing hardware is shown. The software development for the com­

puter to accomplish these tasks involved the following: An 

assembly language subroutine was written to interface between 

the realtime analyzer and the computer. (See Appendix C, 

Section C.3.) This routine enabled the computer to read the 

levels in the 39 filters of the real time analyzer. Basic 

language software was acquired from Data General Corporation 

with the option of "call", which enabled the use of the 

assembly language subroutine with any basic language program. 

Thus, all other software was written in Basic. The develop­

ment of the pattern recognition program was initiated with 

the following requirements, that it can operate real time, 

and that it can update the good wheel average on a continuous 

basis. In Figure 4.4 a functional diagram is shown for the 

program, (see Appendix C, Section C.2 for Program Listing), 
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TABLE 4.1 SUMS OF DIFFERENCES OF WHEEL SPECTRA FROM AVERAGE 
GOOD WHEEL SPECTRA IMPACT EXCITATION 

NOTE: a. Good Wheel Average Based on All Good Wheels. 

WHEELS 

lG 

lB 

3G 

3B 

4G 

f+B 

~G *Mis-
pick 

~B 

7A 

7C 

rA 

rc 

~OA 

~oc 

p_!A 

P.lc 

b. Summing of Differences for 1/3 Octave Bands With 
Center Frequencies of 1.6 KHz to 8 KHz. 

c. All Spectra for this Table Were Obtained by Tapping 
on the Rim of the Wheels with a Steel Bar. 

CONDITION INDI- DISTANCE IN CLASS! DIFF. IN DISTANCE 
CATED BY CLASS!- FICATION SPACE TO IN CLASSIFICATION ACTUAL FIER WITH DIST= AVG SIGNATURE SPACE BETWEEN CONDITION 70 DISCR LEVEL POINT WHEELS ON SAME AXLE 

Good Good 27 157 
Flawed Flawed 184 

Good Good 35 49 
Flawed Flawed 84 

Good Good 41 82 
Flawed Flawed 123 

Good, Flawed 128 
Badly Worn 7 
Flawed Flawed 121 

Good Good 42 4 
Good Good 38 

Good Good 51 100 
Flawed Flawed 151 

Good Good 63 4 
Good Good 67 

Good Good 28 26 
Good Good 54 
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where the spectral levels are normalized with respect to the 

overall sound level. This was tried in two ways: in one the 

level of each 1/3 octave band was subtracted from the overall 

level, in the other the level of each 1/3 octave band was 

divided by the value of the overall level. The division 

method of normalization yielded more consistent results. The 

use of these two methods of normalization was an attempt to 

express spectrum levels in a dimensionless fashion, as changes 

in the shape of the spectrum were of prime interest and not 

the absolute values of the individual bands. 

- -----~--
---

-- ----~---
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5, LABORATORY DEMONSTRATION SYSTEM 

5.1 DEMONSTRATION SYSTEM DESCRIPTION 

The purpose of the work described in this report was to 

establish the feasibility of the acoustic signature technique 

in finding flaws in railroad wheels. As a final act in this 

process it was decided to assemble a laboratory demonstration 

intended to simulate a field operation as far as possible. It 

should be emphasized that this system had to be put together 

within a limited time and budget and that considerable develop­

ment work will be necessary to translate it into a reliable de-

vice in service. 

Following the conclusion, as discussed in Chapter 3, that 

the best form of excitation is an impact generated sound of 

sufficient intensity to exceed the background noise, some 

work was undertaken to design a wheel actuated impacter. With 

this end in view some tests were made to determine the impulse 

necessary to generate an adequate sound level. Assuming the 

background level of general train noise is about 85 dB and 

that a signal to noise ratio of 20 dB is required, a peak 

radiated sound level of about 105 dB was felt to be a de­

sirable objective. 
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Five different mild steel cylindrical bars were used to 

impact a wheel on its rim. The bars were suspended at their 

center by a string clamped to a supporting sturcture located 

near the wheel. Different string lengths were used for each 

bar. care was taken to see that the flat end portion of each 

bar struck the rim during the impact. The velocity with which 

the bar struck the rim of the wheel at the time of impact was 

calculated from the expression 

v = / 2g ( t - / t 2 
- x 2 

) 
~· 

where 

t = length of suspension of the bar 

x = horizontal distance of the bar from the rim before 

release 

g = acceleration due to gravity 

The arrangement is shown schematically in Fig. 5.1. A sound 

level meter was placed at approximately 10 feet from the wheel 

rim to record the sound pressure level in dB (C Scale). 

A semi-empirical relation between the sound pressure 

level and impacting velocity can be deduced as follows. As-

suming that the system is linear the output acoustic pressure 

should be proportional to the input force. The input force, 

assuming all momentum M from the impact is lost should be of 

--~ 
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the order M/ot where ot is the duration of impact. Assuming 

this time is determined by the interval for a step wave to 

travel from the front to the back of the impacting cylinder 

(length L) and return, ot ~ 2L , where c is the velocity of 
c 

sound. Hence it is seen that we may expect: 

To confirm this relation results are plotted in the form 

log 10 (~) versus SPL in Fig. 5. 2, and seem to show a reasonable 

correspondence to our expectation. A further point of some 

interest is that the magnitude of the impact force 

F""' M 
at 

pALvc 
2L 

= pcAv 
2 

where A is the area of the impacting cylinder, v its velocity 

and p its density. This suggests that a material of high 

specific acoustic impedance, pc, such as steel is required for 

the impacting head. 

Fig. 5.3 is a candidate design and Fig. 5.4 is a photo-

graph of the assembled device for an automatic wheel impacter. 

The considerations in the design follow the specifications 

previously outlined. By adjustment of the length of the hammer 

link, or by inserting an extra out-of-plane link at pin A, the 

point of impact can be arranged to cover a wide area on the 

wheel. 

-- ~------- -----
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Fig. 5.4 Photograph of Automatic Wheel Impacter 
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Again following the argument of Chapter 3, to avoid the 

problem of possible detection of track resonances, it was 

decided to use a microphone for demonstration purposes. 

Since only one exciter was available for the demonstration 

system, the good wheel standard signature data processing sys­

tem was used as described in Appendix C. With the exciter 

mounted on one side of the test track the wheel sets were 

rolled over it in succession. The sound of each impacted 

wheel was analyzed in 1/3 octave bands and the difference be­

tween the level in each band and a standard normalized good 

wheel spectrum was obtained using essentially the same soft­

ware as mentioned in the preceeding chapter and as described 

in Appendix C, Section C.3. The exciter could then be moved 

to the other track to obtain values from the wheels on the 

other side of the axle. In this way, although the difference 

of spectral band deviations between paired wheels was not 

computed as part of the program, such calculations could easily 

be made by hand. Fig. 5.5 is a photograph of the real time 

analyzer, computer, fast paper tape reader and teletype used. 

5.2 TESTS ON THE DEMONSTRATION SYSTEM 

The demonstration system was used to test and improve the 

computer software. In earlier trials, the complete range of 

-- --~,----------
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l/3 octave bands from 20 Hz to 20 KHz was used. It soon be-

came clear that outside of a range from about l to 8 KHz the 

random nature of background noise was prejudicial to the system's 

operation. Consequently, in later trials only the bands be­

tween l and 8 KHz were used. This is, as discussed in Chapter 

2, the range of the principal wheel resonances affected by 

cracks. By including a routine to average each good wheel 

spectrum into the standard spectrum, the program beco~es self­

training. 

The demonstration system was also used to test the effec­

tiveness of hitting the wheel at different points. This was 

done by using hammer links of different lengths or shapes. 

These investigations were not thoroughly systematic but it was 

concluded that hitting the wheel on the rim at the loadline 

was the least reliable point of excitation. For convenience 

most subsequent trials were made impacting the plate on the 

loadline. Some trials were then performed to determine if the 

spectrum of a cracked wheel varied significantly when impacted 

at various circumferential positions. Wheel 4B was used for 

this purpose. Movement of the position of impact was achieved 

by shifting the impacter to different points along the track. 

Although some variations in the spectral band levels were 

found they were not significantly greater than variations 

--- --~--r 



encountered with the exciter impacting at the same circum­

ferential point. 
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In service, an impacter should deliver the same impulse 

to the wheel over a practicable range of wheel speeds. Some 

trials were made to determine the effect of rolling speed on 

the system's performance. Significant variation was found in 

normalized spectra. Further development of the excitation 

device will clearly have to eliminate this problem. For test 

purposes with the demonstration system the speed was kept 

constant as far as possible. 

As an overall measure of system performance a set of 

trials was made sequentially. As may be seen in Table 5.1 

the total reliability of the demonstration system is 75%. 

5.3 DIRECTIONS FOR IMPROVEMENT 

The results shown in Table 5.1 serve to illustrate the 

directions to be taken to improve the system. Inclusion of 

decay time and across-the-axle comparison in the data process­

ing should go a long way to eliminating the mispicks. The 

basis for this statement lies in comparison of results from 

several trials with the exciter mounted on either track. 

Further improvement should result with a more careful control 

of impact velocity and the exact point of impact. This involves 

a redesign of the present exciter which is presently proceeding. 



TABLE 5.1 SYSTEM FAILURES IN A TYPICAL TRIAL 
WITH TOTAL OF 80 RUNS 

Failure Number of Percentage 

Nature Occurences Total Runs 

~eel rode 1 1. 25 

over exciter 

!computer 1 1.25 

[Malfunction 

~ound level did not 
6 7.5 

trigger system 

!wheel 12 15.00 

[Mispicked 

Total reliability = 75% 

Reliability excluding system malfunctions = 85% 

r·----- ---

of 
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System 

Malfunction 
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6, CONCLUSIONS 

In these experiments the feasibility of a wayside railway 

flaw detection device was explored. The basis of the detection 

scheme is the differences that are found in the acoustic signa­

ture of the wheel when cracks are present, where the term 

acoustic signature means the characteristic sound or vibra­

tion emitted by an excited object. 

The components of the detection system may be subdivided 

into subsystems as follows: the excitation, the wheel, the 

acoustic signature detection, and the data analysis. Three 

principal types of excitation are possible in the case of a 

railroad wheel: 1) random shaking, which occurs in rolling 

and can be modeled in the laboratory with an electromagnetic 

shaker: 2) slip-stick excitation, which occurs in passage 

around curves, under the action of retarders or brakes, and 

3) impact, which occurs when a wheel crosses a joint and which 

can be achieved easily in the laboratory by striking a wheel 

with a suitable object. 

Of the various excitation methods rolling is unsuitable 

since it only excites modes below about 1 KHz. Slip-stick 

action excites only one or two modes prominently, and although 
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these lie in the range of interest, they may vary or suddenly 

change, and furthermore, some wheels do not appear to be ex­

cited at all. In the laboratory impact has been shown to 

excite a rich spectrum of modes in the range of interest and 

is a convenient way to study sound decay. It is therefore 

recommended that an impacter be developed to operate auto­

matically upon wheel transit. A demonstration design for an 

automatic wheel impacter has been described. It is also 

recommended that airborne sound as a detection method is 

preferrable to track-borne vibrations since there is evidence 

that track resonances also occur in the l to 5 KHz range. 

When the wheel is excited various resonant modes radiate 

sound into the air and cause vibration in the supporting track. 

The frequencies at which these resonances occur have been 

determined experimentally, and to a degree, confirmed theoreti­

cally. In 33 inch wheels there are prominent modes at about 

450 and 1090 Hz and a series of modes from about 1900 Hz up-

wards. The presence of large flaws appears to have greatest 

effect on the number of modes and their resonant frequencies 

in the range l to 5 KHz. When the exciting force is removed 

the wheel vibration dies away. An unusually fast rate of decay 

is also an indication of the presence of a flaw. The maximum 

difference in decay rates between good and bad wheels is also 

found in the l to 5 KHz range. 

-r-------
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Various data processing schemes have been considered. 

The basic requirement is to categorize the signature against 

a good/bad criterion. The criterion can be based on the 

average signature of a large number of good wheels, thus allow­

ing for variation of loading, geometry, surface conditions and 

metallurgy and on the difference between the signatures of 

wheels on either side of an axle. Each of these procedures 

can be subdivided according to whether analysis is made in the 

frequency domain ( to find changes in resonant frequency) or 

in the time domain (to find changes in decay times). A mini­

computer, teletype, and fast paper tape reader have been inter­

faced with a real time frequency analyzer. Software was 

developed for both frequency and time domain analysis. 

Some further research and development is necessary before 

a preprototype system can be installed in the field. The de­

sign of an automatic wheel impacter needs to be tested and 

consolidated and a variety of software functions have to be 

accomplished. The system then has to be reviewed for reli­

ability and weather protection. 
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APPENDIX A 

APPARATUS AND EXPERIMENTS 

A.l INTRODUCTION 

lffi 

The experiments for this investigation were primarily 

designed to obtain acoustic signatures for a number of wheels 

under various static loading rates, and with various excita­

tion and detection methods. The design of the apparatus was 

aimed at achieving this goal, as well as to provide wheel 

storage and handling facilities. The instrumentation was 

designed to test which method of data acquisition and analysis 

would be most suited for a prototype device. 

A.2 APPARATUS 

A.2.l +est Wheels and Loading Requirements 

The test objects for the laboratory studies were full-size 

railway wheel and axle sets consisting of pairs of 33'' (or 36") 

nominal diameter wheels permanently pressed onto axles. Table 

A.l lists the wheel and axle sets that were tested. Figures 

A.l through A.6 show views of the defective wheels on axles 

1 through 6. On all axles with defective wheels the designa­

tion of each wheel is: The axle number followed by the suffix 

G for good wheel and B for bad wheel. Thus, lG denotes the good 

wheel on axle 1. On axles without defective wheels the designa­

tion of each wheel is the axle number followed by an A or C, 

such as Wheel 7A. 



102 

TABLE A.l LIST OF WHEELS ON INVENTORY 

AT UNIVERSITY OF HOUSTON 

Axle Wheel Good Wheel Bad Wheel 
Number Size Description Description Manufacturer 

l 33" No defect, light Thermal crack Southern 
rusting. to axle, Fig. 

A .1. 

2 33" No defect, light Overheated rim, Griffin 
rusting. Fig. a.2. 

3 33" No defect, heavy Large crack run- Southern 
coat of dirt and ning circum-
grease on outside ferentially in 
of plate. rim fillet, 

heavy coat of 
dirt and grease 
on outside of I 
plate, Fig. A. 3. 

4 33" No defect, light Large plate ARMCO 
rusting. crack, Fig. 

A.4. 

5 36" No defect, light Thermal crack Standard 
rusting. partially ex-

tending into 
plate, Fig. 
A. 5. 

6 36" No defect, light Thermal cracks Griffin 
rusting. on outside of 

tread, extend-
ing into rim 
only, Fig. A.6 

7 33" New wheel New wheel Southern 

8 33" No defect Rim fillet crack Griffin 

9 33" No defect Crack on rim Bethlehem 
face. 

10 33" No defect No defect Griffin 

11 33" No defect No defect Southern 

~-~~~--~ 
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Fig. A .l View of Wheel lB v.Jith I'hermal Crack 



11)4 

Fig. A. 2 View of 1ifueel 2B with Overheated Rim 



1()5 

Fig. A.3 View of Crack in Rir.:1. Fillet of vvheel 3B 



1G6 

Fig. A.4 View of Wheel 4B with Large Plate Crack 

r--------
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Fig. A.5 View of Crack on ·I'read of Wheel 5B 



Fig. A 0 6 View of 'dheel 6B, Location of 1'hermal Cracks 

Marked by White Lines on Front Face of Rim 

--- ~------- --------
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The basic test requirements were: 

a. The application of a static load (maximum amplitude 

of 30 tons/wheel, and 

b. the application of a dynamic load (50 lbf maximum 

amplitude). 

A.2.2 Test Equipment 

The test stand consisted of a rectangular structural steel 

frame with a 54 foot long storage rack, as shown in Fig. A.7. 

The steel frame was set across the middle of the track, spann­

ing the track and with the rails running through it. Wheel 

and axle sets could then be rolled under the frame from either 

side. Jacking points were constructed on the frame over the 

axle journals. The static load was applied at these points, 

with two 30 ton hydraulic jacks (see Fig. A.8) and v blocks 

to assure that the same load was applied at each journal. The 

hydraulic jacks were supplied with hydraulic fluid from a 

common pump. The 4 foot portion of rail fastened to the steel 

frame was not attached to the 25 foot long storage rails on 

either side of the test stand. This feature was necessary to 

assure that during the application of the static load, only 

the steel frame was loaded. 

The excitation system was designed as follows: The dy­

namic load was applied to the wheel and axle set with a 50 lb. 
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Fig. A.7 View of ~est Stand 

----------- ~---------- ---
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Fig. A.B View of Hydraulic Jack Applying Static Load 
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Gilmore Industries Model PM SO electrodynamic shaker driven 

by a Gilmore Industries Model 2SO MB amplifier. The signal 

sources for the driving system were as follows: 

a. A General Radio Model 1381 Random Noise Generator 

b. A Hewlett-Packard Model 6SlB Sine wave Generator 

c. Rockland Model SlOO Frequency Synthesizer 

The schematic of the laboratory excitation system is 

shown in Fig. A.9 The SO lb. dynamic load was applied to the 

wheel and axle set as follows: 

a. ·At the back face of the rim at the lowest point of 

the wheel, parallel to the axle. (See Fig. A.lo.) 

b. At the center of the axle and perpendicular to it. 

(See Fig. A.ll.) This excitation point was chosen to simulate 

the excitation by the rolling of the wheel and axle set on 

the track. The response of the electrodynamic shaker to 5 KHz 

bandwidth random noise is shown in Fig. A.l2. 

The noise and vibration detection system was instrumented 

such that the airborne noise emitted by the wheel during ex­

citation was picked up by a Shure Bros. Model No. 98108 Micro­

phone and recorded on a Nagra-Kadelski Model Nagra lV, Type 

L3 Tape Recorder. (See Fig. A.l3 for schematic of detection 

system). During recording, the waveforms were monitored on a 

Tektronix Model S64B Storage Oscilloscope. Photographs were 

~-----~ 
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Fig. A.10 View of Shaker at Back Face of Rim 
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Fig. A.ll View of Shaker at Center of Axle 

I 



FREQUENCY IN HZ. 

Fig. A.12 The Response of the Electrodynamic Shaker to 
5 kHz Bandwidth Random Noise Input 

116 



l:J. 7 

WHEEL 

HICR<lPHCt£ \ -
I ) 

-
ACCELERO£TERS 

PRfN.PLIFIER PRE.AJI9LIFIER 

NoPLIFIER 

BAND PASS BNti> PAS$ 
FILTER FILTER 

FOUR TRACE 
OSCILLO- 1------t TAPE RECORDER '------------1 SCOPE 

Pis. A.l3 Schematic of Laboratory Detection Equipment 



118 

made of waveforms displayed on the oscilloscope screen with a 

Hewlett-Packard Model 196A Oscilloscope Camera. The vibration 

of the wheel was monitored with accelerometers. Two types of 

accelerometers were used: 

a. An Endevco Model 2242 Accelerometer 

b. A General Radio Model 1560-PS Vibration Pickup. 

Each accelerometer was attached to the wheel or track with 

a magnet, or with a threaded stud. The signal from the accel­

erometers was amplified with an Endevco Model 2607 Preamplifier. 

Two Krohn-Hite Model 310 CR Filters were used for signal con­

ditioning. The signal recording and monitoring equipment was 

the same as for airborne noise. 

The Data Processing Apparatus - the response of the wheels 

to various forms of excitation was recorded on tape. This 

gave an amplitude vs. time record of the wheel response. For 

some tests, the signal was a steady state, long time sample, 

for others it was a short duration, transient decay. The re­

quired analysis was as follows: 

a. Frequency spectrum analysis, 1/3 octave analysis as 

well as narrow constant bandwidth analysis. 

b. Auto and cross correlation analysis with a correlation 

function computer. 

For the 1/3 octave analysis, the Bruel and Kjaer Real 
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Time Third Octave Analyzer, Type 3347 was available. This 

instrument will accept an input signal from a variety of 

transducers in the 20 Hz to 20 KHz range. It has the capa­

bility of providing a real time l/3 octave frequency spectra 

of a continuous or a transient signal. The time constant 

for the response of the analyzer is 0.2 seconds above 200 Hz 

and 3.15 seconds maximum below 200Hz. 

The l/3 octave frequency spectrum is displayed on a 

video screen which shows the sound level in thirty l/3 octave 

bands with center frequencies ranging from 25 Hz to 20 KHz. 

In addition to the l/3 octave filters, one of the frequency 

weighting networks A, B, C or D may be selected with the 

option of displaying overall level in the range from 22.4 Hz 

to 22.0 KHz. The video display may be stored and subsequently 

recorded on chart paper with a level recorder. The l/3 octave 

real time analyzer is coupled though an interface device to a 

NOVA 1220 Minicomputer. The rate of data transfer between 

the two devices is limited by the speed of the l/3 octave 

real time analyzer. Although the real time analyzer has analog 

to digital converters, due to the relatively slow response of 

the analyzer, the conversion rate is comparatively slow. Thus, 

sampling rates are not fast enough to supply data for such 

software tasks as correlation analysis. Data values may be 

taken at about 0.2 to 0.25 s~conds, thus permitting computa­

tions such as time decay calculations. 
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Software was developed to acquire data in real time 

(continuous as well as transient signals), store and operate 

on that data, subsequently, under continuous keyboard control 

and output. 

For the narrow band analysis, a Spectral Dynamics Model 

SD30lC Real Time Analyzer was used with a Model SD302C 

Ensemble Averager, a Model SD42 Memory and a Model 13116-Z X­

Y Display. The instrument is a sweep frequency analyzer using 

digital time compression techniques to speed up the analysis 

time. In the 0 to 10 KHz range, the analysis time is 0.05 

seconds. The spectrum obtained is composed of 500 resolution 

elements, or "lines" spaced equally across the analysis range. 

The ensemble averager averages a preselected number of spectra 

(up to 4096) and stores the average spectrum ready for display. 

The memory unit allows the storage of one spectrum while an­

other is being obtained. The display is a large oscilloscope 

screen with logarithmic or linear display option on both X 

and Y axes. Stored spectra from the analyzer may be fed to 

an X-Y recorder. A Hewlett-Packard Model l35A X-Y Recorder 

was used. Some narrow band analyses were also made using a 

Bruel and Kjaer Slave Filter in a mechanical sweep frequency 

analysis. 

Some correlation analyses were made with a Princeton 

------
-~-- --
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Applied Research Model 101 Correlation Function Computer. The 

computer is a hybid instrument, the correlation function being 

computed for 100 incrementally increasing values of the time 

delay selected. Auto or cross correlation may be performed, 

depending on whether one or two input signals are used. The 

computed function was displayed on an oscilloscope and on a 

X-Y recorder. 

A.3 EXPERIMENTS 

Tests on the full size wheels were acoustic in nature 

and were performed on the test stand described in Section A.2.2. 

Some time averaged holograms of vibrating 1/4 scale model 

wheels were made in the Electro-optical Laboratory of the 

Electrical Engineering Department, University of Houston. 

For the tests of full size wheels, three methods of ex-

citation were used; impacting of wheels with a striker, ex-

citation with an electrodynamic shaker, and rolling of wheel 

and axle sets on storage rack. 

Microphones and accelerometers were the detection trans-

ducers in these experiments. This was necessary in order to 

compare wheel signatures that are transmitted through the air 

and wheel signatures that are structure transmitted (i.e., 

through the rails). The microphone locations in the tests were 

typically in the order of 1 to 2 feet from the wheel. The 

accelerometers were placed on the rail and on the surface of 

the wheels at the rim, on the plate, and on the axle. 

I 
I' 
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A.3.1 Impacting of Wheels 

The wheel and axle set to be tested was centered on the 

test stand. Ordinary railroad spikes were used as wedges to 

keep the wheels from rolling. The hydraulic jacks were placed 

over the journals with the V-blocks. (See Figure A.8.) The 

wheel to be tested was struck with a hammer, (the hammer 

striking surface was hemispherical) on the back face of the 

rim approximately at 60° from the load line. The sound 

emitted from the wheel was picked up by microphone and 

accelerometer and recorded with the Nagra IV tape recorder. 

Repeated blows were struck and recorded. This test was per­

formed with and without static load on the journals. Some 

impact tests were performed with the automatic impacter, while 

the wheels were rolled on the storage rack. 

A.3.2 Excitation of the Wheel with Electrodynamic Shaker 

The tests performed with the electrodynamic shaker may 

be categorized according to the signal source used for the 

shaker drive. 

a. Wide band random noise input was used to obtain 

characteristic spectra while varying the shaker position and 

varying the static load on the journals. The shaker position 

was varied by placing the shaker at different positions on 

the wheel and axle set (see Figures A.lO, A.ll). 

~--
---------
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The response of the wheel in each case was recorded. The 

static load on the journals was varied with the two 30-ton 

hydraulic jacks. For the wide band random noise tests, zero 

and 10-ton/journal loads were used. 

b. Pure sine tone input was used to obtain accurate 

numerical values for resonances obtained with frequency analy­

sis of response to wide band random noise. This was accomplish­

ed by varying the frequency of the pure sine tone input while 

monitoring the amplitude of the wheel response with an acceler­

ometer. The maximum amplitude was picked by observing the 

signal from the accelerometer on the oscilloscope screen. 

When resonance was found, a frequency counter was used to 

measure the exact frequency. Pure sine tone input was also 

employed to detect resonant frequency and amplitude changes 

of some of the resonances of wheels when applying different 

static loads to the journals. 

A.3.3 Rolling the Wheel and Axle Set on the Storage Rack 

A wheel and axle set was rolled on the storage rack. The 

purpose of this test was to see if very low velocity rolling 

generated any detectable wheel response. The sound emitted 

by the wheel was monitored by microphone (with and without a 

horn) and accelerometer pickups and recorded with the tape 

recorder. 
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A.3.4 Mode Shape Tests 

Time average holography was used to determine the mode 

shape of a vibrating 1/4 size wheel at certain resonances. 

The experimental setup was assembled from existing optical 

components, as shown in Figure A.l4. The wheel was vibrated 

with a 2 lb. shaker at a resonant frequency. The laser beam 

was split into two beams. One beam was used to illuminate 

the wheel, the other was used as a reference. The reflected 

light from the vibrating wheel and the reference beam were 

combined on a photographic plate to form the hologram. The 

hologram was reconstructed with the same reference beam and 

photographed with a 35 mm still camera. A typical result is 

shown in Fig. 2.6. 

For mode shape determinations on full sized wheels, which 

are too large to be illuminated with the holographic set-up, 

the wheel surface was probed with an accelerometer. Some 

typical results are shown in Figs. A.l5 to A.l8. Sine tone 

excitation was used. 

A.4 FIELD TESTING APPARATUS 

Field tests were made to record sound from moving railway 

wheels. Figure A.l9 shows the layout plan and Fig. A.20 is a 

photograph of the actual set-up in the field during recording. 

It was necessary to isolate the sound coming from only one 

~--~---~-----~
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Pla.te 
Hologram 

Fig. A.l4 View and Schematic of Holography Experiment 
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Plot of Normalized Amplitude (A/A ) 
max 

(Measurements Taken at Grid Points 

on Surface of Wheel 7A.) 

Note: Similar 
Pattern in 
Other Three 
Quadrants of 
Wheel. 

.04 

Fig. A.l5 Mode Shape for Wheel 7A at 415 Hz 
(Sine wave Excitation, Accelerometer 
Pickup.) 

--------- ~~--~---~--- -- ---- -~---- - -



Plot of Normalized Amplitide 
(A/A ) 

max 
(Measurements Taken at Grid 
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Points on Surface of Wheel 7A) 

Note: Similar Pattern 
in Other Five Sections 
of Wheel. 

Fig. A.l6 Mode Shape for Wheel 7A at 1051Hz 

(Sine Wave Excitation, Accelerometer 
Pickup ) 



Note: Similar Pattern 
on Other Seven Sections 
of Wheel. 
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Plot of Normalized Amplitide (A/A ) max 
(Measurements ~aken at Grid 
Points on Surface of Wheel 7A) 

.04 .12 .09 

Fig. A.l7 Mode Shape for Wheel 7A at 1883 Hz 
(Sine wave Excitation, Accelerometer 
Pickup.) 

---~--·-
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Plot of Normalized Amplitude (A/A ) 
( . t max Measurements Taken at Po1n s 

Along a Radial Line on Survace 
of Wheel 7A) 

Note: Similar 
Readings Taken Along 
Other Radial Lines 

Fig. A.l8 Mode Shape for Wheel 7A at 2417 Hz 

(Sine Wave excitation, Accelerometer 
Pickup ) 
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F' ~g. A.l9 Layout Plan for Apparatus Setup in the Field 
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Fig. A.20 View of Apparatus during Field Recording 
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wheel at a time, and a number of directional receivers were 

considered, such as a horn or a parabolic reflector in com­

bination with a simple microphone, or a directional micro­

phone. To decide which one of these couplings would be best 

suited for the purpose, some experimental studies were under­

taken, using an anechoic chamber and Bruel and Kjaer polar 

plotters. 

The resulting directional patterns obtained from a Univer­

sity ID60 driver attached to a University SH horn at 2 and 3 

KHz, are shown in Figures A.2l and A.22, respectively. Shown 

in Figures A.23 and A.24 is the additional gain from a para­

bolic cylindrical reflector approximately 48 in. x 36 in. and 

with the same horn-driver combination placed on the focal axis, 

36 in. distant from the reflector mouth plane. The distance 

from the mouth plane to the back of the reflector was 3-1/2 

in. The reflected sound at 3 kHz has an 8° 3dB beamwidth 

and side lobes at 110° and 240° which we term "splash" lobes 

and which are 19dB down from the main beam. 

The reciprocity theorem was invoked since it is sometimes 

more convenient to determine the beam pattern using the 

coupler connected to a microphone than to a driver. To il­

lustrate the reciprocity theorem, Fig. A.25 shows the beam 

pattern at 4 kHz with a rectangular cross-section horn attach­

ed to a driver, and Fig. A.26 shows the received beam pattern 

-~ ~-- r---- ~-- --~ --~--



Fig. A.22 Polar Plot 
of Radiation from ID60 
Driver and SH Horn at 
3 kHz 

0 133 

Fig. A.21 Polar Plot 
of Radiation from ID60 
Driver and SH Horn at 
2kHz 



Fig. A.24 Polar Plot 
of Radiation from ID60 
Plus SH Horn with Re­
flector at 3 kHz 
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Fig. A.26 Polar Plot 
of Reception with Same 
Horn as Used in Fig. 
A.25 Using B&K Micro­
phone at 4 kHz 

13,5 

Plot of 
ft x 8 in 

Mouth Horn 
ID30 Driver 
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at the same frequency with the same horn attached to a micro­

phone. The cross-section of the horn mouth in these experi­

ments was 3 ft. x 8 in. Fig. A.27 shows the beam pattern ob­

tained with a parabolic cylinder having the same mouth cross­

section and with a microphone located at the focus, which 

lies in the plane of the mouth. From these patterns, the 

following conclusions were drawn: (1) the 3dB beam width 

from the horn is considerably greater than from the parabolic 

cylinder; and (2) the "splash" lobes from the cylinder have 

rotated to approximately 90° and 270°, as compared with those 

of Figs. A.23 and A.24. It was hypothesized that these "splash" 

lobes are due to diffraction at the edges of the cylinder. 

Fig. A.28 shows the beam pattern at 10 kHz for a cylindrical 

parabola with the focus inside the mouth. The "splash" has 

moved to the 55° - 305° position. However, the forward beam 

now shows considerable structure. Some studies were also 

made of the lateral beamwidth by varying the length of the 

cylindrical reflector. An Electrovoice directional microphone 

was rented for the field tests whose 3dB beamwidth is comparable 

to that of the SH horn, according to manufacturers data. It 

was concluded that a reflector coupled with a horn or direction­

al microphone at its face should be the best setup. So two 

parabolic reflectors of face dimensions 7 x 4 ft. were made 

of fiberglass. Fig. A.29 is the polar plot with one of these 

~- ----r 



Fig. A.28 Polar Plot of 
Reception by 2.75 ft x 
16 in Rectangular Mouth 
Cylindrical Parabolic 
Reflector at 10 kHz. 
B&K Microphone at Focus 
inside Mouth Plane 
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Fig. A.29 Polar Plot of Radiation from Parabolic Reflector Used in Field 

Tests, at 3000 Hz 
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reflectors coupled with a University SH horn attached to a 

University ID 60 driver, and Fig. A.30 is a photograph of the 

laboratory set-up for the polar plot. This arrangement was 

used during field recording. Some of the recording in the 

field was also done with the horn replaced by the Electrovoice 

Model 642 directional microphone, and Fig. 3.9 is a photograph 

of this arrangement. 

In the field, identical apparatus was set up on both the 

sides of the track and the reflectors were placed such that 

they received sound from the two wheels of the same axle of a 

car simultaneously. The reflectors were placed at a distance 

of 10 feet from the track to conform with railraod company 

practice. Figs. A.31 and A.32 are schematic diagrams for 

these set-ups. 

During the recording, a movie camera (Eclair NTR) was 

used to make a 16 mm movie film showing part of the railway 

cars and the railway wheels from which the recorded sound 

was generated. This camera was fixed on a tripod which was 

placed just behind the reflector and was syncronised with the 

Nagra IV recorder. To know the approximate speed of the cars, 

two marker posts were placed 100 ft. apart and the time was 

recorded for each car to travel that distance. Some recordings 

were made of the output of an accelerometer attached to the 

web of the track. The accelerometer used for the purpose was 



Fig. A.30 View of 7 ft x 4 ft Rectangular Mouth 
Parabolic Reflector with ID60 Driver 
and SH Horn, in the Anechoic Chamber 

-~-~--r-----
--~--~ -- -
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a General Radio, Model 1560-P52, and the recorder was a Sony 

Type TC800B. 

A preliminary field test was made on the Houston Belt and 

Terminal line, and noise of wheels rolling over a joint was 

recorded and also sound coming from wheels during braking. For 

recording, the 7 ft. x 4 ft. fiberglass parabolic reflector 

attached to the University SH horn was used. A number of 

extraneous noises, some believed due to electromagnetic pickup 

were present on these tapes, which were consequently not 

processed. However, the test served to check out the system. 

The principal set of field test results were from the 

recordings at the main retarder of the Englewood switching 

yard of the Southern Pacific. After recording the sound for 

each set of cars released, the recording was stopped and 

started again when the next set was released. Twenty-eight 

sets of cars were recorded by a designated "Take Number". 

Up to "Take Number 11", the recording was done with there­

flector coupled with the SH horn, and the remainder of the 

recording was done with the reflector coupled with the Electro­

voice directional microphone. Starting from "Take Number 12" 

onward, the sound was recorded with an accererometer pickup 

also for a few takes. One person announced the "Take Numbers" 

and instructed the others by hand signals as to when to start 

and stop the tape recorder and movie camera. One person 

-----~--
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timed the cars travelling between the marker posts. 

These field recordings were used in the laboratory for 

narrow band analysis. Mainly, the recordings of those takes 

with retarder screech were analysed trying to capture the 

highest peak of the sound signature. Plots with a certain 

number of averages of the spectrum and plots of transient 

captures at a particular instant were obtained. For the 

averaged spectra, resultant 16 averages were taken. For both 

average spectra and transient capture, the highest peak of 

the sound level was used. The same type of analysis was made 

for recordings on both sides of the track. 



APPENDIX B 

LIST OF WHEEL FAILURES FOR 1972 
Exhlbit F 

ANNUAL ITh"'J'O ~'.r OF AAR \-!HEEL FAILURES JAN. 1, 1972 - DEC. 31, 1972 

CAUSE - IN'l'ERCHAiTGE RULE 1+ l - SEC. F 6 
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66 68 71 74 75 82 8l 
28 

Hl-CS l 0 l 0 0 0 0 0 
lW-WS 2.4 70 0 ll 19 0 0 0 39 

2W&MW-CS 0 0 0 0 0 0 0 0 
2W&MH-vJS 0.1 1 0 0 0 0 0 1 0 

TOTAL 72 0 12 19 0 0 1 39 

33 

Hl-CS 155 8 31 22 50 1 3 40 
1W-WS 54.0 220 1 65 94 3 0 0 56 

2W-MH-CS 23 2 4 5 4 0 0 7 
2W&MH-WS 13.0 70 1 22 29 5 0 0 12 

'IOTJI.L 468 12 122 150 62 1 3 115 

36 

lW-CS 12 0 7 3 1 0 0 1 
lW-WS 21.0 133 4 35 65 12 0 0 16 

2W&MW-CS 3 0 1 1 0 0 1 0 
2W&MW-WS 9.0 21 0 6 12 0 0 0 2 

'IOTAL 169 4 49 81 13 0 1 19 

38 

1W-CS 0 0 0 0 0 0 0 0 
1 W-WS o.6 1 0 0 1 0 0 0 0 
2W&MW-CS 0 0 0 0 0 0 0 0 
2WBJ.1W-WS 0.3 0 0 0 0 0 0 0 0 

'IOTJI.L 1 0 0 1 0 0 0 0 

GRAND 
'IOTAL 100.0 710 16 183 251 75 1 .:_._~~ 

' •• ' .. t- .. 
> •• .l: ._ ~ 
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APPENDIX C 

SOFTWARE FOR DATA PROCE$SING 

C.l INTRODUCTION 

BASIC language compiler software was obtained along with 

the NOVA 1220 Minicomputer. The BASIC software obtained was 

a conversational-interpreter language 27, where programs may 

be input through a teletype, and the computer will generate 

object code as the program is loaded. After the program is 

loaded, it can be run immediately. To enable ready inter­

facing with the real time analyzer it was necessary to write 

an assembly language subroutine to control the interface de­

vice between the two units. The assembly language subroutine 

then could be called in the BASIC language program as follows: 

1120 

WHERE 

Call 2,A 

1120 is the statement number 

2 is the number of the subroutine 

A is the variable. Value is read from the device. 

When this statement is encountered by the computer during 

a run, control will be transferred to the assembly language 

subroutine and a value will be read from the real time analyzer. 

Two assembly language subroutines were written, one to give a 

start pulse to the analyzer and another to read the level in 

one analyzer channel. All thirty-nine analyzer channels then 

were read with an iterative loop written in BASIC and calling 

the subroutine repeatedly. 
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C.2 BASIC LANGUAGE PROGRAM FOR FREQUENCY BAND AND DECAY TIME 

COMPARISON 

- -- ~----~- -- -----



1 
2 
3 
6 

RB1 REAL THlE RlJ.'nJHJG AVERAGE PH0Gl1P.l1 
HF.J:-1 IF C=0 INPUT DATA WILL NOT BE PRINTED 
LET C= 0 

9 
65 
68 
70 
80 
84 
85 
86 
87 
88 
89 

Dlt1 AC 39 J, L[ 39 J, DE 39 J, Q[ 15J 
PRINT 

90 
95 
96 
97 
99 
100 
101 
102 
103 
105 
118 
120 
199 
200 
210 
215 
220 
225 
240 
250 
252 
255 
260 
270 
275 
290 
295 
300 
310 
312 
314 
315 
316 
317 
340 
350 

REN 
RB·1 
LET 
LET 

--·------ CONTROL CONSTANTS---------­
tJ 1 & N2 RANGE OF SPECTRI.Jl1 AVG. 

tJ 1 = 18 
N2=27 

REt-1 N3 IS Nt.n·lBER OF DECAY POINTS READ 
LET N3=5 
REi1 N4 IS THE VALUE OF DECAY Tit-lE vJHER.E SPECTRu11 IS READ 
LET N4=2 
RE:1 NS IS THE DECAY TH1E CHANNEL (} 
LET N5=24 
REt·l T IS THE TRIGGER LEVEL IN DB. 
LET T= 105 
REi1 T1 IS THE GOOD/BAD LIMIT FOR EACH BAND,SPECTR. DlFF 
LET Tl=S 
RE11 T2 IS THE TRIGGERING CHANNEL II 

LET T2=27 
RE':-1 T3 IS THE CHANNEL # FOR THE OVERALL SOUND LEVEL. 
LET T3=38 
REH T4 IS THE GOOD BAD LHH T FOR TOTAL SUt1, SPECTR. DI FF 
LET T4=20 
RE1 52 IS A SCALE FACTOR 
LET 52=100 
REl1 --------SUER. READ IN IS AT 1000-------------
GOSUB 1000 
REH --------REt10VING REF. LEVEL------------------
LET RS=L[ 1 J 
FOR 1= 1 TO 39 

LET LCIJ=LC1J-R5 
NEXT I 
REM --------NORMALiciNG TO OVERALL LEVEL---------
LET R1=LCT3J 
FOR I=l TO 39 

LET L CI J = L [ 1 J I R 1 
NEXT I 
IF N<10 GOTO 500 
REM --------SUBTRACTING FRD:-1 AVG. SPECTRtr.-1-------
LET 51= 0 
FOR I=N 1 TO N2 

LET DE!l=A[IJ-LCIJ 
LETS= !NT CCDCil*DCil>*S2> 
IF S<Tl GOTO 350 
IF 1=18 GOTO 350 
IF 1=23 GOTO 350 
IF 1=24 GOTO 350 
LET Sl=Sl+ ADS <S> 

rJ£..'\:T I 
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354 REJ·l --------SUm~. DECAY TH1E CALC. IS AT 2000----
355 GOSUB 2000 
365 PRINT 
400 REM --------GOOD/BAD DECISION--INDICATIQ[J PRI~JTOUT---
410 IF S1<T4 GOTO 430 
420 PRINT "E"AD U1-IEEL SUi:1= "; S 1; "DECAY="; G 
1~25 GOTO 600 
430 PRINT "GOOD UHEEL SU!1=";S1;"bECAY=";G 
498 REt1 --------GOOD 'Hl!EEL AVERAGE UPDATING----------
500 FOR 1=1 TO 39 
510 LET AC!J=C<ACIJ*iJ)+L[IJ>/CN+l) 
515 NEXT I 
5"16 GOTO 530 
519 REt1 --------OPTIONAL PRINTOUT OF AVERAGE SPECTR.-
521 FOR I=1 TO 39 
522 PRINT ACIJ 
523 NEXT I 
524 PRINT "N=";N 
525 STO'P 
528 REH --------UPDATE AVG. SPECTR. COUNTER----------
530 LET N=N+ 1 
532 PRINT "N=";N 
600 PRINT 
601 GOTO 70 
999 REX1 --------READ LOOP FOR VJHEEL UNDER TEST-------
1000 CALL l.rc 
Hl10 FOr?, I= 1 TO 39 
1020 CALL 2, A 
1030 Ir I=T2 GOTO 1050 
1040 GOTO 1060 
1050 LET P=A 
1060 NEXT I 
1062 LET P=P/10 
1(i'70 IF P<T GOTO 1000 
1075 FOR J=l TO N3 
11 0 0 CALL 1, ~ 
1110 FOR 1=1 TO 39 
1120 CALL 2,A 
1122 IF J=N4 GOTO 1125 
1124 GOTO 1126 
1125 LET LCIJ=A/10 
1126 IF I=N5 GOTO 1128 
1127 GOTO 1130 
1128 LET QCJJ=A/10 
1130 NEXT I 
1135 NEXT J 

---~~----
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1140 IF' C= 0 GOTO 1200 
1142 RE1 --------OPTIONAL INPUT SPECTH. PRINTOUT-----
1150 PRINT 
1155 PRINT "SPECTRt.N READ IN" 
1156 PRINT 
1160 FOR I= 1 TO 39 
1165 PRINT LCIJJ 
1170 IF CCI/8)- !NT CI/8))> 0 GOTO 1190 
1180 PRINT 
1190 NEXT I 
1200 RETURN. 
1998 REtl --------DECAY TIME COt·lPUTATIOt·J--------------
2000 F'OR I=l TO N3 
2005 LET Q(Il= INT (Q[IJ-R) 
2020 NEXT I 
2030 FOR I=l TO N3-1 
2040 LET e1=QCIJ-Q[I+1J 
2050 IF' 1=2 GOTO 2052 
2051 GOTO 2060 
2052 LET G=c1/.4 
2060 NEXT I 
2100 RETURN 
2198 REN --------.AVERAGE SPECTR. READ IN-------------
2200 F'OR I= 1 TO 39 
2210 INPUT V1 
2215 LET ACIJ=Vl 
2220 NEXT I 
2230 INPUT N 
2240 GOTO 70 
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C.3 ASSEMBLY LANGUAGE PROGRAM FOR INTERFACING WITH REAL TIME 

ANALYZER 

--- -~-~~--~~-
--~---~~ 

-------- --
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0171.{00 •LOG 1 7 1t00 
171;00 000530 SRTf1BZ 530 
17401 000001 1 
171!02 017L!l0 START 

000004 .RDX 4 
17403 100000 20000000 

000010 eRDX 6 
17401-! 000002 2 
17405 0171!16 SPECT 

000004 .RDX 4 
17406 140003 30000000 

000010 .RDX 8 
17407 177777 -1 
17410 054470 START: STA 3,SAV2 
171d 1 030455 LDA 2., t-1AS!{ 1 
17412 050456 STA 2.,HASK3 
171113 004424 JSR PULSE 
17414 0314464 LDA 3,SAV2 
17415 001401 JMP 1, 3 
17416 054470 SPECT: STA 3,SV3 
17417 004403 JSR READ 
17420 034466 LDA 3., SV3 
l742l 001401 JMP 1 .. 3 
17422 054455 READ: STA 3,SAV1 
17423 0Ci'llt432 JSR GET 
17424 030443 LDA 2.,t1ASK2 
17425 050443 STA 2.,MASK3 
171!26 004411 JSR PULSE 
17427 006456 JSR @ BCDB 
17430 !02400 SUB 0, 0 
17431 006132 JSR @ • FLOT 
17432 034454 LDA 3.,SV3 
17433 031LJ00 LDA 2 .. 0, 3 
17434 041000 STA 0, 0 .. 2 
17435 045001 STA 1, 1 .. 2 
17436 002441 JMP @SAV1 
17437 054442 PULSE: STA 3,SAV3 
171!40 030433 LDA 2,0NE 
17441 020427 LDA 0,MASK3 
17442 1131H~l0 AND 0 .. 2 
17Mt3 071042 DOA 2,42 
17444 020430 LDA 0 .. Ntr.1 
17445 0Ll0424 STA 0,CNT 
17446 014423 DSe CNT 
17447 000777 JMP .-1 
17450 030425 LDA 2, cERO 
17451 020LJ17 LDA 0,MASK3 
17452 113400 AND 0,2 
17453 071042 DOA 2,42 
17454 002425 JHP @ SAV3 



171~55 054421 
1 7 4 56 J 2 64 Ll0 
17457 063542 
17460 000777 
17 4 61 061-!1~42 

17462 020403 
17463 107400 
17464 0·02412 
17465 037777 
17466 040000 
17467 1 ~0000 
17470 000000 
17471 000000 
17472 000000 
17473 177777 
17474 000077 
17475 000000 
17476 000000 
17477 000000 
17500 000000 
17501 0C30000 
17502 060000 
17503 0S0047 
17504 600000 
17505 017507 

000132 
000130 

17506 00000(2} 
17507 044443 
17510 0444Lt6 
17511 050442 
17512 054442 
17513 020445 
17514 040443 
17515 152400 
17516 004411 
17517 0004(2}5 
17520 004424 
17521 010436 
17522 000774 
17523 145021 
17524 024426 
17525 030426 
17526 002426 
17527 024431 
17530 044425 
17531 024425 
17532 102400 
17533 125120 
17534 101100 
17535 010420 
17536 300775 

GET: STA 3~SAVE 
SUBO 1,1 
SKPBc 42 
JMP ·-·1 

DIA 1~42 

LDA 0, MASK 
P.ND 0~ 1 
JMP 6 SAVE 

HASK:037777 
t1ASK 1: 040000 
'MASK2; 100000 
t-1AS~3: 0 
CNT: 0 
COUNT: 0 
ONE:177777 
NUM:77 
cERO; 0 
SAVE; 0 
SAV 1:0 
SAV2;0 
SAV3;0 
SAVLu 0 
CONST: 47 
CNTl: 0 
BCDB:.BCDB 
.FLOT= 132 
eFIX =130 
SV3: 0 
·BCDB: STA 1, eEA01 
STA t,.EA11 
STA 2,.EA02 

STA 3,.EA03 
LDA 0~·EA20 

STA 0,.EA12 
SUB 2,2 

.EA98: JSR eEA50 
Jt1P • EA99 
JSR eEA51 

I Sc • EA12 
JMP ·EA98 

f10Vc 2, 1 ~ SKP 
.EA99: LDA 1,.EA01 

LDA 2, ·EA02 
JMP @. EA03 
.EA50: LDA 1,.EA212J 

STA 1,.EA10 
LDA 1, .EAll 

SUB 0, 0 
MOVcL 1,1 

MOVL 0,0 
I Sc • EA10 
JMP ·-3 

----- ~----·-
· --- -- ·- -·-
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15 3 

17537 011441 7 STA 1,. EAl 1 . 
I 

175110 0241.:21 LDA 1, • EA21 
17541 106042 ADCO e .. l .. scc 
17 5Ll2 0014fH3 c.JMP 0.r 3 
17543 001401 c.Jt1P 1 .. 3 
17544 145120 • EA51 : t·10VcL 2, 1 
17545 125120 MOVcL 1 .. 1 
17546 147000 ADD 2, 1 
17 5LJ.7 131120 z,WVcL 1 .. 2 
17550 113000 ADD 0, 2 
17551 00llH30 c.Ji>1P e, 3 

17552 000[100 • EA01; 0 
17553 00fH300 • EA02: 0 
17554 000000 .EAEJ3; 0 
17555 000000 .EA10: 0 
17556 000000 .EA11: 0 
17557 000000 .EA12: 0 
17560 177774 • EA20: -4 
17561 000012 .EA21:12 

000010 eLOC 10 
00010 017400 LOCU~: SRTAB 

.END 



BCDB 
CNT 
CNTl 
CONST 
COUNT 
GET 
LOC10 
MASK 
MASK1 
MASK2 
MASK3 
NUt1 
ONE 
PULSE 
READ 
SAV1 
SAV2 
SAV3 
SAV4 
SAVE 
SPECT 
SRTAB 
START 
SV3 
eERO 
.BCDB 
•EA01 
.EA02 
.EA03 
•EA10 
.EA11 
·EA12 
•EA20 
.EA21 
.EASel 
·EA51 
.EA98 
.EA99 
.FIX 
.FLOT 

017 50 5 
017471 
017504 
017503 
017472 
0171!55 
000010 
017465 
017466 
017467 
017470 
017474 
0174'/3 
017437 
017422 
12117477 
017500 
017501 
017502 
017476 
017416 
017400 
017410 
017506 
017475 
01751217 
017552 
017553 
017554 
017555 
017556 
017557 
1211756121 
017561 
017527 
017544 
017516 
017524 
00013121 
000132 

-··- r-···------
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APPENDIX D 

ANSYS PROGRAM RESULTS LISTING 

D.l INTRODUCTION 

The computer printout for complete set of eigenvalues and 

the eignevectors for the first 15 modes are included for the 

35" good wheel and for the 33" wheel with the plate flaw. UX 

is the radial displacement and UZ is the displacement along 

the axis of the wheel. 
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D.2 RESULTS OF ANSYS RUN FOR 33" GOOD WHEEL 

~- ~- -- ~-- ~~--
- ~~~-- -- -



. -.AC')E 

l 
~ 

3 
4 
5 
6 
7 
8 
9 

1 0 
11 
12 
13 
14 
1.5 
11) 
l7 
1~ 

19 
?0 
21 
2? 
23 
24 
25 
?f> 
27 
2M 
29 
-~ () 

31 
J?. 
33 
34 
35 
36 
37 

duced !rom 
Repro "\able coPY· besl aval 

,\":SY:::,- r~· )1'·•;:~~;<1 ,;, 
c;.·:t'•,S'l·~ •''-:6L vSIS SY':--T~_~·:;,. l ,C • 

• 31 7 l "+ •l r, < 
,. 31 ll ::; + (: r < 
.-+u31:'>+0i·< 
.-t431S+r,r< 
.4l:j:)C"l+Or':~ 

• ] t} 8 7 2 + (.' (t L·. 

• 1 I_; .j 7 -,_ + (i '• !" 

• l ;~ 9 7 2 + i) '! 4 

.I~-Jr<+cr4 

.}lf]i?:"+t)f'4 

.1 '7~c,8+C\G,~ 
• 1'79~·<{~ t)'•i4 

• 2 ·~"' ·~· 3 + (i ') t, 
• 23bl•J + 0 :)t., 
• 23':1t·:?+(it'i4 
• 2 J A ,:., 2 + 0 fl t, 
• 2 1 r ... :. :- + e ~: '• 
• 2u4')7+f)f•L 
• 3 •) I c, 6 + 0 •.: 4 

• 3 0 1 ~ 7 + 0 c {, 
o ) IJ 8 I) 7 + () ;) !~ 
• )IJ /:'<. f: .( + (; l) 4 
.3t.4C6+0J4 
.3o'+C"-+tl0c.. 
• J71 ?0.:.+(\r,~.,. 
.3t'>iSf'..+004 
.J~~Sf,+t)r!c.. 

• J'1rj4+f}n4 
.,.4:>'-1~+()~4 
• q.t...Sc;,..~_ + (; '1!, 

• 4 71:' (Is+ 1) 0 {, 
• 4 7 .><, ·:j s + i.l!\ 4 

• ':) ] 0 K C) + (. i) 4 

. s c :n :.::> + 0 :) '­
• 6 2. J 7 2 + (. !i '• 
.5"'>-!4}+0()/_. 

.ss.~.:-~><+uJ':. 
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]c\ 

3Y 
40 
41 
4?. 
43 
44 
43 
4f, 

47 
4~ 

49 
50 
51 
52 
5 3 
S4 
'5S 
56 
57 
5'3 
59 
nO 
61 
62 
63 
64 
6S 
66 
67 
63 
69 
70 
71 
72 
73 
74 
7'3 
76 
77 
-,d 
79 
80 
81 
}~2 

A3 
><4 

R5 
~6 

-- -~--

• 5 l; I:; /""' ;:_ + (' ' I /, 

• 5'1·-1':<4 + (1 r'l/, 

• f) 11 ,..-)~.'+ (1 ~~!:l 

• 61 1 "'h + i) ,·, 6 

.6iJ...j?iJ+U,.•'&. 
• 1:; 1-+ J 2 c + ') .-. 6. 

• ~"'6-47+(;~:1. 
• f, r. 6 0 7 + l• :; L, 

.7'33S!·+O(r+ 
o 7 3 J ~) () + () I 1 !~ 

• 7 r.; 0 Po Y ,._ tJ (~·~. 
• l i1 l '+:~+ t)'j::: 

• 1 1 ' l 4 -~ + (I (,- ::; 

• 1 i;2~).~+ one; 
• l () 2 f) 3 + (> ;')::: 

.ll,2?C+P,:, 
• }(; 2? \) + I i (\ :: 

.Io20;;+cr;::; 

.103~9+('[1::: 

• 1 031-'9+ Qi>C:: 

• 1 04~6+ 0 (jt:; 
.l04S6+0i•c:; 

.lu75Hon;:; 

.}}Al.S+U(~;;; 

.llb.lt-+;Jt1S 

.ll.:OC9+G·1c:; 

.1190"+011!::: 

.120~>\+GCic:.: 

.l!:'OM.~+00!:: 

.12244+0GS 
• 1 ?24£. + (l ('>'=~ 
• 1 ?4'-1?+ (q)c; 

o 1 ? 9 L• 7 + 0 ;'1 ::: 

.l2947+onc:; 
• }3fJ-:l9+-0.!c:; 
• 1 J')Yg+ov::: 

• 1 j 4 6 ? + 0 ') c:; 
.}jk]3+()1)C: 

.Ll613+!)r•c:; 

.l40?S+Onc:; 

.l.:.ur:S+i•, .. ~ 
• 14 j '-:i ~~· !) ;; ::: 

.143'13+(1~.; 

• 14 6 1'\ t., + ,)(· t:: 

.1473--..+ur~.:: 

o147:H•+{)(;c:; 
• 14 ':!? 1 + ll ~.~ :;; 

• 1 '? 0 ~"\ .("~ + \1 0 :; 
• 1 '::ll~ ? .::. + 0 (• :::; 

---------
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.l:.:~r~...::+ q~ 

• l --; ,l (:; '-) + {\'.~ 

.}':;;}Lt.:..+ ,)c: 

• 1 "; 1 f"' + p r, c; 
• J. s 1 h '~ + •! ii -=-. 

• 1 :C,~l C•+r;n:::; 
c 1 :' :'.; } o) i (I tj c: 

. l ~ '1 Y>+ G ;' ~~ 
• 1 5-; ~~ ~ + C· 'i:.: 
• 1 ') l :. c; + 0 '1 :; 
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;,JOilF 

12 
16 
21 
24 
so 
~4 

69 
72 

1 ;);:< 

11? 
117 
1 ?.f! 

156 
160 
l.SS 
16~ 
204 
20~ 

213 
2lf. 
252 
?56 
2Sl 
"?64 

300 
304 
309 
31? 
)i+~ 

3S2 
357 
31:>0 
~~6 

400 
40'3 

~·. "-1 c, y ~ - r_ ·: ·~, I 1 i ~~c. :_; I 
t\ 1,i:l_·v~l-;; SYSTc:·''>• l,c. 

l• )( 

• 934":>'14-(:(j 1 
0 l '-1:::., ~' 2 7 ~ ~I V I) 
• 4 3 7 i: ~{:-)-;HI l 
• 4 3 ~~ ':l .:' 5 + ,., n 0 

• l 2 :) 3 ~H + r: f· (\ 
• 2f-o(' .:>],., + ij () (\ 

• 5.%9·:.4-li 0 l 
• 5~ l ::)lj(-,+'j oc 
.1?3•<3S+.,un 
.?Si:'r:b+l•C~1 

. s 7 r- '7 s .:. - ~' \) 1 

.=.7]h-17+C'00 

.~»-:\fi6W-0Ul 

• 1·1Si-< 1 '-+ + (• 'I() 

• 41 ::);--s:;-;.n 1 
• 4 1 2 (; -14 + U• 0 
• 3!1] "\k _,_, 0 l 
.1.'>31.:+~·..!-()(;1 

.141 ~13?-t':)l 
• 14 0 r, 4 f:.; + i} (• f) 

-. 3f-o53JC-il0l 
- • 7 ') 4 t.. D h - :.) (; 1 
-.17lC':)'":-CG] 
-.lF:>q:i:_:i~+llC,I) 

-.934C,S7-C:C·l 
-. 1 '-i:;s43 + ~-: tl n 
- • 4 3 7 r, ~ .-; - \J (i 1 
-.4336:-':<+~•,j() 

- o 1 (H_:; -~ J 7 + r~ () C 
- • ?A??46+ •'(:() 
- • 3 :.:< r, ,, '+ 'J- c. (J 1 

- • 3" l '-5 ·-11 + :J G G 
- • 1 2 3 f) :.n + '· !• (; 
-. ?.:5~~,· .. -\ 1 + r G ,-l 
-. s 7 -j 177- r: (\ 1 

UY 

160 

,(, il-JtoL.YSl" Sl':::>L: 
t:L1Zt'·j:l-i• t)r_ .. 

• 317ldS+G3 ~t><TL 

uz 
-.1')1<::-.;..,p+Q•Jfl 

-.~1:J9f;0J+ono 

-.1077Cj1+0(tl 

-.9lrF)-:.8+0C·O 
-. 203307+0( .. 0 
- • ~ 0 1+ 1 7 7 + I) \} Q 

-.l4"+5r."'+ijl)} 
-.121200-q)(;l 
-.~OG':'JS2+Jil0 

- • 7 9 3? t~ 0 + 0 (I 0 
-.14?610+\;'Jl 
-.ld531+:)(.,l 
-ol44j:Jfl+1)1)0 
-.56'1,..,l4+0GO 
-.l024.3d+t)01 
- • h 7 c...:; 7 0 + ,) i) ;) 

-. '+8'-IS7l-.-;(J 1 
-. 1 ';lj')lt~+ lj CIO 

-.34dl2'1+vCO 
- • 29A':> 7 3+ il 0•) 

. s --;12 6 l f;- 'Jl' 1 
• 234·d 1 + ~ 0 0 
.421414+')(•0 
.35..:j}('7+J;l0 

.l':d5-;.CJ+0li0 
• S ~ '1 t" :-50 + (; G () 

.1 0 7t'vl +DC•l 
• ~ 1 ':lb 78+ riGO 
• 2 0 :3 3 13 + •J (I() 
.~u4?.02+vi;Q 

• }44':> 7 3 + :j L~ 1 
• 1?32v'-++•,'Jl 
• C.00:)4q+ '0 00 
• 7 9 3 2 ,:-, ~ ... (l ;) 0 
.l42hU7+:_i(:l 



4(H 
440. 
44~ 

4SJ 
4S6 
49? 
4'16 
~01 
SJ4 
5!t0 
544 
549 
SS2 

~jQ;If 

12 
16 
21 
24 
F:lO 
64 
69 
72 

lOb 
112 
11 7 
12') 
}5A 
160 
165 
16H 
21)4 
20B 
.?13 
21~ 
--? C"J-

2'?f. 
?nl 
264 
301) 
304 
30~ 

312 
34M 
3S2 
~57 
3'10 

-. ~ 7 3r- .... l + ;, ( 1\ 

- • ~ >-~ .4_ ~.,: :t ('- [. ~-; 1 
- e 1 .:... s ·:~ I J ~. + 1. ~I f) 

-.41-'i'-'t-,;,-(:'!} 

- • i.; ] ? ~~ :-:1 :.;. .. :. : : ~ 

- • 3{1 }.-<')i,-•_• r,} 

- • ~J 3 l u ':l ~. - ' (· l 
- • 1 ,. 1 J j '-+ - ·-~ :. ] 
- • } L~ () : -~ (-+ 1 + t fi () 

• 3~'~? -)..;-'::: 1 
• 7 ~ L:. ? -j (~ - :; () l 
.17L·...,.:;.-r:q 
,Jf...9<.~·.:,+~i'}fl 

Ul 
-. 0!-)7'-:J-f-t'~jl} 
-.l"c;7.:.;•)+.,:(!(1 
-.4J5SF·1-.-:~l 
- • 4 l 1 ..._, >-j ~ • j\ 0 0 
-,,:i(l}">l-1-;;lq 
-.63) lJ4::-'C•l 
-, 14 1 Yd- r• (• l 
-.l:F<Sll+(f\1) 

• Jf.S:-11 .J-~iu 1 
o 7 :-, 4 5 ') ·:l - !·: IJ } 

• 1 7 1 :• '-:i 7 - YJ 1 
.1695~"l+~,0U 
• qj4/.J.'-'-'._,-,~:(!l 
• 1 q S "' l ( + r. •:l 0 
.4376'j4-C:Jl 
,433S':J]+.-,(:(1 
• } 2 5 _:-~ ~ 1 + '] tl I) 

.2621l1j+(;(;[) 
• 5.-'11)'-1 74-:\(1 1 
• S61"'-:Jf:. -+-I;(} I) 

.123:-,Jv • :)()(! 
• 2 :; -~ f: 7 c + ·I 0 0 
,")7i-H•7"l-uC] 
.573~:3t:+~C·1 
• iJ.:.: >< 164- ;. n 1 
• 1 ~ 5 "· ·3 r, -+- 11 (; 0. 
• 4 1 ') .~ ..... 7 - (' (; 1 
• 4 1 2 1 .., 4 • :; 'J (• 

0 ] i) 1 Y 7 4-, I'\) 

• ~ 3 1 ... 'j :-: - c lJ 1 
.J4l ~~n-;•,11 
,}411177+1•(1(1 

UY 

.1c.l:,)-; .. r il 
o 1 Lj _,. '·' ~ 1 + J ' ' (1 

• :::> 'J .,; 7 ·I ] + .' 1: i.' 
. l c c 6 .~ ~ ~ J '~ l 
• 'l 1 2 L. ~ 1 + !; ~ :: 

• 4 ~~ '-j ·_) ~) 7- ,j { 1 
0 1 '-) j r) I+ 7 + I~ I • (J 

• 3<-t s 1 2 ,:' + li i) 0 
• ?. '1 ~ h ..... --1 + t (_' (i 

-. ':; ;.;;~)'-+ J- •; '.ll 
- • 2 J ~ 3 hl ~ J (: c 
-. 4r~ 1 jt..+r)+ ~· j-~· n 
-. ~~:)?'C• -10 + 1J I) (J 

LJ/ 
• 1 4 '• (j ~~ l + 'j :) (' 
• 56 -17 1 4 + l) (, 0 
.10c:'416+C':)1 
.H727'-iS+iJCl0 
.4o·-Jc71-:J':'l 
• 1 S .Y5 c 0 + •J c (1 

o 3 if 7 i" 4 7 + •J I' 0 
.c964'Jl•Jn() 

-.S':t26'16-,JU1 
-.2.:!444J+vil0 
- • 4 ? 1 4 ~. J + •) u (\ 
-.JS~l7-1+•>:G 
- . ] s 1 ':"i 7 q + ~ :~1 t) 

-. ::)-:)':1•:;':)':1+ (, ': 0 
-. 1 0 i 7::! 0 + ~~ c 1 
-.91~514+•)')() 

-. ~·JJ?>iA+t•On 
-. ~ 0 4 (• h 1 + c c c 
-.l4<t:,4I',+•JCJ1 
-. 1? 31 ,; 3 + 0 •j 1 
- • 2 (j () ::i4 j + i) \1 (I 

-. ·r9'3c4l+r;'J'J 
-.l42f,,Jl• Fl1 
-.121'::-24•,;(;1 
- • 1 4 4 (j 7 3. t; (i 0 
-.So-:ifi"S+rt)() • 
-.10c'+=->3•CJ•n 
-.873li-11+';;H) 
-.4~~j/:'ol-•1(•1 
- ,} ':1Jf7Li-+- J'} 0 
- • 3 4 j <-+ 0 3 + r' !: n 
-.2'.,;')"-,.~o.o,.:D 
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]-16 
t, 00. 
4GS 
l~ (l ·~ 
l; i;4 

4 '• ,, 

'• ') 3 
4~h 

4:..;2 
4:16 
:, (} l 
50 !1 

54•) 

"'>4'+ 
S49 
552 

- , ~~ I) ·) ? -+ l - ' ' ~· 1 
- 0 7 >; ~ ) 7 r.- (' l' l 
-. 1 11 '1 1 J- · c· 1 
.... l f.. ·:1 ;:'-+ ::? + (_; ;\ 0 

..: • :..; 3 4 "; ') - . ; -~ l 
- • l .,· ..:; s " -) + ,·, :. (I 

- • t, '3 7 .:- l '·· - ' (' 1 
- • 4 3 3 '(? •• + ·, d (; 

-.1 ;;.::'~:)~+( •!0 
- • ? <-, ~' (' "', 1 ; :: ,-, ,I 
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D.3 RESULTS OF ANSYS RUN FOR 33" FLAWED WHEEL 
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ANSYS - ENGINEERING ANALYSIS SYSTCM 

SWANSON ANALYSIS SYSTEMS, INC. ELIZABETH, PENN 

RAIL WHEEL MODES-SOLID ELEMENT 

COMPLETE SET OF EIGENVALUES 

MODE FREQUENCY (HERTZ) 

1 .14852+00~ 

2 .25513+003 
3 .37432~003 

4 .42170+003 
5 .42963+003 
6 .76453+003 
7 .87615+003 
8 .10164+004 
9 .10831+004 

10 .10839+004 
11 .13517+004 
12 .1808.+004 
13 .19395+004 
14 .19597+004 
15 .19988+004 
16 .20003+004 
17 .21951+004 
18 .23803+004 
19 .24156+004 
20 .25946+004 
21 .26497+004 
22 .27166+004 
23 .29951+004 
24 .30773+004 
25 .30865+004 
26 .30883+004 
27 .33902+004 
28 .34135+004 
29 .35844+004 
30 .36944+004 
31 .37234+004 
32 .39392+004 
33 .40999+004 
34 .44243+004 
35 .44448+004 
36 .47692+004 
37 .48069+004 
38 .51195+004 
39 .52510+004 
40 .54056+004 
41 .58545+004 
42 .59829+004 
43 .60456+004 
44 .60575+004 
45 .61127+004 

---, 



46 .62't50~004. 
47 .64307+004 

17 9 48 .6'+815+004 
"49 .68287+004 
50 .68888+004 
~1 .72051+004 
52 .72053+004 
53 • 7Lt90 1 + 001+ 
54 .90264+004 
55 .90791+004 
56 • 92226+ OOL~ 
57 .92293+004 
58 .93605+004 
59 o 95Lt44+ 004 
60 .10102+00S 
61 .10132+005 
62 .10167+00S 
63 .10204+00S 
64 .10242+005 
65 .10300+005 
66 .10340+005 
67 .10460+00c:; 
68 .10478+00c:; 
69 .10627+00S 
70 .10687+00S 
71 .10842+005 
72 .11847+005 
73 .11901+00S 
74 .12183+00S 
75 .12316+00S 
76 .12604+005 
77 .12697+005 
78 .12768+005 
79 .131BB+OOS 
80 .1337l+OOc:; 
81 .13424+00S 
82 .13789+ooc:; 
83 .13834+005 
84 .14150+00S 
85 .14224+005 
86 .1425B+OOS 
87 .14368+00S 
88 .14454+005 
89 .14554+00c:; 
90 .14640+005 
91 .14680+00S 
92 .14743+005 
93 .14837+005 
94 .14927+00S 
95 .14987+005 
96 .15038+005 

97 .15045+005 
98 .15108+005 
99 .15216+00S 

100 .15377+005 
101 .15683+005 
102 .15769+005 



103 
104 
105 
106 

.15860+005 

.16092~-oos 

.16710+00S 
el7402+00S 

::c>·~~-r--·------
-- -- ~--
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ANSYS - ENGINEERING ANALYSIS SYSTE~ SWANSON ANALYSIS SYSTEMS, INC. ELIZAHETH, PEN 

RAIL WHEEL MODES-SOLID ELEMENT 

CO~PLETE SET OF REDUCED EIGENVECTORS 

EIGENVECTOR NUMBER 1 FREQUENCY = .148517+03 HERTZ 

NODE UX UY UZ 
12 -.403551-001 .861516-001 
16 -.553776-001 .231653+000 
21 -.441261-001 .247166+000 
24 -.213414-001 .260894+000 --6-o·------. 768486-ooz -.-Y37547-oof __ _ 
64 .332532-001 -.863131-001 
69 -.143604-001 -.249524+000 
72 • 1}_~3~_1_!_ Q_O_O ____________ - .JB_4_19Q.!..Q_9_0_ 

108 .368032-001 -.607211-001 112 .850622-001 -.252237+000 
117 .114827-001 -.490836+000 120 .213295 .. 000 -.40752_9~0_Q_o __ --rs-6 .4593·6·a::.·oo1 -. 743408-001 
160 .100246+000 -.300217+000 
165 .206010-001 -.555169+000 _1_68 • 230508+000 -.469530+ 0'--"0:...::0 __ 
204 .368025-001 -.607197-001 
208 • 850583-001 -. 252227+ 000 
213 • 114850-001 - .490805+ 000 
216 .213277+000 -.407508+0~~--252---.76-8Ti4-o·o-2 -.13758o-oo1 
256 .332542-001 -.863203-001 
261 -.143548-001 -.249514+000 264 .1383(:6+000 -.184159+000 
300 -.403445-001 .861348-001 
304 -.553577-001 .231594+000 309 -.441165-001 .247074+000 
312 -.213084-001 .260810+000 

348 -.219529-001 .440765-001 352 -.707729-001 .763333+000 
357 -.125877-001 .958982+000 

~-~() -.169473+000 .896196+0-00 396----=-. _,_175-7 4 i=o o ·2·-----------~. 4-36·o-6"Er=·oo z-
4oo -.630670-oo1 .124992+001 
405 .514383-001 .162547+001 408 -.277947+000 .148669+001 444 -~-52 6 2 3 r:o 0-3 -.-35 7 2j 0 :.::o 0 3-
448 -.611408-001 .143842+001 
453 .782832-001 .189895+001 
456 -.329763+000 .172600+001 49·2 .It~>nj=-oo2 -.43614z-o-o2 
496 -.630939-001 .125002+001 
501 .514392-001 .162566+001 

., 

f 
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_5 _ _03,___ __ -!_2]8_033_-:+_00_0_________ _ __ .__}_~_8_§BS_~_(l_Ol_ 

540 -.219559-001 .440826-001 

~44 -.708074-001 .763449+000 

549 -.125934-001 .959195+000 

__?_?2 -.169564+000 .89~_3_?_3_+(l_OQ_ 

626 -. 266"7 68·.:;-0 0 1-------------=. 55 0 0 6 0 + 0 0 0 

674 .184705-002 .924650+000 

722 .173429-001 .105748+001 

770 .183471-002 .924693+000 

818 -.266938-001 .550101+000 

EIGENVECTOR NUMoER 2 FREQUENCY = .255127+03 HERTZ 

NODE UX UY UZ 
12 .142580+000 -.218799+000 

16 .281918+000 -.816668+000 

21 .982286-001 -.141331+001 

24 • 57 4 3 Q_2_~.9.9 Q -. l2_l_l_Q_7.!..QQJ 

60 .980108-001 -.156142+000 

64 .195277+000 -.602026+000 

69 .620166-001 -.101942+001 

1 ~~=------=: ~~{Z~~=K~-~-----------=: :-~}}~~~=~ ~ ~ 
112 .977636-001 -.306494+000 

117 .336613-001 -.505173+000 

120 .184305+000 -.445_2__Q_l~O_Q_p_ 

156 .513469-065 -.839705-005 

160 .118848-004 -.345989-004 

165 .136761-005 -.689850-004 

168 .311470-004 -.56351_~::_Q__Q_~ 

204 -.498361-001 .803287-001 

208 -.977475-001 .306448+000 

213 -.336597-001 .505079+000 

216 -.J__?!!-2_q_~+OQO 445_ll_p_'!"_QP_Q __ 

252 -.980122-001 .156145+000 

256 -.195280+000 .602039+000 

261 -.620167-001 .101944+001 

264 -.387653+0Q _ _9 o887_323+QO_Q_ 

300 -.142590+000 .218819+000 

304 -.281938+000 .816739+000 

309 -.982296-001 .141344+001 

312 -.574354+000 .1217~8+001 

348 -.261034-001 .518071-001 

352 -.281447+000 .885725+000 

357 -.116433+000 .143844+001 

_360 -.596526+QOO .12=1787+0_0_]_ 

396 .476095-002 -.767398-002 

400 -.175108+000 .590994+000 

405 -.732630-001 .927829+000 

408 -.375237+000 .800047+000 

444 -.14919 7-0-06 • 114486-0-06-

448 -.150371-005 .490164-004 

453 -.141592-005 .486172-004 

456 .311270-006 .497~?9-004 

--492 -.476071-002 .767321-002 

496 .175102+000 -.590889+000 

501 .732620-001 -.927707+000 

- -- -r ------------·- --
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504 .375223+000 -.799930+000 -s4·o-----.-2-6fliol;..:·o-6T_____ -:sYao-f1~oo_1_ 

544 .281431+000 -.885621+000 
549 .116434+000 ~.143~28+001 
552 .596481+000 -.123774+001 

626--------=-:-i7~--o6t,+-oo-o----------------.-42T65-tf.l:o-o·o-

674 -.117190+000 .327132+000 
722 -.106967-005 .426048-004 
770 .117187+000 -.327052+000 
818 .174060+000 -.421592+000 

EIGENVECTOR NUMBER 3 FREQUENCY = .374319+03 HERTZ 

NODE UX UY UZ 
12 -.838937-001 .144302+000 
16 -.156493+000 .501443+000 
21 -.776628-001 .754093+000 
24 -.253376+000 .687720+000 
6o -.11725o+6oo .192104•ooo 
64 -.225935+000 .724762+000 
69 -.730476-001 .118818+001 

__ 7 ?.,__ __ -~· 4-'--,~5 1 55_~Q_Q o"----~------------"-·-=--1 O'!:?.§.§~O__Q__l 108 -.143495+000 .237581+000 
112 -.285582+000 .9136RO+OOO 
117 -.765282-001 .155625+001 
120 -.581092+000 .1353~0+0Ql 
156 -.154331+6~0 .255906+000 
160 -.310041+000 .988486+00( 
165 -.790088-001 .170123+001 
168 -.643319+000 .147365+001 
204 -.143473+0-00 .2375£+2+000 
208 -.285525+000 .913515+000 
213 -.765307-001 .155589+001 
216 -. 58_Q~1 __ 8 + _Q_O_O'--------------=-• 71-=-3-=-5_3:-71 =2_+ -:---:--0 0 1 252 -.117226+000 .192064+000 
256 -.225874+000 .724587+000 
261 -. 7304 72-001 .1187~·0-0 1 
264 -.425577+000 .104758+001 
300 -.838812-6b1 .144296+000 
304 -.156473+000 .501414+000 
309 -.776448-001 .754049+000 
312 -.253348+000 .687681+000 
348 -.791862-002 .214795-001 
352 .251588-001 .377077+000 
357 .337600-001 .423799+000 
360 • 4233 76-0 0 2 • 41597}_!__0 __ Q_Q_ 
396 .623350-002 -.541312-002 
400 .241250+000 .296000+000 
405 .231454+000 .258320+000 
408 .273374+000 .275949+000 
444 .327952-002 -.846973-003 
448 .328866+000 .263951+000 
453 .313507+000 .210442+000 
456 .369099+000 .232832+000 
492 .62338fr-002 -.541306-002 
496 .241251+000 .295858+000 
501 .231407+000 .258018+000 
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504 .273476+000 ---~-2:1_5 71 2.!_0 itO_ 
540 - • 1 9Y6lftf.:O_o_ 2 .214739-001 
544 .251555-001 .376950+000 
549 .337079-001 .423508+000 

J2_2 .433102-002 • 4 l.5_7~ __ 6_5:_Q_Q J)_ 

626 .464695-001 .298061+000 
674 .234424+000 .287118+000 
722 .318293+000 .268801+000 
770 .234401+000 .287084+000 
818 .464421-001 .298048+000 

EIGENVECTOR NUMBER 4 FREQUENCY = .421696+03 HERTZ 

NODE ux UY uz 
12 .329160-001 -.273818-001 
16 .636496-001 -.137678+000 
21 .290984-001 -.259563+000 
24 .133659+000 - ._~15 1 O_[J_~Q_O_L_ 

60 .951093-001 -.161196+000 
64 .240445+000 -.700342+000 
69 -.737159-002 -.151561+001 
72 • 7~2.I4_B._!__O_O_O -. 12 9__?_;3_2_!Jl_9_t 

108 .855027-001 -.149142+000 
112 .220368+000 -.645705+000 
117 -.1134 76-001 -.140900+001 
120 .675016+000 - .111443+ _0_0_1_ 
156 -.1065-22-003 .182252-003 
160 -.269960-003 .786398-003 
165 .872554-005 .170228-002 
168 -. 812712-0_03 .135057-0_QL_ 
204 -.856242-001 .149347+000 
208 -.220670+000 .646584+000 
213 .113494-001 .1410_88+001 
216 -.675902+000 • }J _ _t?2_3_~()_Qj_ 

252 -. 9-5<)427:o-o1 .161073+000 
256 -.240261+000 .699805+000 
261 .734647-002 .151438+001 
264 -.722135+000 • 1Z_Q_l 44_~Q__Q__l_ 
300 -.327375-00-1 .270666-001 
304 -.631880-001 .136335+000 
309 -.291253-001 .256606+000 
312 -.132230+000 .21~~_7_6+_000 

348 .111642-001 -.240259-001 
352 .801374-001 -.510033+000 
357 -.971383-001 -.110512+001 
360 .45.5397+000 - ._~_f?.?_~I]_+ 0 _O_Q_ 
396 .8o525o-oo4 .751616-003 
400 .939231-001 -.583845+000 
405 -.925267-001 -.121020+001 
408 .495056+000 - • 9?_=!?_~9~ OQ_Q_ 
444 • 830325-006 .200190-006 
448 -.158574-003 .531297-003 
453 .164029-004 .112641-002 
456 -.553664-003 • 87 ~~~_:_O_Ql_ 
492 -.831109-004 -.742911-003 

496 -.940558-001 .584235+000 
501 .925376-001 .121108+001 

--~-----
----



185 I. 
Ji 50_'±_ __ -_. 4_~5_'i 39 -~~0_0_0_____ --------~ 9_54 2 2 0 {·_00_ 0 __ _ 540 -.11133~-001 .239670-001 

544 -.798866-001 ,509148+000 
549 .971206-001 .110332~001 
552 -.454580+000 .862539~000 626 - • fz B G S 6--0 Oy----------------=-~ 1 0 9 52 L~ + 0 0 0 
674 -.229760-002 -.198980+000 
722 -.685099-004 .221555-003 
770 ~223758-002 .199157+000 
818 .129051-001 .109237+000 

EIGENVECTOR NUMBER 5 FREQUENCY = ,429635+03 HERTZ 

NODE UX UY UZ 
12 -.103013+000 .180256+000 
16 -.260927+000 .759338+000 
21 .447692-002 .163777+001 24 -.782287+00~0 ____________________ ~·~1~30009+001 -76-=-o------.::....-£=-5o-376J-o o 1 • 8814 7'•- o o 1 
64 -.126186+000 .373667+000 69 .229411-002 .795237+000 
72 -.374637+000 .633441+000 

108 .429129-001 -.745226-001 
112 .116352+000 -.332485+000 
117 -.129892-001 -.761055+000 
120 .378110+00~0~--------------------~·~592532+0JL~ --~15=6~----.-.883785-00l -.154039+000 
160 .235116+000 -.678691+000 165 -.212635-001 -.152629+001 
1~6='-'8=--_ __,.;....7_,4:-:84 7 _3_!j)JLO - • 1 9 4 9 5 + OOj_ 204 .427531-001 -.742436-001 
208 .115938+000 -.331272+000 
213 -.129643-001 -.758394+000 
216 .376830+000 -.590'+:,l~Q_O_Q _25·2-------=-=. soss-o9:.-o-oi • 884442- o o 1 
256 -.126632+000 • 374964+.000 
261 .231328-002 • 798067+000 
264 -.375994+000 .6356~Q~JLO~ 3oo ..... fo:ro64• oo_o__ .180293• ooo 
304 -.261029+000 .759548+000 
309 .443233-002 .163818+001 
312 -.782510+000 .130043+001 -:f48 -.16if937-ool .:ffiH~6<i-=ooi 
352 -.125543+000 .486142+000 
357 .173421-001 .973411+000 
360 -.428690+000 .782BSO+OOO 396 • 220581-002 -. so9€f4o-.::·o-o2 
400 .108953+000 -.215632+000 
405 .301813-001 -.487254+000 
408 • 29~..§!! + O_QO -. 36930 0 + 00 0 
444 -.361645-003 -.276526-003 
448 .219998+000 -.583826+000 
453 .292935-001 -.123230+001 
~56 .(?_?_l_~~L!_OQ9 -.9_?~~~5~000 492 .220611-002 -.510040-002 496 .108757+000 -.214475+000 
501 .303464-001 -.484881+000 



504 ~29S889t000 
·s4 o--:::-16ff6·r:;::·o 61 ____ _ 

544 -.125720+000 
549 .175111-001 

_ _:::__~OJ 6__7_'±?6±_o_o. o_ 
• 31935£r-00'l 
• ,, 8 7 1 7 3 "' 0 0 0 
.97560<f+000 

_55 ? __ ~_!:! __ 2_'t~3.h.!_OQQ ________ ___, 1.B!t.C..513~:_QGQ_ 

626 -.414562-001 
674 .688398-001 
722 .121717+000 
770 .6883~2-001 

818 -.41~499-001 

.160G71+000 
-.101180+000 
-.24934lfv000 
-.100770+000 

.160916+000 

186 

EIGENVECTOR NUMHER 6 FREQUENCY = ,764528+03 HERTZ 

NODE UX UY UZ 
12 -.189710+000 -.153144-001 

16 -.255200+000 -.289614-001 

21 -.387666+000 -.244221+000 

24 -.206873+000 ---------------~-.188!63+000 

6o -. 111 1 38-.:-a·o-·1-- -. 356359- o o 1 

64 .617019-002 -.118320+000 

69 -.669564-001 -.319072•000 

72~ __ .!!.._ll_~48~J.~Q_OO -. 252350+ OQ_Q_ 

108 .172~48-001 -.269999-001 

112 .425258-001 -.123727+000 

117 -.212998-001 -.312502+000 

120 .154985+000 -.241801•000 

156 .224313-oo6 -.567T2l-oos·-

160 .222256-005 -.223263-004 

165 -.719272-005 -.485678-004 

168 .162159-004 -.391953-004 

204 -.172857-001 .269914-001 

208 -.425260-001 .123696+000 

213 .212888-001 .312445+000 

216 -.154975+000 .241751+000 

-252 .uno2-oo1 .3s-630s-oor 

256 -.617673-002 .118305+000 

261 .669462-001 .319054+000 

264 -.124863+000 o452329+0Q~ 

--:30o • 1B97-o6+ o o·o • 153016- o o 1 

304 .255193+000 .289355-001 

309 .387644+000 .244166+000 

312 .206874+000 .18~117+000 

348 .1ofo-97-oo1 -.183479-oo1 

352 .958605+000 .214755-001 

357 .108313+001 .379291+000 

_3_€!.0 • 807265• 00_9 • 26694_Q.!.Q.QJL 

396 -.139164-001 .615682-002 

400 .873019+000 .687078-002 

405 .993653+000 .367277+000 

408 .726864+000 .248254+000 

444 .4 7"7866-006 -. 881714-007 

448 .510911-004 .809080-005 

453 • 558585-004 • 255974-004 

456 • 393194-.004 .172380-004 

492 .139175-001 -.615696-002 

496 -.872942+000 -.687574-002 

SOl -.993578+000 -.367284+000 

----~
-~~--

--~--
-. -. 



504 -.726785+000 -.248262+000 187 -·s4o··---=:-fo fo3J=o·oy· • I-83';-s 8~-o-oT-
54L~ -.,958586+000 -.215082-001 549 ··.108313+001 -.379367+000 

I 552 -.8072.?.5+000 -.267000+000 ~626 ---·---- ---·· 
-.516891+000 .965252•000 

674 .913522~000 -.477610+000 
722 .529218-004 -.736428-006 770 -.9134'~6+000 .477609+000 
818 -.965236+000 .516894+000 

EIGENVECTOR NUMBER 7 FREQUENCY = .876151+03 HERTZ 

NODE ux UY uz 
12 • 936057-0·0 1 .437315-001 16 .186264+000 .121095+000 21 .333624+000 .304464+000 24 • J..J4~_1_1 +O_QO .255753+000 
60 .869587-001 .178504-001 64 .127503+000 .788181-001 69 .222476+000 .281228+000 72 • 42_6_9 2 3- Q_Q_l .228333+000 108 .715750-001 .217054-001 112 .964820-001 .111051+000 

117 .207975+000 .369739+000 __ t~.O. -.246574-001 .292274+000 156 .686452-001 .256687-001 160 .873595-001 .135787+000 165 .211409+000 .436967+000 168 -.615924-001 .34125~+000 204 .715737-001 .217088-001 208 .964771-001 .111 068+000 213 .207980+000 .369785+000 216 - .24_~~-09-00 1 .292308+000 252 .A69608-001 .178523-001 256 .127503+000 .788269-001 261 .222484+000 .281261+000 264 .426784-001 .228357+000 300 • 9362Ta-oo-l .437288-001 304 .186287+000 .121086+000 309 .333654+000 .304463+000 
-312 .194334+000 .255751+000 348 -.202099-001 .287066-001 352 -.137241+000 .236652+000 357 -.999795-001 .202367+000 _M,_O -.931142-001 .207710+000 396 -.16970-5-001 .287593-002 400 -.108605+001 .229539+000 405 -.119793+001 -.143684+000 
_it!)_~ -. 929_q~~Q_O 0 -.164995-001 444 -.138454-001 .150796-002 448 -.153100+001 .223562+000 453 -.170006+001 -.336085+000 456 -.128388+001 -.142552+000 492 -.169694..:001 • 287532-002 496 -.108611+001 .229543+000 501 -.119799+001 -.143704+000 



18$ 

504 -.9?9694•000 - .1.65_1_0 8.-:-: O.O.L 
540 -. 2o2Tl o-=·o-o 1 .287089-001 
"544 -.137308+000 .236664+000 

549 -.100054+000 .202360+000 

,552 -. 93l.~fJ_l_::_Q_Q_l .207708+0_Qj)_ 

626 -.227718+000 .445880+000 

674 -.116508+001 .777452+000 

722 -.163079+001 .965992+000 

770 -.116514+001 .777488+000 

818 -.22-/784+000 .445923+000 

EIGENVECTOR NUMBER 8 FREQUENCY = .101636+04 HERTZ 

NODE ux UY uz 
12 -.677635-001 .150707+000 

16 .653731-002 .160048+000 

21 -.116216+000 -.288232+000 

24 .327740+000 -.115009+000 

60 -.346801-001 .408619-001 

64 -.415166-001 .987985-001 
69 -.525328-001 .625146-001 

12 -.115~90-001 • 6644 72-0_Ql_ 

108 -.186763-001 .226833-002 

112 -.164021-001 -.176723-001 

117 -.506748-001 -.117830+000 
__l.z..Q 4~13-001 -.827361-001 

156 -. 917575-002 -.181313-001 

160 .966552-002 -.101789+000 
165 -.625262-001 -.325282+000 
168 .152443+000 -.23534~+00_Q_ 

204 -.186774-001 .227025-002 
208 -.164052-001 -.176635-001 

213 -.506742-001 -.117808+000 

c216 .439493-001 -.827200-001 
252 -.346817-001 .408628-001 

256 -.415192-001 .• 988021-001 

261 -.525355-001 .625190-001 • 
264 -.175319-001 .664512-001 

300 -.677674-001 .150705+000 

304 .653183-002 .160043+000 
309 -.116227+000 -.288249+000 

312 .327739+000 -.115021+000 
348 -.444691-001 .95036"i-o61· 

352 .336553+000 .673671+000 

357 -.146647+000 -.779907+000 

360 .987375+000 -.324382+000 
396 • 89665'·-0-62 -.107128-00l-

400 .582194+000 .111766+001 
405 -.462117-001 -.807254+000 
408 .144399+001 -.220411+000 
444 • 3111 3 9- o·o 2 -.171574-002 

< 

448 .693029+000 .}30890+001 
453 .422632-001 -.683800+000 

456 .156787+001 -.917169-001 
492 .896613-002 

,. 

-.107127-001 
496 .582213+000 .111766+001 

501 -.461965-001 -.807260+000 

--~--
--~~ -

~- -



189 
504 .l44lt02+001 -.220413+000 540 -. 4't4&9s--oor • 950_3_6-9--ooT 
544 .336574+000 .673681+000 
549 -.146626+000 -.779898+000 
552 .987396+000 -. 3_?~-~_l~_!:__QQ.Q_ -626 ·'+71740-001 .279529+001 674 .169804+000 .373699+001 
722 .254388+000 .407565~·001 770 .169820+000 .373700+001 
818 .471932-001 .279531+001 

EIGENVECTOR NUMBER 9 FREQUENCY = .108313+04 HERTZ 

NODE ux UY uz 
12 .748743-002 -.236144-001 16 -.178863-002 -.152698-001 21 .248501-001 .699701-001 24 -.610227-001 .365R65-001 60 -.407962-001 .105061+000 64 -.177686+000 .546641+000 69 .152453+000 .163862+001 
72 -.923304+000 .116045+001 

108 .114274-001 -.183854-002 112 .146068-001 .142618-002 117 .275942-001 .344021-001 120 -.348967-002 .235443-001 156 .631193-001 -.111986+000 160 .204790+000 -.547486+000 165 -.964858-001 -.156241+001 168 .906284+000 -.111040+001 204 .116719-001 -.235498-002 208 .154901-001 -.111943-002 213 .270391-001 .270514-001 216 .697190-003 .183220-001 252 -.407709-001 .105055+000 256 -.177659+000 .546634+000 261 .152513+000 .16387~{)01 264 -.923334+000 .116050+001 300 .734529-002 -.231383-001 304 -.255579-002 -.127497-001 309 .256443-001 .775824-001 312 -.652383-001 .419706-001 348 .191566-001 -.427828-00-l 352 .868366-001 -.668786+000 357 -.152300+000 -.150897+001 360 .724094+000 -.110663+001 396 -.380608-002 .401103-002 400 -.142122+000 -.153888+000 405 -.641507-001 .840039-001 408 -.248428+000 .133024-001 444 -.146052-002 .676209-003 448 -.321684+000 .418570+000 453 .623332-001 .168803+001 456 -.115331+001 .115388+001 492 -.380138-002 .401658-002 496 -.143088+000 -.151001+000 SOl -.638652-001 .911617-001 



APPENDIX E 

EQUIPMENT LIST 

Signal Generation Equipment 

Frequency Synthesizer 
Random Noise Generator 
Sine wave Generator 

Amplifier 

Shaker, 50 lbs 

Detection Equipment 

Vibration Pickup 
Vibration Analyzer 
Accelerometer 
Ace. Preampl. 
Ace. II Power Supply 

Ace. 11 DC II 

Filter 
Storage Oscilloscope 
Oscilloscipe Camera 
Tape Recorder 
Frequency Counter 
Microphone 
Micr.ophone 

Analysis Equipment 

II 

Rockland 
General Radio 
Hewlett-Packard 
MB Electronics 
(Gilmore Ind.) 

II 

General Radio 
II II 

Endevco 
II 

II 

Kepco 
Krohn-Hite 
Tektronix 
Hewlett-Packard 
Nagra-Kudelski 
Hewlett-Packard 
Shure Bros. 
Bruel & Kjaer 

Real Time Analyzer Bruel & Kjaer 

Real Time Analyzer Spectral Dynamics 

Ensemble Averager 11 11 

Memory 
11 11 

X-Y Display " 11 

X-Y Recorder Hewlett-Packard 

Correlation Function Computer PAR 

Minicomputer 
Teletype 
Fast Paper Tape Reader 

------~-------
----

Data General 
Teletype Corp. 
Data General 

Model 5100 
1381 
651B 

2250MB 

PM-50 

1560-P52 
1564-A 

2242 
2607 
2622 

190 

CK36-l. SM 
310CR 

564B· 
196A 

Type L3, (Nagra IV) 
Model 523 DR 

9810B 
~~~ Condenser 

Type 3347 
Model SD301C 

SD302C 
SD 42 

13116-Z 
135A 

101 
NOVA 1220 

ASR33 



APPENDIX F 

REPORT OF INVENTIONS 

191/192 

In the opinion of the authors of this report the following 
items may or may not be patentable but are considered as improve­
ments made under the contracts: 

1) The system for Acoustic Inspection of Railroad Wheels 
or other manufactured components. 

2) The mechanical impacter actuated by the movement of 
a railroad wheel, such as the variations of 
the design presented in this report. 

3) The computer programs developed for analysis of 
acoustic signatures. 

360 copies 

ftU, S. GOVERNMENT PRINTING OFFICE: 1976--700-486--80 
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