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INTRODUCTION

GENERAL INTRODUCTION

R. E. Parsons
Federal Railroad Administration

The Federal Railroad Administration and the
Association of American Railroads are pleased to
cosponsor this conference to consider nondestruc-
tive techniques for measuring internal longitudi-
nal force or stress in rails.

We have invited representatives of the rail-
road research, operating, and supply communities,
along with several government agencies and uni-
versities, to participate.

Track research is one of the highest priority
R&D programs in the FRA. Accordingly, a large
percentage of the Office of Research and Develop-
ment's budget supports this program. This empha-
sis is dictated by the fact that over 40 percent
of the train accidents are due to track-related
causes.

The number of accidents unfortunately con-
tinues to rise each year, even though the rail-
road industry spends ever-increasing amounts for
maintenance of way. In 1977, for example, over
$3.4 billion was spent in track maintenance.

The FRA has been involved in track research
for several years, with a major portion of this
effort being dedicated to and directed at improv-
ing the safety of train operations through devel-
opment of more effective track safety standards
in support of our Office of Safety.

Establishment of the existing track safety
standards was based on requirements of the Safety
Act of 1970 and, essentially, they are design-
based standards reflecting minimum maintenance
requirements. ‘

As track accidents continue to rise, a first
thought is to tighten the existing standards.
However, tightening the requirements of the design
standards to reduce track-caused derailments only
further restricts the industry's options for
compliance.

Since the FRA's goal is to provide the rail
industry with design options and maximum flexi-
bility consistent with equitable safety or accept-
able safety, a search commenced for a more flexi-
ble framework on which to define '"acceptable levels
of safety."

Accordingly, within the past year and a half,
the FRA's research management shifted emphasis
toward the development of technically sound safety
standards based on performance requirements. This
approach, it is believed, should give industry the
flexibility to select the most economic design or
repair practices to suit their individual needs
while still providing an acceptable level of safety.

One of the performance requirements would be
an acceptable level of track strength capable of
withstanding the dynamic forces applied to the rail.

-

Studies and test results to date show that
the lateral and vertical forces are the prime
contributors to rail rollover, rail spreading,
and wheel 1ift-type accidents, and the FRA is con-
ducting considerable research and development
activities in that area. The FRA also supports
joint programs with the Association of American
Railroads in this area as well, hopefully to
define acceptable track-loading levels.

Nonetheless, we are also very concerned with
the impact of longitudinal loading of the track
structure, particularly as it contributes to
internal stress buildup leading to buckling. As
is widely known, track buckling alone caused over
100 accidents last year.

This conference is directed at providing an
exchange of state-of-the-art information on, and
determining the feasibility of, measurement of
internal longitudinal rail stress. As this is to
be a working conference, each attendee is urged
to participate by addressing any comments (critical
or otherwise) or questions to the conference panel
and the speakers. In addition, I personally solicit
any written comments you may have on any area of the
conference or on the purpose of having such con-
ferences in general.

Hopefully, the outcome of this gathering will
result in a clearer understanding of procedures
that may be applicable to the measurement of inter-

.nal longitudinal stresses in rail, and as a result

we may be able to make better decisions in the
direction of future research.

One goal of such research may be the develop-
ment of portable instrumentation for field meas-
urement of these stresses or forces.

TECHNICAL INTRODUCTION

"On the Nondestructive In-Track Measurement
of Longitudinal Rail Force"

Allan M. Zarembski
Association of American Railroads

Introduction

A conventional railroad track consists of two
long steel rails resting on and fastened to dis-
cretely spaced crossties, which in turn are embedded
in a layer of crushed stone ballast. The ends of
the rails either are connected by joint bars to
form an expandable joint or are welded together to form
long lengths of continuously welded rail (CWR).

The track structure, when subjected to suffi-
ciently high longitudinal compressive forces in the
rail, can exhibit sudden and rapid lateral or verti-
cal movement over a relatively short length. This
lateral movement, or buckling of the track,* results
in a severe misalignment condition that may not per-
mit the safe negotiation of train traffic (figure 1).

*Railroad track maintenance personnel often call

it a "sun-kink."



FIGURE 1.

If buckling occurs under the train, a derail-
ment is likely to occur. If it occurs between
trains, traffic must either be stopped or slowed
down until the buckled track condition is
corrected.

The magnitude of this problem can be seen in
the fact that, during 1977, there were 109 train
derailments attributed to-buckling of the track.
The reported damage for these derailments
amounted to over $5.5 million [1]. Furthermore,
for every track buckle that resulted in a derail-
ment, there were three to four instances of
buckled track where the railroad maintenance
forces were able to correct the problem before a
derailment occurred. Consequently, countless
hours of maintenance time are devoted to inspecting
for and correcting buckled track.

When the track structure is subjected to
longitudinal tensile forces, pull-apart of the

BUCKLED TRACK

rail can occur. In CWR track, these pull-aparts,
which generally occur at the welded joints, result
in the appearance of a gap or separation in the
rails. Such a gap, which can result in derailment
or at the very least rail batter, requires the
slowing down or halting of traffic until appro-
priate corrective action is taken. Although the
detection of pull-aparts in signaled territory is
facilitated by the interruption of the traffic
signals, the maintenance cost of pull-aparts is
appreciable. .

One of the greatest difficulties associated
with the detection and prevention of track buckling
or rail pull-apart is that it often occurs with-
out real warning. This is because the buildup of
longitudinal forces in track that is in good con-
dition, particularly continuously welded rail track,
will not be evident until it reaches the point
where the track will fail. That can be too late.
Yet, there is presently no practical method available



for measuring the longitudinal force in the
track without disturbing the track structure.
itself. Railroads currently rely on the sub-
jective judgment of the maintenance-of-way man
on the scene.

It is the purpose of this paper to explore
the various techniques used to date to measure
longitudinal rail force and to lay the ground-
work for the continuing research effort aimed at
developing a practical technique for the non-
destructive in-track measurement of longitudinal
force in rail.

Longitudinal Rail Forces

The track structure is subject to both
mechanically and- thermally induced longitudinal
rail forces. When the magnitude of these forces,
either individually or in combination, exceeds
the restraint capacity of the track structure,
track buckling or rail pull-apart occurs. It is
not the purpose of this paper to attempt to
explain the mechanisms of track buckling or rail
pull-apart (extensive surveys and summary papers
are already available (2], [3], [4]). However,

a brief description of the loading mechanisms and
corresponding rail behavior will help to define
the measurement problem.

Mechanically induced longitudinal rail force
is developed under the acceleration or decelera-
tion of a train. In order for a locomotive to
overcome the train resistance and move the train,
a force or tractive effort must be exerted by the
locomotive and reacted by the track structure.
Similarly, when deceleration or braking, the
necessary train forces are reacted against the
track. When the train is on a grade, particularly
during a severe braking action, the net longitudi-
nal force can be as high as 60,000 pounds per
rail [5].

By itself, this mechanical loading usually
is not sufficient to buckle the track. In fact,
according to A. D. Kerr [6], track subjected to
mechanical compressive loading should buckle
vertically, a phenomenon almost never experienced
in the field. However, the mechanical force can
result in longitudinal creep or movement of the
rails. Additional rail creep is also generated
by the action of passing trains. When this creep
is restrained, as occurs with well-anchored track
or at turnouts and grade crossings, longitudinal
compressive forces are built up in the .rail. For
a more complete description of the development of
rail creepage forces, see the work of J. P. Hiltz,
Jr. [7].

Thermally induced longitudinal rail force
occurs when the rail is no longer free to expand;
i.e., when the joints are either closed as in a
tight or frozen joint situation or altogether
eliminated as in the case with CWR track. When a
constrained rail of length L is subject to a uni-
form temperature rise (or drop) AT, the longitudi-
nal compressive (tensile) force experienced by
the track is Nt = EA a AT; where E is the Young's
modulus of the rail steel, A is the cross-
sectional area of the two rails, and a is the
coefficient of linear thermal expansion. Figure 2

illustrates graphically the magnitude of the
thermal force that can be experienced by the
rails. The distribution of thermal stresses in

a long length of welded rail is shown in figure 3;
these data were taken from field measurements on
the Bessemer and Lake Erie Railroad [8]. It
should be noted however, that, although the longi-
tudinal stress in the rail changes with temperature,
the constrained portion of the rail does not move.
Thus, the strain in the center portion of the rail
section, away from the end regions (where ''breath-
ing" occurs [4]), is zero, although the stress and
force in the rail is not. This can readily be
seen in the field measurement data given in fig-
ure 4 [8]. It is this absence of strain that
results in many of the difficulties encountered

in the measurement of thermally induced longitudi-
nal rail forces.

Since it is -the change in rail temperature
from its initial or laying temperature that
determines the magnitude of the thermally induced
rail force, proper selection and control of the
CWR installation temperature is of great
importance [4]. Consequently, many railroads
have defined installation temperatures for dif-
ferent geographic locations. When the ambient
temperature at the time of installation is below
the recommended installation temperature, the
rail is artificially brought to the proper
""temperature' through either heating the rail or
mechanically stretching it to the appropriate
length. In the latter case, mechanical strains
and consequently stresses (tensile) are introduced.
Furthermore, rail installed in and near curves
often undergoes contraction and expansion cycles
that result in a shifting of the track, usually
noted by a change in the curvature. This behavior
often changes the actual installation temperature
so that it no longer is the same as the initial
laying temperature. In fact, in many cases, this
stress-free temperature is no. longer known.

Finally, it must be noted that, .in'addition
to the stresses introduced into the rails by
temperature change, installation, and train
action, residual stresses in the rail section can
be present. These residual stresses are intro-
duced by the rail manufacturing process, by var-
ious heat treatment techniques, by the work
hardening and softening of the rail head under
wheel-rail interaction, and by the welding process
(in the vicinity of the welds). However, these
residual stresses generally are distributed so
that the net force across the rail 'section is
zero. This stress distribution is similar to that
encountered by the rail in bending, where at any
given point in the rail section a stress can be
present. However, the net force in the rail sec-
tion, obtained by summing all the stresses in the
cross section, is zero. In that case, the effect
of these residual stresses on track buckling is
negligible, since it is the net longitudinal force
in the rails that contributes to this track failure
mode.

Consequently, it is necessary to be able to
distinguish between those stresses in the rail
that produce net longitudinal force, such as those
introduced by temperature change, installation,
train acceleration or braking, and rail creep and
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those stresses that produce little .or no net
longitudinal force, such as rail bending stresses
and residual stresses introduced by manufacturing,
heat treatment, wheel-rail interaction, and
welding. It is for this reason that the meas-
urement of the resultant forces, rather than rail
stresses, must be the objective of any track
measurement device. '

Current Measurement Techniques

There are several techniques currently
available for measuring longitudinal rail stress
(or strain). However, they all require some
degree of disturbance of the track structure in
order to properly measure the longitudinal rail
force. Furthermore, some techniques, while suit-
able for measurement of stress in jointed rail
track, are not suitable for measurement of
thermally induced stresses in continuously welded
rail.

As noted earlier, jointed rail track consists
of rail comnected at the ends by joint bars and
track bolts. The design of the joint bar and bolt
system is such that the holes drilled in the rail
are generally 1/8 inch larger. (in diameter) than
the bolt. Thus, when the track is laid with the
bolts centered in the hole and a gap of 1/8 inch
_between ends [9], the 39-foot length of rail is
capable of expanding 1/8 inch without additional
restraint. This freedom to expand or strain,
which also is instrumental in reducing the thermal
stress buildup in jointed track, permits the
utilization of strain measuring techniques to
directly determine the strain and consequently the
stress. Continuously welded rail track, however,
constrains the rail, away from the rail ends, and
consequently does not permit the development of
thermally induced strain, as was noted earlier

(figure 4). Thus, strain measuring techniques
require significant modification for use in CWR
track.

At the present time, none of these techniques
is used by the railroads in the United States and
Canada to measure longitudinal rail- force in track,
with the possible exception of isolated test
locations. Instead, the railroads rely on the
judgment of the local maintenance-of-way person-
nel to evaluate the condition of the track.
Although these personnel do not have any specific
equipment to measure and quantify rail force, they
can note, through general observation and study of
the rail movement, certain trends that can be used
to anticipate failure. In particular, significant
rail creep can be observed by noting anchor move-
ment away from ties, together with movement of
the ties themselves. 1In jointed track, loss of
rail-end gaps can be monitored. In CWR track,
observation of joints connecting the CWR strings
for closing of gaps and bending of track bolts
can give a good ‘indication of the buildup of
compressive forces in the center of the string.
Finally, by observing changes in small track
misalignments, as well as any increase in or
development of waves or kinks in the track,
compressive forces can be noted. When coupled
with a knowledge of the laying temperature of the
rail and the temperature at the time of inspection,
these observations all provide subjective indica-
tions to the maintenance personnel that the track
is experiencing significant: longitudinal forces.
However, their magnitude and consequently the
likelihood of track failure, either by buckling
or pull-apart, is still largely unknown.

Strain Gage Techniques. The use of strain gages
to measure strain and consequently stress in
structure members is a commonly employed
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FIGURE 8. STRAIN GAGE DEVICE FOR THE MEASUREMENT OF STRESS IN RAILS, AS USED IN THE U,S.S.R.

in measuring thermally induced rail stresses,
together with the requirement that the gages be
applied while in a stress-free state.. This lat-
ter requirement poses significant practical dif-
ficulties for track that has already been laid
with CWR since it entails the removal of all rail
anchors and fasteners for the entire length,
together with mechanical destressing of the rail.

BR Rail Force Measuring Transducer. An alternate
technique for measuring rail force has been
recently developed by British Rail's Railway
Technical Centre at Derby, England [13]. This
technique utilizes the principle of vibrating
wire strain gages in which the natural frequency
of vibration of a taut wire is related to its
tension. The BR transducer consists of a steel
annulus of approximately l-inch outside diameter
with two wires fixed to it. The annulus-is
inserted into a hole drilled on the neutral axis
of the rail (figure 9). When changes occur in

the longitudinal rail force, the shape of the

hole changes slightly, resulting in a change in
wire tension and consequently in the wire's natural
frequency. Using calibration data, the changes in
frequency can be related to the force in the rail.

This technique does not require the use of an
external standard. However, it does require the
drilling of a hole in the rail web and an onsite
calibration using a rail web loading device similar
to a hydraulic rail -puller. It also requires that
a zero datum reading be taken with the rail in a
stress~-free state., ,This reading can be taken at
installation or when the rail is stress free.

Recent Research

In view of the restrictions and difficulties
associated with the measurement systems discussed
in the preceding section, several research pro-
grams have been undertaken recently in a attempt
to develop an effective longitudinal force

measurement system. None of these programs has
yet progressed to the point of having developed
and tested a practical measurement system, but
several of them appear to offer potential solu-
tions to this measurement problem. Although it
is beyond the scope of this paper to present the
theory behind these techniques, it is appropriate
to include a brief discussion of the respective
methodologies, together with any relevant tests
that have been conducted to date.

Rail Vibration. It is known from beam theory
that the dynamic response of a beam subject to an
impulse loading is dependent on the axial force in
the beam. In fact, before the advent of more
sophisticated measurement techniques, bridge
engineers were known to judge the force in a
prestressed member from the pitch emitted by the
member when struck a light blow. This concept
can be extended to rails in track. By proper
monitoring of the rail vibration responses most
sensitive to longitudinal force, this longitudi-
nal force can be identified and measured.

One possibility is suggested by examination
of the rail section where the rail head can be
considered to be a beam resting on and continuously
supported by the web acting as an elastic founda-
tion in the lateral plane. The corresponding
equation for the rail head subject to a lateral
impulse load is:

L 2. 2

EIha—w FN Y L3 S s k1),
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where

w is the lateral deflection of the rail head,
x is the longitudinal distance along the rail,

t 1s the time,



FIGURE 9. BRITISH RAIL RAIL FORCE TRANSDUCER

El), is the flexural rigidity of the rail head
in the lateral plane,

m is the mass of the head per unit length,

k is the foundation parameter representing
the rail web and remaining track structure,

N is the longitudinal force in the rail head,
and,

P is the applied lateral force.

Solution of this equation shows that the rail
response is dependent on the longitudinal force.

Preliminary testing at Princeton University
in the spring of 1976 and at the Association of
American Railroad's Track Structures Dynamic Test
Facility in January 1979 appears to confirm this
concept. In the Princeton test, a length of rail,
mounted longitudinally on a wood tie to simulate
track damping, was placed in a hydraulic compres-
sion machine. In the AAR test, a hydraulic rail
puller was used to introduce a longitudinal com-
pressive force onto a test track, over a 20-foot
length (figure 10). In both cases an accelerom-
eter was mounted on the side of the rail head and
the rail was excited by hitting the head laterally
with either a cut spike or a bolt. Examination of
the rail head acceleration data indicated that,
for both the Princeton test [14] and the AAR test
(figure 11), the dynamic response was affected by
the applied longitudinal load. Additionally, the
AAR tests, which are still in progress, indicated
that this response is sensitive to the magnitude
of the exciting force. Thus, smaller exciting

forces appear to generate the rail response most
sensitive to the longitudinal force, while the
larger forces appear to mask these responses.

Although both tests give indications that this
technique is applicable to the track problem, fur-
ther testing and refinement of the measurement sys- .
tem is required. 1In addition, the effect of .
temperature variation, rail head wear, and cali-
bration requirements must be carefully examined
and studied.

X-Ray Diffraction. A second approach that has
been examined recently for measurement of rail
stresses is X-ray diffraction. In this technique
an X-ray beam is used to measure the interplanar
spacing on the surface of the specimen under
examination. Since the spacing of the atomic
planes is altered by an applied stress, the
change in atomic spacing can be measured and then
related back to the applied stress [15].

In the past, a major constraint of the X-ray
diffraction method was the size of the X-ray tube
and accessory equipment. However, the development
of a portable X-ray diffraction unit (figure 12)
has increased the potential for practical
application. 1In addition, recent examination of
samples taken from the webs of both old and new
rail has indicated that it is feasible to use
this technique on standard carbon rail steel [16].

Although preliminary indications seem to show
that this technique can be applicable to the rail
force measurement problem, further investigation
of the technique, together with field testing, is
still required. Still to be answered are such
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questions as the ability of this technique to
measure stresses produced by constrained thermal
expansion, differentiation between rail forces
and stresses (specifically, surface residual
stresses), calibration and setup requirements,
and effect of the railroad operating environment.

Ultrasonic Wave Propagation. A research investi-
gation of the feasibility of utilizing ultrasonic
pulse propagation in rails to measure longitudinal
stresses was recently completed [17]. The techni-
que involved in this investigation included the
measurement of the speed of elastic waves propagat-
ing longitudinally, parallel. to the axis of the
rail. Since the elastic wave speed is affected
by the presence of stresses in the rail, the
change in the wave speed could be measured and
then used to determine the longitudinal stress

in the rail.

In order to evaluate this concept, an ultra-
sonic probe that attaches to the web of the rail
was developed. This probe was then tested in
track on the Santa Fe Railway and at the Trans-
portation Test Center track to determine its
feasibility for measurement of thermally induced
rail stresses.

It was found that when a stress-free reference
measurement was provided, the probe was capable of
measuring stress changes with an accuracy of
+ 1 ksi. However, it was further concluded that,
because of the '"variations in longitudinal wave
travel times apparently due to residual stresses
and difficulties encountered with shear wave
measurements (used for a reference measurement)
in the field, -absolute stress measurement is not

il o
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feasible at this time" [7]. In addition, further
investigation into the effects of material prop-
erties, wave speed, and prior deformation his-
tories on the wave propagation speed variations
is needed to establish the usefulness of this
measurement technique even when a stress-free
reference or ''zero' is provided.

Measurements System Requirements

There is a well-defined need in the railroad
industry for a system that can nondestructively
measure the longitudinal rail force. This need
was dramatically emphasized by the National
Transportation Safety Board in its investigation
of a derailment attributed to track buckling,
where it stated that '"the railroad industry needs
badly a portable stress measuring device which
could give instant readings of compression or
tension in a rail without disturbing it" [18].

In keeping with the purpose of this paper,
which is the presentation and definition of the
problem of longitudinal rail force measurement
in the railroad environment, the following require-
ments for a practical measurement system are
presented:

1. It should be ruggedly constructed
and capable of surviving in the field.

2. It should be easy to handle and
require only limited interpretation .of data.

3. It should be nondestructive to the
rail and track structure.




4. It should not require the disturbance
of the track structure either during application
or during "zeroing,' if the latter is at all
necessary.

5. It should reéquire minimum or no cali-
bration. If calibration is needed, it should not
require heavy equipment or significant track
time.

6. It should be independent of or readily
compensated for: -

a. 7rail size

b. rail metallurgy
c. heat treatment
d. rail head wear

e. work hardening or softening of
the rail head

7. It should require minimum or no sur-
face preparation of the rail.

8. It should provide for direct measure-
ment of net longitudinal force (absolute).

9. It should not have to be permanently
affixed to the rail or track structure.

10. It should permit "continuous'" or at a
minimum very frequent measurement of rail force
from a moving vehicle.

It is hoped that this set of requirements
adequately presents the scope of the problem and
the practical difficulties that must be surmounted
in order for a viable measurement system to be '
developed and utilized by the railroad industry.
The problem is a significant one for railroad
track maintenance forces and its solution is
urgently needed.
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"Field Tests on the Use of Ultrasonic
Wave Velocity Changes to Detect Longitudinal
Stress Variations in Railroad Rail"*

D. E. Bray
Texas A§M University
and
D. M. Egle

The University of Oklahoma
Introduction

This paper represents a summary of the work
conducted at The University of Oklahoma on the
use of acoustoelastic effect to detect
thermally induced stress changes in continuously
welded rail (CWR). Some of the details relating
to the program either have been or will be
reported in the technical literature and are
incorporated herein by reference.

Initial studies began at The University of
Oklahoma in June 1974 and ran through June 1975
[1], [2]. This phase was concentrated on a labo-
ratory evaluation of the acoustoelastic effect
in rail steel and a detailed study of the ultra-
sonic wave of propagation properties on the rail
material. One principal finding from this phase
showed that, when stressed in a loading machine,
rail steel demonstrated velocity changes that are
consistent with those that may be expected from
any steel material. Investigations of wave
propagation velocities at different locations on
several rails showed the variations to be
considerable. As a result of-this phase, the
initial intent to perform nondestructive stress
measurements on the rolling surface of the rail
was abandoned, primarily because of the severe
velocity effect in the cold-worked zone.
Laboratory tests showed that the rail web pro-
duced much more reliable results.

The follow-on phase (June 1975 to January
1977) concentrated on ultrasonic probe develop-
ment -- some additional studies of the anisotropy
of the cold-worked zone and a single field test

the direction of the applied stress [2]. The
probe was designed to generate a critically
refracted longitudinal wave (P-wave) along the
rail length. Travel time data were obtained
from the two receiving probes located in the
wave path. A reference shear wave was included

- in the design.

The data also showed that the relative change
in speed for longitudinal waves propagating along
the dircction of the applied stress is
av, /V]

— = -2.45, 1)

where V. = speed of longitudinal waves,

V. = speed of longitudinal waves in
absence of stress, and

e = longitudinal strain corresponding to
stress a.

The relative change in travel time may be shown
to be
o
d(tL/tL)

- = +2.45 . (2)

€

or, in terms of the change of applied stress do

2.45 t}
dt, = —p— do, 3
where E is the Young's modulus and tL, tz are

longitudinal wave travel times.

The probe was designed to measure the wave
travel times over a nominal distance of 216 mil-
limeters (8.5 inches). Typical wave speeds in
rail steel are 5,900 meters per second (2.32 x
105 inches per second) and 3,230 meters per sec-
ond (1.27 x 103 inches per second) for longi-
tudinal and transverse waves, respectively.
Hence, the changes in travel times are expected
to be near 0.44 nanosecond per meganewton per
square meter (ns/[MN/m?]) (3 nanoseconds per
1,000 pound-force per square inch [ns/ksi]) and

of the system at the Department of Transportation's 0.09 ns(MN/m?) (0.6 ns/ksi), respectively.
Transportation Test Center (TTC) at Pueblo, Colorado
[3], [4], [5], [6]. These tests at the TTC showed
that the ultrasonic system was, in fact, capable of steps, is shown in figure 1. It consists of two
detecting stress changes in rail installed in track. transmitters and four receivers held in position
The remainder of this paper reviews the design of the by a steel frame. The transmitters and receivers
probe assembly and ultrasonic system and the results use the conventional technique of diffraction

the TTC tests. The published literature should through a plastic-steel interface for generating
be consulted for more details. and detecting waves parallel to the rail surface.
Incident angles in the plastic wedges are 28 and
55 degrees, respectively, for the longitudinal

and transverse waves. The transducers are PZT-5
piezoelectric plates 25.4 milimeters (1 inch
square and 1.27 millimeters (0.05 inch) thick,

with a nominal resonant frequency of 1.6 megahertz.
A pulse-overlay technique was used for travel time
measurements. The accuracy of the system was felt
to be about 3 nanoseconds.

The probe design, which evolved through four

Ultrasonic Probe for Longitudinal Stress
Measurement

The measurement of the acoustoelastic prop-
erties of rail steel showed that the effect is
greatest for longitudinal waves propagating in

*Presented at conference by D. E. Bray.
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FIGURE 1. ULTRASONIC PROBE FOR MEASURING RAIL STRESSES

Figure 2 illustrates the electronic instru-
mentation for travel time measurements and fig-
gure 3 provides a diagram of the frequency divider.

Field Evaluation of Probe

Field Tests at the TTC. The principal field tests

were conducted at the Department of Transportation's

Transportation Test Center (TTC), Pueblo, Colorado,
from approximately 1500 hours on 10 December 1976
to 1600 hours on 11 December 1976. Weather through
this period was generally favorable for conducting
the tests. Skies were clear and the ambient tem-
perature reached a low of -12°C (11°F) at 0500
hours on 11 December. The high ambient reading

was 8.3°C (47°F), at 1600 hours on 11 December.
Rail temperatures peaked near 15.5°C (60°F) at

noon the same day. There was very little wind.

Four stations were instrumented by TTC person-
nel for strain and temperature data. These loca-
tions were 91.4 meters (100 yards) apart toward
the middle of a 609-meter (2,000-foot) tangent
section of the access track to the test section
used for operating the linear induction motor
(LIM) rail vehicle. Stations 26 and 35 were
located near a weld. Station 26 was 1.2 meters
(4 feet) and station 35 was 0.51 meter (2 feet)
from the nearest weld. Stations 29 and 32 were
located near the center of a rail. Station 29
was 4.6 meters (15 feet) and station 32 was 3.6
meters (12 feet) from the nearest weld. The
track is oriented east-northeast and is constructed
of 119-pound rail with 23-inch tie spacings. Each
station was instrumented to read longitudinal
strain at the neutral axis on each side of the
rail, vertical strain at the same location, and
lateral strain at the top of the rail. Rail
temperature also was recorded.

The ultrasonic probe was alternately placed
on each side of the rail at each station and a
full set of travel time data was recorded for
both the shear wave and the longitudinal wave.
The ultrasonic instrumentation was housed in a

van located on the road adjacent to the track.
The probe was held in place by C clamps. The
rail surface was prepared by wire brushing and
wiping the web area. Precautions were taken to
insure that both the rail and the probe surface
were free from grit and other loose particles
since their presence would yield erratic
readings. Low viscosity oil was used as the
ultrasonic couplant.

A 0.91-meter (3-foot) length of 110-pound AREA
rail located near each measuring station was
used as a reference. Travel time measurements
on the reference rail were used to assess tem-
perature effects and to detect abnormalities in
the probe.

Results of the TTC Field Test. The strain his-

tories recorded at the two rail stations are
shown in figure 4. Similar, although less com-
plete, data were obtained at stations 32 and 35.
This strain is that associated with the thermal
stress in the rail since the strain due to
thermal expansion is compensated for by the gages
on the unstressed rail. The strains plotted are
not absolute strains but are relative to the
strain present in the rail when the bridges were
initially balanced. The strains are plotted as
functions of time beginning at about 2200 hours
on 10 December (shown as -2 hours) and continuing
to about 2100 hours on 11 December. The dotted
lines shown in the figure are interpolations
during periods when either the data recorded were
obviously in error or the data were not recorded.

The strain histories are reasonably consist-
ent with expectations. The maximum longitudinal
tensile strain occurs at all four stations at
approximately 0700 hours, which was shortly after
sunrise. The histories show rapid changes from
0700 to 1200 hours due to solar heating, and a
rapid increase in tensile strain due to cooling
from 1500 hours to 1800-1900 hours. Most of the
vertical transverse strain histories show trends
consistent with the longitudinal strains.
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STRAIN HISTORIES AT STATIONS 26 AND 29 (TTC FIELD TEST)

The longitudinal wave travel time measurements
at the four stations on the rail are shown in
figure 5. Each data point shown is the average
of measurements made on the field and gage sides
of the rail web and has been temperature
corrected.

The experimental data at station 26 shows more
inconsistency than the data at the -other three
stations. However, the data for stations 29, 32,
and 35 agree within * 6.9 MN/m? (+ 1 ksi) with the
expected relationship between stress changes and
longitudinal wave travel time. That is they have
a common slope of 0.44 us/(MN/m2) (3 ns/ksi) shown
by the straight lines in figure 5.

The absolute travel time data at stations 29
and 32 are less than the travel time data at sta-
tions 26 and 35. That difference could be due to

16

different longitudinal stresses or to different
material properties. Note that stations 29 and
32 are both located near the center of a rail,
and stations 26 and 35 are both near welds. That
fact implies that the difference in absolute
travel times may be associated with different rail-
web stresses caused by either the manufacturing pro-
cess or the rail welding process. The difference in
the absolute travel times for the two data sets is
seen to be about 0.02microsecond. This is within
the range of the longitudinal travel times observed
in the laboratory along the length of a new unstressed
119-pound rail [3], [5].

The shear wave travel times for stations 26,
32, and 35 were relatively independent of stress
level, but the data for station 29 show larger
variations than had been expected. Further, the
shear wave data for stations 26, 29, and 32 show
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reasonable agreement, but that for station 35 is
considerably lower. This indicates that the
elastic properties at station 35 are significantly
different from those at the other locations.

Stress Relieving Tests at Station 32. After all
of the ultrasonic and strain gage data had been
compiled for the 24-hour period of the test, a
decision was made to cut the rail at station 32
to establish the true stress levels throughout
the 24-hour test. Full strain gage data were
recorded for the stress relieving test but no
ultrasonic measurements were made.

The tests were conducted in five stages at a
time in the afternoon when rail temperature was
reasonably uniform at approximately 26.1°C (79°F).
First, strain data were recorded with the rail
fully constrained. The strain data were recorded
after each of the following steps. The rail clips
were removed from seven ties on the side of the
planned cut containing the strain gage. Then,.
the tie plates were removed from the same seven
ties. Following that, the rail was saw cut.
Finally, the loose rail was hit with a hammer
along its length in order to insure that it was
lying free on its ties.

The strain data behaved as expected. The
longitudinal strains on either side of the rail
were not severely affected until after the saw
cut. However, greater longitudinal strain was
recorded on the gage side of the rail compared
to the field side, indicating that the rail was
not entirely straight. With these data, the true
rail stress can be estimated. The mean stress-free
temperature is approximately 24.5°C (76.1°F). For
‘the temperature encountered during the ultrasonic
tests, the true longitudinal rail stresses ranged
from approximately 6.9 MN/m? (1 ksi) to 74.5 MN/m?
(10.8 ksi) in tension.
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LONGITUDINAL WAVE TRAVEL TIME MEASUREMENTS ON FOUR RAIL STATIONS (TTC FIELD TEST)

Conclusion

Based on the results of the field evaluation,
it is concluded that the ultrasonic probe is
capable of measuring longitudinal stress changes
at specific locations in rail with an accuracy of
+ 6.9 MN/m2 (* 1 ksi). Although temperature-
induced changes in wave speed affect the probe,
the differential travel time measurement techni-
que, along with the stress-free reference meas-
urement, provides a means to cancel these undesir-
able effects.

The ability of the probe to measure absolute
stresses has not been demonstrated at the present
time. Although the variations in absolute travel
time measurements are possibly due to variations
in stress along the length of the rail, that
question will be answered only with a more exten-
sive comparison of the ultrasonic measurements
with absolute stress measurements.
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"Limitations on the Use of
Ultrasonic Stress Measurements Techniques"

Robert W. Benson
Bonitron, Inc.

Ultrasonic stress analysis techniques have
now been available for more than 20 years. Very
little use has been made of these techniques,
even though there are many applications for which
they appear to be well suited. When first devel-
oped, all new techniques are put to the test of
being tried on problems for which other competing
methods have failed. In attempting to apply new
methods to the most difficult problems, failure
is usually encountered and the techniques are
subsequently discarded as being no better than
others that have failed. At least to some degree,
ultrasonic stress analysis has been applied to
problems f{or which there is yet no answer, and
this has resulted in a lack of confidence similar
to that associated with other new methods that
have been considered. '

This paper is concerned with those aspects of
ultrasonic stress analysis that have been encour-
aging and attempts to define some of those limita-
tions, which should aid in avoliding the unsuccess-
ful applications.

Ultrasonic Stress Analysis

The basic method 6f stress analysis using
ultrasonic waves is a direct analogy to observing
stress patterns in optically transparent solids
using polarized light. One advantage is that
almost all structural solids are ultrasonically
transparent so that the methods may be applied
directly to structures of interest rather than
models.

Another advantage is the fact that the ultra-
sonic measurement results in a measurement that is
stress sensitive rather than strain sensitive.
Much of what is known concerning metallic struc-
tures is based upon an assumption that the stress
is related to strain by a constant, such as is
used with resistive strain gages. The use of such
devices must characterize stress history from the
time of application, and only by careful laboratory
techniques can the state of stresses at time of
application be determined. Since the ultrasonic
method is directly related to stress, it is pos-
sible to determine the state of stresses at any
time, thus revealing a possibility of determining
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residual stressés in.the structure that can be
considered to be attributable to previous history.

A general description of the methods of ultra-
sonic stress analysis can reveal some of the
advantages. First, the most simple form of stress
measurement is accomplished in a uniform rectangu-
lar specimen subjected to a uniform external force,
as illustrated in figure 1. An ultrasonic crystal
vibrating in a shear mode is coupled to the
specimen. This causes a wave to propagate across
the specimen, be reflected, and be received by
the same crystal. The particle vibrations can
be selected at any angle, but may be selected to
be either parallel to or perpendicular to the
applied force. The increase or decrease in travel
time versus stress can be measured versus stress,
as is plotted in figure 2. For an external com-
pressive force, the parallel particle motion
results in a decrease in travel time, whereas the
perpendicular particle motion results in an
increase in travel time although of smaller
magnitude. The difference in travel time as well
as the change in travel time for each component
is linearly related to applied force.

If the ultrasonic crystal produces a pure
shear wave, it will be linearly polarized and
will remain so in propagating through the speci-
men so long as the particle motion is either
parallel to or perpendicular to the stress within
the specimen. If, however, the crystal is rotated
so that the particle motion is at some angle with
respect to the stress, then the state of polari-
zation will change successively from linear to
elliptical to circular to elliptical and back to
linear polarization, as illustrated in figure 3.
If the ultrasonic wave is produced as a pulsed
wave train .and the successive reflections are
observed, the decay due to attenuation will be
observed when the state of polarization is chosen
along one of the principal axes of stress. For
any other orientation, the successive pulses may
be greater or less than the preceding pulse
height due to the change in state of polarization
of the wave. The third advantage is that the
principal axes of stress may be located by the
observation of the decay of multiple reflections
of the ultrasonic wave.

If the plane of polarization is rotated and
the decay is uniform for all orientations, then
there is no birefringence and the material appears
to be stress free.

This brief description of the behavior of
ultrasonic shear waves is the basis for measure-
ments of stress in metals. Similar effects can
be produced near the surface, using waves that
propagate in a thin layer near the surface and
for which the particle motion is also transverse
to the direction of propagation. Surface wave
analysis, however, is much more complex due to
the refraction of the waves. Stress gradients
that exist near the surface cause a variation in
velocity of propagation versus depth in the
material. This velocity variation causes a
refraction, or bending of the wave front, so that
it either penetrates farther into the material or
is confined to the surface like a wave guide.



Since the depth of penetration is frequency
dependent, stress gradients as well as stress
magnitude may be determined.

Limitations

A laboratory demonstration of ultrasonic
stress measurement would impress the most
skeptical observer. Provided that the right
material is selected, a stress of less than 50
pounds-force per square inch (psi) can be detected,
as is produced by squeezing a piece of bar stock
between one's fingers.

The first major limitation is associated with
the material to be studied. The stress-acoustic
constant -- that is, the relationship between
ultrasonic velocity and stress -- is dependent
upon the material. Some alloys of some materials
have relatively large effects and some materials
do not even behave in a manner for which an
effect can be defined.

For materials that have not been reported in
the literature, it is necessary to perform a lab-
oratory study to determine whether or not the
material is birefringent and, if so, to determine
the magnitude of the effect. If the precision of
measurement is not sufficient for the amount of
the effect, practical measurements may not be
possible. It is further possible that the attrac-
tion is so great at frequencies for which time
resolution is acceptable that signal strength
limits the accuracy. Although increased fre-
quency may appear to give improved accuracy, it
may be found that attenuation effects limit the
frequency at which successful measurements may be
made.

The second major limitation is concerned with
the shape of the specimen and the orientation of
stresses within the specimen. If surfaces are
flat and parallel, measurements are simplified.
In general, thicknesses of less than 1/4 inch
present problems in time resolution. Surface
roughness comparable to a wave length, in gen-
eral a few thousandths of an inch, can further
reduce the accuracy of measurements. Geometries
involving complex shapes should be avoided at
least until simple geometries have been mastered.
A thorough understanding of stress and stress

distributions is a necessity if proper measure-
ments are to be selected. It must be remembered
that stress is not a scalar quantity, not even a
simple vector quantity, but in general is
described by a tensor. It is only when the
stresses can be simplified enough by the selec-
tion of orientation and sample geometry, that
simple measurements will suffice. Although
present computer-aided techniques can allow for
complex analyses, only the most sophisticated
can expect to be successful.

The third limitation is concerned with ultra-
sonic wave propagation. Ultrasonic waves undergo
reflection and refraction within the solid as they
propagate. Under certain conditions it is possible
that a surface wave can be converted to a shear
wave traveling into the material and at a dif-
ferent velocity. Such conversions in the mode of
propagation make analysis even more difficult.

The most troublesome problem in using ultra-
sonic waves for stress measurement is the fact
that the wave propagation is sensitive to factors
other than stress. If a sample is examined by
ultrasonic measurements when no external forces
are present, it would be desirable that the
remaining effects are due to residual stresses
due to the formation of the sample. Unfortunately,
such factors as preferred grain orientation pro-
duced by the formation processes result in an
effect that cannot be differentiated by the ultra-
sonic measurement from a true residual stress. If
these effects were small in comparison to the
desired effect, they could be ignored, but in most
cases the processes resulting in desirable struc-
tural shapes produce a variety of metallurgical
inhomogeneities in addition to residual stresses.
It is important, therefore, to deal with these
factors.

Researchers primarily concerned with the
testing of basic properties of materials are
familiar with the fact that basic mechanical
tests used to determine the elastic and inelastic
properties of materials, including yield strength,
ultimate strength, etc., are subject to these same
variables -- that is, preferred grain orientation,
residual stress, etc. Preliminary observations
under laboratory conditions indicate that there
is aqualitative relationship between the ultrasonic
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measurements and variations that may be produced
in the mechanical tests. The following is an
example of the procedures that were followed.
o o ety by el e e Tensile and compressive test specimens were
’ r——-r"‘a"—‘\f"" cut from a large flat plate, 1/2 inch in
thickness. Half of the specimens were taken:
with their major axis along the length of the
plate and half were taken with their major axis
transverse to the length of the plate. Ultrasonic
) B measurements were made indicating that birefrin-
et i N A g S m e T genceé was present with the axes along the major
/,3":::17’”“'""'—\'——\"—\ axes of the.specimen. It was further determined
that the magnitudé of the birefringence was equal
to that obtained by an external pressure of

10,000 psi.
It is assumed that the formation of the ingot
FIGURE 4. OSCILLOSCOPE PHOTOGRAPH SHOWING and the successive rolling or extruding processes
DECAY PATTERN OF A SHEAR WAVE IN 1/2 INCH PLATE introduce residual stresses, since each piece is

stressed beyond the elastic limit. It is also
c - known that the same processes result in pre-
ferred grain orientation; that is, the individual
l crystallites tend to align themselves with
respect to the rolling direction. The elastic
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constants of the crystallites vary with orienta-
tion and result in velocity variations for ultra-
sonic waves in a manner similar to that observed
for an applied stress. In general, the apparent
stress appears quite uniform throughout the
samples. In such cases, the effect cannot be
stress alone, for the summation of the forces
across a cross section must vanish. Such effects
as grain orientation, therefore, are added to
those that are actual residual stresses within
the sample.

The samples taken from the plate have a total
effect due to actual residual stresses and all
other causes that appears to be due to an equiva-
lent pressure of 10,000 psi. It is unknown, how-
ever, whether this is due to an apparent state of
tension along the major axis or a state of com-

pression along the lateral dimension of the sample.

Figure 5 illustrates the two assumptions that may

be made. If an equal and opposite force is applied,

the material can be made to appear stress free.
For our samples, an application of a compressive
force along the y-axis in part A of figure 4 °
resulted in achieving an apparent stress-free
sample. When a tensile force was applied to the
lateral surfaces, the resultant principal axis
was formed.

After marking each of the test specimens with
an appropriate arrow showing the magnitude and
the direction of the apparent stress, a stress-
strain curve was obtained on each test specimen.
Qualitatively, the strain appeared to be related
to the vector addition of the apparent residual
stress and the externally applied stress.
Although our observations are limited and quali-
tative in nature, it would appear that the
mechanical behavior of a structure is influenced
by the external load, the residual stresses, and
all other elastic effects that influence the
elastic behavior of the structure. The ultra-
sonic methods of measurement allow for new
methods of analysis, providing that careful lab-
oratory tests are performed.

Practical field application cannot be expected

to be successful without adequate laboratory doc-

umentation of actual simulated results that can be

substantiated. It is believed that ultrasonics
will find its place in the testing of materials
and, in addition, the actual performance of field
testing.

"Special EMAT Configurations for
Optimum Detection of
Ultrasonic Birefringence"

R. B. Thompson
Rockwell International Science Center

Introduction

The previous two papers have dealt with the
use of ultrasonics in detecting stresses, both
in rails and in general. This paper will not
cover this same material. Instead, it will rely
on the previous papers as background. The
emphasis will be placed on a new type of
transducer which overcomes some of the coupling
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problems that are typically experienced in
implementing those techniques. Topics to be
discussed include the general properties of
this new transducer, the unique fact that it
can excite some wave types and polarizations
that are not conveniently excited by piezo-
electric transducers, and advantages that it
offers in implementing stress-detection
techniques.

Transducer Principles

Figure 1 illustrates the principle of the
electromagnetic acoustic wave transducer
(EMAT) [1]. Consider for the moment a non-
magnetic metal part. Suppose that a wire has
been placed adjacent to the material. Also
suppose that a current has been driven through
the wire at the desired ultrasonic frequency,
w, and that a magnet establishing a static
magnetic field has been placed nearby. Eddy
currents will then be induced within the metal
and, because of the static field, there will
be dynamic forces, the so-cdlled Lorentz forces,
exerted on the material. Ultrasonic waves are
launched as a reaction to these sources, and
the polarizations of these waves can be modi-
fied by changing the direction of the magnetic
field. This phenomenon is very familiar. These
forces are the same forces that drive an
electric motor. This is not an exotic physical
phenomenon by any-means. ’

The phenomenon has several major advantages.

It can be used to excite ultrasonic waves with
no contact to the metal, so a couplant is not
needed. In principle, one can generate waves
using a transducer mounted on a car traveling
at 60 miles per hour down a rail. The ultra-
sonic phase shifts. that always occur when a

couplant is used are avoided, so one can make
more reproducible measurements. The trans-

ducer does not load the sample. One does not
have to worry about one transducer interfering
with -a measurement made by another transducer.

If the metal part is magnetic, magneto-
strictive forces exist as well as the Lorentz
forces discussed above [2]. This can be under-
stood by noting that, when current passes
through the wire, there are magnetic fields
that encircle the wire and penetrate into the
material. If the material is magnetized by
the static magnetic field, as indicated in
figure 1 by the symbol M,, the dynamic magne-
tic fields will cause the magnetization 'to have
a slight oscillatory component. Through mag-
netostrictive forces, ultasonic waves can be
launched as a response to this magnetization
modulation.

Through each of these mechanisms, the same
transducer structures can excite a number of
different types of waves. In this discussion,
the emphasis will be placed on the waves gen-
erated by the Lorentz forces since they exhibit
much simpler behavior and are easier to under-
stand. The magnetostrictive forces are also
present in rails and should be considered. But
the same waves can be obtained with slightly
different transducer configurations.
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FIGURE 1.

Transducer Configurations

Figure 2 shows a number of different trans-
ducer geometries that can be obtained by gen-
eralizing on the wire-magnet combinations shown
in figure 1 [3]. Consider for the moment the
excitation of an ultrasonic wave normal to
the surface of a part. As shown at the left
of figure 2, one of the transducer geometries
that has been utilized the longest in this
field is the spiral coil EMAT. The coil carry-
ing the dynamic current has a spiral shape and
is placed underneath a uniformly polarized mag-
net whose field is perpenducular to the part
surface. In this case, the eddy currents
induced in the part will flow in circular paths.
The force, which is perpendicular to both the
eddy currents and the magnetic field produced
by the permanent magnet, will 'have the radial
distribution shown -at the bottom of the figure.
These radial forces launch a radially polarized

- ultrasonic shear wave normal to the metal

surface.

PRINCIPLES OF
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LORENTZ FORCE

MAGNETOSTRICTION

OPERATION OF AN EMAT

In the context of birefringence, such a wave
has some advantages, particularly if one indepen-
dently knows the axis of the stress. One can
now simultaneously excite both shear wave compo-
nents with just one transducer, without any need
for rotating the transducer. This allows the
relative velocity of the two components to be
rapidly measured.

If, however, one would like to generate a
plain polarized wave, one could do a number of i
things. The next column of the figure shows a
scheme in which two elongated spiral coils are
combined and arranged so the wire elements are
parallel underneath the magnet. Here the
combination of the magnetic field and the eddy
currents produce a constant amplitude shearing
force distribution that launches plane polarized
shear waves normal to the surface.

If, instead of
distributions, one
which the currents

generating uniform current
creates a distribution in
alternate back and forth,
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FIGURE 2. THREE REPRESENTATIVE EMAT GEOMETRIES

as shown at the right, one can produce surface
stresses that are periodic in the plane of the
surface. This is analogous to a phased array
antenna used in radar, and can excite surface
waves or bulk waves propagating at angles with
respect to the surface. It will be the topic
of a later discussion.

Figure 3 gives some data, obtained with a spiral
coil, that show the utility of this transducer
in birefringent measurements [3]. The sample
was a 0.5-inch-thick aluminum plate. The :coil
was excited by a current impulse. The ultra-
sonic echo train consisted of signals that had
traversed the sample multiple times. Since the
receiver was on the side of the plate opposite
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the transmitter, the first signal has propagated
through 0.5 inch of metal, the second echo has
propagated through 1.5 inches of metal, and so
forth. Closer inspection of the expanded scale
displays in elements (c), (d), and (e) of the
figure shows that.-each echo is broken up into

a pair of signals. This pair of signals is
produced by two orthogonal shear wave components
that travel at a slightly different velocity.

In this sample, the birefringence was induced
by texture. However, it could have just as
easily been a stress-induced birefringence, and
it illustrates the fact that EMAT's can very
easily excite, detect, and resolve two shear
wave components traveling with different
velocities.
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ULTRASONIC BIREFRINGENCE IN A TEXTURED ALUMINUM PLATE
(a):

OF 0.5-INCH THICKNESS:
CURRENT PULSE EXCITING EMAT (2 AMPERES/DIV, 0.2 MICROSECOND/DIV)

(b): ULTRASONIC ECHOES (20 MICROSECONDS/DIV)
(c): EXPANDED VIEW OF FIFTH ROUND TRIP ECHO PAIR (0.2 MICROSECOND/DIV)

(d), (e): EXPANDED VIEW OF NINETEENTH ROUND TRIP ECHO PAIR (0.2 MICROSECOND/DIV)
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MEANDER COILS

SURFACE WAVES: D = V, 1D
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Principle of generation of surface waves and angle bulk waves
by meander coil electromagnetic transducers.

FIGURE 4. MEANDER COIL EMAT: RAYLEIGH WAVE GENERATION (TOP)
AND ANGLE BEAM GENERATION (BOTTOM)

Another effect is also illustrated in fig- structure of the aluminum. This effect may be
ure 3. It may not be directly germane to the useful for studying grain structures in the
inspection of rails for stresses, but it is future.
rather interesting and worth noting. After a
few trips through the sample, the echoes appeared As noted above, surface waves and angle beams
quite similar. However, after 19 round trips, have a major role to play in the detection of
the two signals looked considerably different. stresses. Figure 4 shows what is known as the
(They are shown in two separate photographs in meander coil EMAT [4]. The coil is wound in a
the figure because they are spread so much in serpentine fashion with a period D. As illus-
time.) One pulse has totally changed in shape, trated in the cross-sectional view of the coil
presumably because of an anisotropic grain on a part, one sees that the current flows in
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FIGURE 5. COMPARISON OF TRANSDUCER FOR GENERATING ANGLE BEAMS

alternate directions in adjacent wires. The V is the shear wave velocity, and D is the coil
frequency is adjusted such that the product of period.
the frequency times the period of the coil is .
equal to the surface wave length, so one can There are other, types of ultrasonic waves
launch a Rayleigh wave from each end of the that propagate in metals that are rather difficult
coil. to excite by conventional means, but that may be
useful in stress detection. A transducer that
If, however, the frequency is increased, excites some of these is illustrated in figure 5.
there will no longer be constructive inter- At the top left is shown the traditional way of
ference between Rayleigh waves launched from exciting an angle shear beam in a material. A
under the individual wires. Instead, a shear piezoelectric transducer excites a compressional
wave will be launched propagating into the wave in either a fluid or plastic wedge material.
material. The angle of that shear wave is This strikes the surface of the part at an angle,
determined by the driving frequency, and is mode converts, and refracts to produce a shear
VS wave propagating in the material, which is polar-

equal to sin-l¢( where f is the frequency, ized in the plane of the figure. The transducer

D"’
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just discussed, the meander coil transducer with
a uniform magnet, excites the same type of wave.

An alternate EMAT design uses a periodically
polarized magnet and in a uniform coil (figure 5,
bottom left) [S5]. The periodicity is the same
as that of a meander coil, but now the forces
are perpendicular to the plane of the figure.

A shear wave is launched, which is polarized
parallel to the surface of the part. This is
known as a horizontally polarized shear wave.

This suggests that it may be possible to
perform birefringent measurements at angles
other than 90 degrees with respect to a surface.
(One case in which this has been done will be
presented later in this paper.) As in the case
of the spiral coil, the unique feature that
makes this possible is the capability to impress
shearing forces on the solid with no couplant.
That capability greatly simplifies the imple-
mentation of many shear wave techniques.

Some of the general advantages of horizon-
tally polarized shear waves for nondestructive
evaluation (NDE) are listed in the lower right-
hand corner of the figure. Several are more
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germane to flaw detection than stress detection
problems and will not be discussed further.
However, others do warrant additional comment.

The horizontal shear waves can be generated
at any angle with respect to the surface of a
part without accompanying generation of longi-
tudinal or Rayleigh waves. Hence, one can often
obtain cleaner signals that make it possible to
measure velocities more precisely. They also do
not mode convert when they reflect from surfaces
parallel to their polarization. This again leads
to cleaner signals.

Any of the EMAT transducers can be used at
elevated temperature, and also at very reduced
temperature. For example, if one were in an
arctic environment and trying to use liquid
couplants for rail inspection, the liquid may-
freeze. However, EMAT's will work at arbitrarily
low temperatures and do not experience this
problem. '

The final type of transducer that will be
discussed is a transducer consisting of a periodic
magnet structure on which two coils have been
wound, as shown in figure 6. Analyzing the
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direction of the forces, one finds that one of
the coils will excite a vertically polarized
shear wave and the other coil will excite a
horizontally polarized shear wave. It is thus
possible to use one transducer to independently
excite both types of shear waves and implement
a birefringence technique [6].

Figure 7 presents some design data taken with
such a device. In this case, the concept pre-
sented above has been slightly modified as shown
in figure 8, by using a transducer consisting of
separate but adjacent channels to generate the
two wave types. In this pitch-catch system, the
vertically polarized shear wave signal is trans-
mitted from the vertically polarized channel of
one transducer to the vertically polarized chan-
nel of the other, and likewise for the horizon-
tally polarized shear wave.

The strength of the signals transmitted
between the channels is plotted in figure 7 as
a function of angle. The strength of the SH to
SH signal is slightly greater than that of the
SV to SV signal, but this can be compensated for
very easily by modifying the gain of the respec-
tive receivers. The degree of orthogonality of
the two channels is also indicated by presenting
the SV to SH results. In theory, this should be
zero on axis, with small but finite values at
other angles, and the experiments -bear this out
well.

ALL 20u sec/DIV
CALIBRATION OF ELLIPSOMETER CHANNELS
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This transducer has been used to monitor the
birefringence due to texture in a metal plate.
Figure 9 presents the results. Here the output
of the SH to SH channel has been summed with that
of the SV to SV channel, with appropriate phase
such that a null is produced on a reference plate.
As the device is rotated on the textured sample,
the null is destroyed by a birefringent induced
relative phase shift in the two channels. This
graph is presented to illustrate the simplicity
and accuracy of the technique. A velocity shift
of 0.1 percent was easily measured in a few
seconds. One could easily make an order of magni-
tudée or better improvement without too much
difficulty. The 1limit at the present time is the
mechanical rigidity of the fixture that controls
the distance between the transducers.

A probe such as this, or a simple modification,
could be applicable to the detection of stress in
rails. For example, the device could be placed on
the web and used to excite waves propagating per-
pendicular to the rail axis. One component would
be polarized parallel to the stress and the other
perpendicular to the stress, and stress-induced
birefringence should be observed. Many other
approaches can be conceived and should be
investigated.

Practical Considerations

One limitation of the EMAT approach is that
transduction efficiencies are somewhat less than
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those of piezoelectric probes. However, good,
clean signals can be obtained, as can be seen
from the figures in this paper, which are quite
useful for velocity measurements. Sometimes, if
one encounters a situation in which the signals
are weak, one can use signal averaging techni-
ques to enhance signal-to-noise ratio. Figure 10
presents an example of the improvement that can
be gained using a technique based on digital
signal processing. By averaging 1,000 repeti-
tions of the same measurement, the noise was
substantially suppressed. This produced a
signal of sufficient quality to be the basis

for precise velocity measurements. With pres-
ently available hardware, such averages can be
performed in essentially real time at typical
ultrasonic repetition rates. Thus this improve-
ment shown in figure 10 can be obtained in about
1 second. A long period of time is not required.

A practical question that is often asked is,
"How does the strength of coupling vary with the
distance between the transducers and the parts?"
The answer in principle is the same but in
practice is rather different for transducers
that generate waves propagating normal to part
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surfaces and transducers that generate beams
propagating at angles to or along the surface.
The basic physics dictates that the coupling
decreases exponentially as lift-off increases.
This occurs because the electromagnetic fields

in the gap between the coil and the metal must
satisfy Laplace's equation. The key parameter

is the distance scale over which the fields decay.
As may be expected, this is on the order of the
distance over which the currents change direction
in the coil.

For a spiral coil, this distance is on the
order of 1 centimeter. Signal strengths are
relatively insensitive to lift-off, with separa-
tions of 1 millimeter being easily tolerated.

For the meander coils, or the periodic magnet
structures, lift-off is much more sensitive becausé
of the rapid spatial variations of the eddy cur-
rents or bias fields. A useful rule of thumb is
that one loses about 1 decibel in signal per mil
of lift-off per megahertz of frequency for a
pulse-echo or pitch-catch measurement. At fre-
quencies above 1 megahertz, this implies that,
although no couplant is required, the transducer
must be very close to the part.



FIGURE 11.

The fact that the lift-off loss increases
with frequency occurs because of the shorter
periodicities of the transducer. If one can
operate at lower frequencies, say 100 kilohertz,

then the 1ift-off problem becomes much less severe.

A 100-mil lift-off produced only 10 decibels of
loss under those conditions. Systems at these
frequencies have been developed for inspecting
buried gas pipelines, and similar approaches
should be applicable to rails.

Present Status of Hardware

To conclude the paper, a few pieces of
hardware that have been developed for other
applications will be shown to define the
present status of the EMAT technology [7].

Figure 11 shows an early electronics pack-
age. Included is a pair of EMAT coils (the
magnets are not shown) a dedicated transmitter/
receiver circuit, and a correlation receiver.
The coils can be made of flexible pieces of
printed circuit board that are very convenient
in curved geometries, such as certain parts of
rails.

Figure 12 shows the results of some flaw
detection performed on a rail with this equip-
ment. Included is an oscilloscope photograph
showing the ultrasonic signal reflected from a
1/8-inch hole in the web. This demonstrates
that very nice, clean signals can be obtained
with EMAT's in the rail geometry.
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PROTOTYPE EMAT ELECTRONICS PACKAGE

Figure 13 shows a prototype of a fully
packaged EMAT system. In this flaw detector, a
surface wave is excited at a frequency of 1
megahertz. The ultrasonic probe consists of a
coil, such as shown in figure 10, and a perma-
nent magnet. The probe is designed to be uni-
directional, so that waves are generated and
detected only in one direction. The instrument
contains all of the transmitter and received
electronics and digital circuitry necessary to
convert the received information into a measure-
ment of the distance to the flaw from the probe
and a measurement of the strength of the ultra-
sonic signal. These are presented in a digital
display.

Conclusions !

The configurations that one could use in
the measurement of stress in rails could per-
haps be quite different, but these general con-
cepts will apply. The EMAT provides a probe
that can excite both new wave types and operate
at high speeds -- properties that may prove
invaluable in future rail inspection systems.
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""Measurement of Residual Stress
by Noncontact Sensing of Magnetrostrictive
Properties with EMAT's"

R. B. Thompson
Rockwell International Science Center

Introduction

In comparison with the preceding paper there
is a second, conceptually distinct, way to use
EMAT's in the detection of residual stress. This

FIGURE 13. FULLY PACKAGED EMAT FLAW DETECTOR

involves using them as sensors of the stress-
dependent magnetostrictive properties of a magne-
tic metal, such as rail steel [1], [2], [3], [4],

[5].

Figure 1 schematically illustrates the experi-
mental configuration. Suppose a surface wave is
being excited with the EMAT and that the magnetic
bias is provided by an electromagnet whose strength
can be varied by changing the dc durrent that drives
it. Suppose also that the amplitude of the wave
generated is detected by a second transducer. In
this discussion, detection will be assumed to be
performed by a piezoelectric wedge, but other
transducer types, including EMAT's, could be used.
If the strength of the magnet bias is varied, the
ultrasonic signal strength will change in the man-
ner shown at the bottom of the figure. At high
fields, there-will be a linear relationship between
the bias field strength and the ultrasonic signal
amplitude. At lower fields, one finds peaks and
fine structure in the graph. The underlying
physics is that, at high fields, one is in the
Lorentz force regime, where driving forces are



directly proportional to the bias field. For
lower bias fields, the magnetostrictive prop-
erties of the material become dominant and lead
to the observed structure. Since magnetostric-
tion is very sensitive to stress, the features
of this structure can be used in the estimation
of stress.

To avoid possible confusion with respect to
the preceding paper, it should be noted that not
all regions of the curve are equally sensitive
to stress. Thus, at the large maximum, the
efficiency is relatively stress insensitive.
There is also no stress sensitivity in the
Lorentz force regime. Consequently, the stress-
dependent effects discussed in this paper do not
interfere with the previously discussed applica-
tions of EMAT's in birefringent techniques.

Physical Principles

The role that magnetostriction plays in
determining the transduction efficiencies has
been established in a series of scientific
studies [6]. The details of the modeling and
confirming experiments will not be presented

/lo (VARIABLE)

o~

TRANSMITTER
(ELECTROMAGNETIC)

here, but it should be noted that the driving mag-
netostrictive forces are related to the derivatives
of a magnetostrictive stress tensor, and that the
amplitude of the wave generated is proportional to
an overlap integral involving the depth dependence
of these magnetostrictive forces and the velocity
profile of the ultrasonic wave.

Figure 2 presents the results of one comparison
between theory and experiment. The dots on the
graph show the results of experimental measure-
ments of the ultrasonic wave amplitude as a func-
tion of the bias magnetic field. The solid line
is the theoretical prediction, which contains as
parameters the magnetostrictive coefficients of
the material. In this case, the magnetostrictive
coefficients have been experimentally measured on
the same sample with strain gages. The agreement
between theory and experiment is excellent except
at low bias fields, where irreversible effects
become dominant. The dotted line on the graph
shows the theoretical predictions when the magne-
tostrictive coefficients were calculated based on
a polycrystalline average of single crystal
responses. From 10,000 oersteds down to the
300-oersted bias at which the large peak occurs,
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the agreement is quite reasonable. The dis-
agreement that occurs at lower fields is
expected as a result of the fact that the
model includes only domain rotation effects.

The availability of an analytical model pro-
vides the basis for studying the effects of stress
on the transduction efficiency, as well as such
other parameters as texture and cold working.

This differentiates the magnetostrictive approach
from a number of other magnetic approaches that
do not have such an analytical basis.

Figure 3 presents some experimental data,
which demonstrates the stress sensitivity of
magnetostriction [7]. Here, the change in length
of an Armco iron bar has been measured as a func-
tion of the bar's magnetization at three dif-
ferent stress levels. At zero stress, iron has
the rather peculiar physical property that it
first lengthens and then contracts during
magnetization. However, if one has just 10 ksi
of tension, this initial expansion is totally
suppressed and the material contracts monotonic-
ally during magnetization. Conversely, if one
has a 10 thousand pounds-force per square inch
(ksi) compressive force, one enhances this
initial expansion. Thus the stress dependence
of the magnetostrictive properties is large.

By combining this knowledge with the fact that
magnetostriction strongly influences transduction
efficiency, it is clear that a nondestructive
test for stress can be developed based on meas-
urement of transduction efficiency.

Before presenting experimental data demonstra-
ting this new approach, it is important to con-
sider the physical basis for this unusual property
of iron that leads to an expansion followed by a
contraction during magnetization. An understand-
ing of this effect will provide a foundation for
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understanding the stress effects.

Figure 4 illustrates the magnetostriction
during magnetization of iron [1]. Consider
first a single crystal that is being magnetized
along a cubic axis. In iron, the magnetic
anisotropy energy is such that the magnetization
tends to align itself along the cubic axes. 1In
the demagnetized state, one would expect there
to be an equal distribution of magnetization
along each of these axes. As one starts to
magnetize the sample, magnetizations along the
six directions parallel to cubic axes are no
longer energetically equal. The least energeti-
cally favorable state is oriented at 180 degrees
with respect to the applied field direction. The
first process during magnetization is a 180-degree
reversal of domains in this state so that they
become aligned with the field. No change in
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length takes place during this process since
magnetostriction is independent of the sign of
the spin along a given direction. Subsequently,
the domains oriented at 90 degrees with respect
to the applied field direction move toward paral-
lel alignment by 90-degree wall motion, and this
is accompanied by a magnetostrictive expansion
proportional to the magnetization change. The
absolute change in length is determined by the
single crystal magnetostrictive constant Xjgg,
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whose value is determined by the strength of the
spin-orbit coupling.

The situation is somewhat different when the
single crystal is magnetized along its body
diagonal. Again, in the demagnetized state, the
magnetization is uniformly distributed among the
six possible cubic axes. These can be divided
into .two sets of three each: One triplet that
is at equal obtuse angles with respect to the
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applied field and a second triplet that is at
equal acute angles. As the field increases, the
first process is the elimination of the triplet
at obtuse angles in favor of that at acute angles.
Again, no length change occurs during this early
stage of magnetization. Subsequently, all

of the magnetizations rotate from the easy

axes to the field direction. During this
process, the material shortens in accordance
with the negative sign of the magnetostric-
tive constant 13137 of iron.

The fact that the iron lengthens when mag-
netized along the cubic axis and shortens when
magnetized along the body diagonal is a direct
consequence of the highly anisotropic behavior
of the spin-orbit coupling, which is phenome-
nologically reflected in the opposite signs of
X100 and Ay;; [8]. The polycrystalline response
is an average of these and many other single
crystal responses. The complex behavior results
from the (100) response being dominant at low
fields and the (111) response being dominant at
high fields. The rich structure is quite helpful
in the measurement of stress since it leads to
many features that can be easily measured.

Figure 5 provides a little more detail [5].
In the three-dimensional plot of the magnetic
anisotropy energy of iron, it can be seen that
the states of minimum energy lie along the cubic
axes as discussed above. Also shown is a graph
of the energy as it varies in cross sections
containing both the cubic axes and body diagonal,
both with and without stress. For the stress-
free case, the energy has minima along the (100)
of (010) directions and a maximum in the (111)
direction. When a tensile stress of 20 ksi is
applied along the (100) direction, the energy
surfaces shift as a result of the magnetoelastic
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"effect.

THREE-DIMENSIONAL ENERGY SURFACE WITH AND WITHOUT STRESS
STRESS-INDUCED ENERGY CHANGES IN TWO CROSS SECTIONS

The energy of the (100) direction has
now been lowered, while no change has taken place
along the (010) direction. Since the energy of
magnetization of the two axes is no longer equal,
the magnetization will preferentially align along
the (100) direction.

Figure 6 illustrates how this stress-induced
change in magnetic energy modifies magnetostric-
tive behavior [1]. Consider again a crystal that
is being magnetized along the (100) direction.
For zero stress, the demagnetized state will con-
sist of an equal distribution of magnetization
along the cubic axes. When fully magnetized, all
the magnetization will be in the (100) direction
of magnetization. The plot of length change
versus magnetization is the same as that shown in
figure 4.

Suppose now that there is a large tension
applied along the (100) direction. _This will sup-
press the energy in the (100) and (100) directions
so that the demagnetized state has magnetization
only in these two directions. As the sample is
magnetized, there is no change in length because
the only change that occurs is 180-degree domain
wall motion that produces no magnetostriction.
Thus the presence of the tension suppresses the
magnetostrictive lengthening.

Conversely, if there is a large compressive
stress applied along the (100) direction, the
demagnetized state will consist of only magneti-
zation perpendicular to this direction. Magneti-
zation will take place through domain rotation
processes, and the length change will be greater
than for the stress-free case. The results illus-
trate, on a microscopic scale, the mechanism of
the large stress dependence of magnetostriction.
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Experimental Results

A number of experiments have been performed
to verify that these principles do, in fact,
lead to a technique for the measurement of stress.
Figure 7 illustrates the apparatus that consists
of a sample in a 4-point bending jig. For a

EFFECT OF STRESS ON SINGLE CRYSTAL MAGNETIZED ALONG CUBIC AXIS:

LARGE TENSILE STRESS PARALLEL TC FIELD
LARGE COMPRESSIVE STRESS PARALLEL TO FIELD

given load, an EMAT can be placed on one side or
the other of the sample so that it is either in
tension or compression. Then the bias magnetic
field, produced by an electromagnet, is varied
-and the strength of the ultrasonic signal is
measured as a function of magnetic field strength.
In this case, a separate piezoelectric transducer
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was used to sense the wave amplitude. Another
EMAT could have been used, but was not necessary,
in order to study the physics.

Figure 8 illustrates the type of experimental
results that are obtained. The solid curve shows
a plot of ultrasonic amplitude as a function of
the magnetic field for zero stress. There is a
weak peak at low fields and a very strong peak
at higher fields. If one applies a tensile load,
the small, low field peak vanishes and the
shoulder of the large peak shifts to lower fields.
In other words, the large peak broadens. On the
other hand, if one applies a compressive load,
the large peak narrows and the small, low field
peak becomes larger and more accentuated.

There is clearly a lot of information about
the state of stress in these plots. The question
is, how does.one parameterize and interpret it?
Only the first initial steps have been taken,
but some points are already clear. For example,
one does not want to use absolute wave amplitude
as a parameter because lift-off, surface rough-
ness, diffraction, and other effects can influ-
ence the experimental data independent of stress.
Instead, a normalization procedure has been adopted
as shown in figure 9. The maximum value of the
large peak has been defined to be unity and all
other amplitudes are measured relative to this
value. The characteristic parameters are then
chosen to be magnetic field values that produce
a specified value of normalized wave amplitude.
For example, one such parameter is called Hy /3.
This is defined as that magnetic field at which
the efficiency is one-third of its peak value.
Another parameter is Hj,5. This is the magne-
tic field value at which the amplitude is reduced
to 80 percent of its peak value. The plus indi-
cates that one is on the high field side of the
peak rather than below it. It is these param-
eters that will be related to stress in the
remainder of the paper.

Figure 10 presents the results of some early
measurements on samples of Armco iron and 1018
steel. One thing that one notices is that there
are some differences in the responses of these
two alloys. Such compositional and microstruc-
tural affects are characteristic of all magnetic
techniques, and they must be taken into account

EXPERIMENTAL CONFIGURATION

in applications. Having recognized this, it is
appropriate to consider the data in a little
greater detail. In the Armco iron, there is a
very smooth variation of the parameter H;,z with
stress. However, there is also an offset of 14

ksi between data taken on the compressive and
tensile sides of the sample. In order to independ-
ently determine whether this represented a real
difference in the stress condition of the two sides,
or an experimental artifact, X-ray stress measure-
ments of stress were made. Using the Fast Stress
unit (originally developed by General Motors), a
stress difference of 17 ksi between the two sides
was observed. This strongly supports the claim
that EMAT efficiency measurements can be used to
determine stress.

On the 1018 steel sample, an offset in the
data shown in figure 10 was also observed. How-
ever, on this sample, the Fast Stress unit did
not produce meaningful data because of the
presence of heavy machining marks on the surface.
This establishes that the EMAT technique is less
sensitive to changes in surface condition than
the X-ray measurements. A closely related point
is the fact that the EMAT technique averages the
stress in a surface layer on the order of a few
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mils in thickness, much thicker than the layer
averaged by X-rays. Thus the EMAT measurements
are less strongly influenced by highly localized
surface stresses.

Figure 11 presents the results of measurements
of the stress dependence of Hy /3 on A569 steel.
Again, a rather smooth variation with stress is
observed. In this case, there is a very rapid
variation of Hj/3 between about -20 ksi and +20
ksi, with a much slower variation at higher
stresses. Furthermore, the curve becomes multi-
valued for tensile stresses. This is a problem
since it implies that a particular measured value
of Hy/z could correspond to two different pos-
sible’ stress levels. Clearly other parameters
must be used if a unique stress determination is
to be made.

Figure 12 shows the behavior of one such
parameter, HZ 5. For tensile stresses, there is
now a monatonic variation with stress. Measure-
ment of this parameter, and Hy/z, would uniquely
determine the stress.

This sample was large enough so that measure-
ments could be made both parallel and perpendic-
ular to the rolling direction to assess how sig-
nificantly texture would influence the
measurement. As seen in figures 11 and 12, there
was a texture effect, but it was not terribly
severe.

In all measurements reported thus far, the
direction of stress and the direction of ultra-
sonic wave propagation were parallel to one
another. Figure 13 represents experimental results
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on the same sample when the measurement direction
was rotated by 90 degrees from the stress direc-
tion. In this case, Hj, 5 was relatively insensi-
tive to stress. This suggests that stress direc-
tions, as well as magnitudes, can be determined
by this technique.

-Conclusions

Many magnetic techniques for stress measure-
ment have been studied -- for example, those
based on the Barkhausen effect. Measurement of
magnetostriction with EMAT's does not fully
solve the problem, but it provides access to
some very important information that may not be
provided by the other techniques. Figure 14
illustrates this in a pair of plots showing the
variation of both the magnetization and magneto-
striction of Armco iron as a function of applied
field [9]. In each case, several curves are
plotted with stress as a parameter. It is clear
that stress causes a much greater change in the
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magnetostrictive response than it does in the
magnetization. The magnetostriction is
apparently sensing the presence of stress more
directly.

Figure 15 presents an interpretation of this
result. Consider two initial states of material.
In one state, imagine that the demagnetized state
has a domain configuration in which the domains of
closure are as shown at the left in the figure.
This would be typical of a material with zero
applied stress. In the second state, imagine
that a compressive stress is present. Since
the compressive stress inhibited the formation of
the domains of closure of the original material,
the domains would close in the orthogonal plane.
This sample would thus have a different initial
length. (This difference is in addition to the
usual elastic difference resulting from the applied-
load.) When magnetized to saturation, both
samples would have the same length. A measurement
of change in length during magnetization could be
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used to distinguish between them. However, a
measurement of change in magnetization would
not provide such a differentiation since, in
each case, the magnetization goes from zero

to its saturated value. Clearly, the magneto-
striction has leverage on new magnetic infor-
mation that cannot be obtained by simple mag-
netic measurements. This presents significant
opportunities for measuring stress states,
which should prove of use in the inspection of
rails.
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"British Railways' Experience in the
Measurement of Longitudinal Rail Forces"

G. S. Lane
Research and Development Division
British Railways

Introduction

An essential feature of continuously welded
rail (CWR) is the property of restrained thermal
expansion. Over a typical rail temperature
range, this leads to the existence of large
tensile and compressive forces and the possibil-
ity of rail breaks or buckles. British Railways
(BR) has considerable interest in the control of
longitudinal rail forces, and this paper gives
an account of recent BR experience in their
measurement.

The Importance of Rail Forces

On BR, CWR is installed so that the tempera-
ture at which there is no overall longitudinal
rail force is 80°F (26.5°C). This temperature
is usually, but erroneously, referred to as the
stress-free temperature. A more accurate
description is the term, force-free tempera-
ture. Hydraulic tensors are used, and these
allow the force-free temperature to be accurately
controlled to better than * 5°F, However,
experience has shown that, in service, changes
in force-free temperature can occur for a variety
of reasons, such as rail creep, curve movement,
track maintenance, or ground subsidence.

The force-free temperature can be used as a

yardstick that fully indicates whether the track
is safe from the point of view of longitudinal
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rail forces. If the force-free temperature
increases, there is the possibility that exces-
sive tensile forces in winter will cause rail
breaks. If a decrease occurs, excessive com-
pressive forces in summer may lead to track
buckling. The buckle is generally considered
to be the more dangerous occurrence; because
of this, the force-free temperature of 80°F

is chosen to be higher than the average rail
temperature.

The factor that controls track buckling is
the overall longitudinal rail force across the
whole rail section (not rail stress), which of
course depends on force-free temperature and
actual rail temperature. The preferred way of
assessing the safety of a given length of CWR
is to measure both the rail force and the
temperature and from these determine the force-
free temperature. Bearing in mind the time of
the year and its relation to likely rail tempera-
tures, the safety can then be assessed. Theore-
tical work on BR has indicated that, if rail
temperatures are more than 50-70°F (depending on
track design and maintenance standards) above the
local force-free temperature, buckling may occur.

All rail force data on BR is processed and
assessed in this way.

Measuring System Requirement

Any measuring system designed to monitor the
safety of CWR from the point of view of the
effects of restrained thermal expansion must
satisfy certain requirements. These will be
divided into two categories -- necessary and
desirable. The necessary requirements for such
a system are as follows:

a. Nondestructive. A system must either
be train-borne (the preferred form) or, if this
is not possible, track-mounted in such a way that
readings can be taken without interruption to
traffic.

b. Measurement of total force over the
whole rail section. This is the force that
directly controls the tendency to buckle.

¢. Measurement of average rail tempera-
ture over the whole rail section. There is no
way in which the safety of CWR from possible
buckling can be assessed from force measurements
alone. BR feels strongly that accurate average
rail temperatures should be measured at the same
time as rail forces.

d. Tolerance of railway environment.
Both severe weather conditions and heavy service
loading (including the effect of dynamic loadings
due to wheelflats, etc.) can severely affect
instrumentation systems.

e. Good long-term stability. Minimal
drift over several years is desirable.

f. Sensitivity. It should be possible
to measure the force-free temperature to * 5°F
(+ 3°C). This is approximately equivalent to a



force of + 50 kilonewtons and stress of * 7 mega-
newtons per square meter (* 1 ksi), where both
force and stress are averaged over the whole rail
cross section.

The desirable requirements for a measuring
system are:

a. The instrumentation should be as
simple and straightforward as possible and be
easily portable.

b. The whole system should be capable
of installation and use by normal track mainte-
nance staff with minimal training,

c. If the system is track-mounted, it
should be possible to provide a remote reading
facility via a data logging and telemetry link.

The BR Rail Force Transducer (RAFT) System

BR has developed a track-mounted transducer
system- for the measurement of average rail force.
The transducer is fully temperature compensated,
but a special version, entirely compatible with
the standard instrumentation, has been produced
that measures average rail temperature.

These transducers satisfy most of the
‘requirements listed above. They are mounted in
a 29-millimeter hole drilled in the web of the

rail, and they operate on a vibrating wire
principle. Changes in rail force (and tempera-
ture for the temperature transducer) lead to
distortion of the hole and also to

changes in the period of vibration of the wire
can be related to the quantity to be measured
through a calibration characteristic. A coil/
magnetic circuit system is used to electromag-
netically pluck the wire and detect the period
of vibration.

The basic éystem is illustrated in the
accompanying illustrations. Figure 1 shows the
rail force transducer complete and with coils
removed. Figure 2 shows the rail force trans-
ducer mounted in rail. Figure 3 shows the

standard measuring instrument for manual readings.

The force transducer is calibrated in situ
using a hydraulic rail tensor to apply calibra-
tion loads. This automatically insures that the
average rail force is subsequently measured.

Figure 4 shows typical calibration characteristics.
(Note that there are two wires -- '"'sensing ele-
ments' -- in each transducer.) A sensitivity at
least equal to the requirement given above can be
obtained.

Because of the time-consuming nature of manual
readings, BR has developed a telemetry/data log-
ging system so that rail force and temperature
data can be obtained in the office. Data reduc-
tion can also be time-consuming, so the system
has been extended to include a microcomputer to
analyze the data. Programs have been written to
the detailed requirements of the civil engineer
and the first site with the full system applied
is to be operational in April 1979. Figures 5
and 6 show the development version of the system,
illustrating the site equipment and office equip-
ment, respectively.

BR Experience -- Problems and Developments

BR experience to date has shown that the RAFT
system is viable and gives rail forces and tem-
peratures to a sufficient degree of accuracy to
monitor CNR for safety from buckling. BR has
encountered several problems with the system,
and these have led to further developments of
the system that are currently being pursued.

With the present design, an individual onsite
calibration of each force transducer is required.
This is time-consuming and requires track
possession. Currently BR is investigating an
improved wire clamp arrangement that will give
greater consistency of the wire "end fixity"
conditions. This should lead to a consistent
calibration characteristic (and also reduce pos-
sible wire slip, which can lead to zero drift).

In 1977, several transducers were installed
in the Facility for Accelerated Service Testing
(FAST) track at the Transportation Test Center
near Pueblo, Colorado. These suffered deteriora-
tion in service in two ways.

Internal and external

FIGURE 1. RAIL FORCE TRANSDUCER -- COMPLETE AND WITH COILS REMOVED



rusting took place, and some instances of loss
of wire tension were noted. The rusting we have
been able to associate with a more severe proof
testing procedure instigated specifically for the
FAST track transducers to cater to the arduous
conditions of temperature and loading. This
treatment led to failures in the sealing of the
transducers allowing ingress of moisture. The
solution is to amend procedures so that the
transducers are sealed after proof loading.
possibility of loss of wire tension should be
reduced by our new clamping arrangements.

The

BR has found the standard surface-mounted
magnetic rail thermometers unreliable unless
very carefully insulated from sun and wind,
etc. In addition, they are not suitable for
remote reading. These factors led to the
design of the temperature-measuring vibrating
wire transducer. Problems have been experi-
enced with this device because the transducer
responds to both force and temperature and it
is not easy to separaté the effects of each,
and because the softer wire may be more sus-
ceptible to slip in the clamp under service
loading. To avoid these problems, the tempera-
ture transducers have so far been installed in
dummy 1-meter lengths of rail positioned between
the running rails. We are currently experimenting
with a transducer incorporating a temperature-
sensitive wire at about 60°F to the horizontal

FIGURE 2.

RAIL FORCE TRANSDUCER
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that will be unaffected by changes in rail force.
A transducer with one normal (horizontal) wire
and one Invar wire at this angle should give both
rail force and temperature.

An Example of the Use of the RAFT System

The force-free temperature of CWR can be
influenced by many factors, all of which can
result in an unsafe condition. Examples of these
are curve movement between times of high and low
rail temperatures; rail creep due to traction
forces, braking, gradients, etc.; and maintenance
operations. BR is interested in all of these
possibilities. However, as an illustration of
the way in which the RAFT system is being used at
present, this section describes some recent
results obtained in an area where CWR is affected
by mining subsidence.

Although similar problems may not occur widely
in the United States, there are many areas on BR
at the moment where CWR lines carrying high-speed
passenger traffic are affected and where very
large gound strains occur. If a significant
fraction of these strains were transferred to the
rail, a high probability of track buckling or rail
breaks would exist. Where this is the case, the

standard practice would be to remove the CWR and
replace it with jointed track, thereby incurring
the large penalties of cost, additional track

] i
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maintenance, and degraded track quality and
vehicle ride. The RAFT system presents an
alternative of retaining CWR, monitoring safety
through regular measurements of rail force and
temperature, and re-stressing the track only
when necessary. Without a rail force and
temperature measuring system, there is no way
of assessing the safety of CWR influenced by
ground strain.

Figures 7, 8, 9, and 10 refer to a site that
was instrumented in 1978 with the twin objectives
of monitoring the CWR for safety and checking the
relationship between rail and ground strains.

The latter objective required the installation
of monuments to check ground subsidence and
strain and also the installation of a larger
number of rail force transducers than would be
used purely for a safety monitor.

Figure 7 shows the relationship between the
instrumented length and the mine working.

Figure 8 shows the predicted ground strain
expressed as an equivalent change in force-free
temperature, assuming that the ground and rail
strains are equal (a worst case assumption).
The present situation, February 1979, is shown

and also the maximum compressive strain predicted.

These data were produced by the Mining Engineers

FIGURE 3.
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Department of BR using a full three-dimensional
ground subsidence/strain model. At some stage,
the track will clearly become unsafe.

Figure 9 shows the ground strain and rail
strain plotted against distance for the readings
taken in January and February 1979. The ground
strains were obtained using steel tape measure-
ments between monuments; they suffer from some
scatter due to severe weather conditions. Again
the results are expressed in terms of equivalent
change in force-free temperature, assuming that
rail strain equals ground strain.

The correlation apparent in figure 9 is shown
more clearly in figure 10, where the rail strain
is plotted directly against the ground strain.
A good correlation exists that indicates that
some 60 percent of the ground strain is experienced
by the rail. This experiment is in its early :
stages and more accurate data will become available
as the ground strain increases.

The performance of the rail force transducers
at this site has so far been excellent.

Summary

The necessity for and requirements of a rail
force and temperature measuring system have been
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set out and the BR RAFT system described. The
RAFT system satisfies most of the requirements,
but it does require a hole drilled in the rail
web. The major advantages of the system are the
ease with which it can be adapted to measure
rail temperature, the ease with which manual
readings can be made, the insensitivity of
readings to adverse conditions, and the remote
reading facility.

BR experience has been described briefly in
terms of recent problems and developments, includ-
ing the use of the system in areas affected by
mining subsidence. In these areas, the RAFT
system is providing BR with a financial saving
while maintaining safety and a good track
standard.

PANEL DISCUSSION

The participants in the panel discussion
included authors D. E. Bray, R. W. Benson,
R. B. Thompson, and G. S. Lane; conference panel
members D. P. McConnell (chairman) (Transporta-
tion Systems Center, U.S. Department of Trans-
portation), H. Berger (National Bureau of
Standards, U.S. Department of Commerce),
B. R. Forcier (Bessemer and Lake Erie Railroad
Company), and D. H. Stone (Association of
American Railroads); and supplemental session
panel members H. H. Chaskelis (Naval Research
Laboratory) and T. Yang (ENSCO, Inc.).

T. YANG: I have a question on the trans-
ducer for rail force. If you have a continuously
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welded rail already installed and you are not too
sure of the force status, what is the procedure
used to calibrate the absolute force?

G. S. LANE: Our attitude to this is that in
many, many applications, measuring changes 1is
sufficient. Obviously, without actually cutting
the rail and physically making it force-free,
there is no way of determining absolute values.
However, if at any time the rail is cut and made
force-free, you can then relate all previous and
subsequent data to that particular situation and
then you have got absolute measurements.

I can give you an example of our mining sub-
sidence problem. The subsidence may well occur
on a particular piece of track which is, as far
as a civil engineering experience goes, quite
safe and correctly stressed. We know that at a
given time it is likely to be affected by mining
subsidence and the stress conditions will change.
If we install our gages before this time and then
watch what happens as the line is affected by sub-
sidences, this quite adequately monitors the
safety of the line.

T. YANG: I also have a couple of questions
for Dr. Thompson on the transducer. I was inter-
ested in the size requirement, for instance, in
using it in ultrasonic flaw detection for

penetration. How big or how small will it have
to be in order to get enough energy into the
rail?

R. B. THOMPSON: The larger the transducer, of
course, the stronger the signal one obtains.



In the EMAT application program in which we have
expended the most effort, which is the program
directed at inspecting artillery projectiles
(again, a low-carbon steel probably very
similar in properties to rail), we use trans-
ducers which have about an inch by an inch
aperture. They are fairly large.

Under that condition, we have about 60 or 70
decibels of dynamic range. That is, a signal
directly propagating from a transmitter to a
receiver in the form of a bouncing shear wave
produces a signal that is about 60 decibels
above the noise. That number will decrease
proportional roughly, to the area of the trans-
ducer. So if one had a half-inch by a half-inch
transducer, one would lose a factor of four in
voltage.
The minimum size depends ultimately on the
signal-to-noise ratio required to achieve the
necessary measurement sensitivity or accuracy.

T. YANG: What about the energy requirement?
How does it compare, again, to the typical piezo-
electric crystal? Does it take a lot more cur-
rent or less current?

R. B. THOMPSON: In the work that we have
done, we have used a high-powered transistor
circuitry to drive the transducers. The cir-
cuits which we have designed typically deliver
a few kilowatts of peak pulse power. The average
power is much lower because of the low-duty cycle,
probably a little bit higher than for a piezo-
electric unit, but not that much. In fact, we
have a battery-operated system that can run for
12 hours without a charge.

The British have developed a system for
inspecting red-hot steel rod as it comes out of
a furnace. There they find it advantageous to
use transmit pulses containing megawatts of peak
power. This is needed because they are looking
for small flaws in very attenuating material.

In our projectile system, similar powers would
increase the dynamic range to 100 decibels. The
EMAT coil will withstand more power than we are
presently delivering to it, but we do not now
need the added sensitivity.

T. YANG: What is the efficiency of the
transducer, comparing its being used as a sender
and as a receiver?

R. B. THOMPSON: You can ask that question in
two different ways. If you are asking about the
absolute efficiency of energy conversion when used
with a 50-ohm transmission line, the efficiency
of both transmission and reception is the same
because the EMAT is a reciprocal device.

However, piezoelectric transducers are often
not described from that point of view. Instead,
one often compares crystals by comparing their
open-circuit received voltage for a given ultra-
sonic pressure. In these terms, quartz is better
than lead zirconate titanate, although the latter
has a higher efficiency of energy conversion.

I do not describe EMAT's that way, since we
do not use high impedance receiver amplifiers.

One can scale to other sizes accordingly.
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The efficiency is best described in terms of a
transfer impedance that is defined differently
than the figures of merits usually used for
piezoelectric crystals.

T. YANG: It is not exactly that, either.
It is really a matter of a through transmission.
Let's say that you switched the receiver to a
piezoelectric-type transducer; could you improve
the detection?

R. B. THOMPSON: Piezoelectrics are definitely
more sensitive than EMAT's. For the case you
describe, the improvement might be 20 decibels or
30 decibels. Although EMAT's have lower sensi-
tivities, we can use higher transmit powers, as
I have indicated. The EMAT is a low-impedance
device, so the electrical noise is also lower in
a matched receiver. Consequently, we can gain
back some of the difference. Whether one has the
désired sensitivity depends on the particular
application.

H. H. CHASKELIS: 1 have just two or three
comments. The first is a historical note. The
Navy is very interested in stress measurements
and actually, in the late '50's and early '60's
we did a lot of work very similar to that going
on today.

Dr. E. W. Kammer, who did the work, has since
retired. However, 'I was able to contact him and
learn from his experiences. The three comments
I have are due to my discussions with Dr. Kammer.

First of all, generally speaking, what we are
interested in doing here is measuring some kind of
a change, either velocity or amplitude. A rough
order of magnitude of that change would be 2 per-
cent. If we wish to do this accurately, we must
insure that there are no other changes that will
upset this measure. Using Kentucky windage, we
can say only that this should be an order of
magnitude less. We must be aware if there is any-
thing that bothers us that might change within,
let's say, two-tenths of 1 percent. An order of
magnitude less.

In these first three papers, there were many
things that were implied. I have a question now
to each of the three authors.

To Don Bray, our background has shown that,
although you might measure time very accurately,
the actual path length that the ultrasonic wave
goes through appears to vary, principally due to
the transducer properties. That is, we might
physically locate the transducer at point X and Y,
but it will respond at a minutely different time
to the pulse excitation. This is due to the
impedance differences, let's say, of the two
transducers, to the homogeneity of the transducer
itself, the coupling, etc. That is, it is an
inherent change in the apparent path length.
can measure the time accurately but we do not
really know the actual path length; that has an
upsetting effect, especially if you change from
one transducer to the other.

We

We used quartz crystals that were supposedly
homogeneous. When we went to barium titanate or



other ceramics, that was even worse. It even
gets to be worse when one tries to use surface
wave transducers because there one is not sure
when the thing will start responding.

D. E. BRAY: Your point, I think, relates
to either the material variability or to other
variations along the path length. In any situ-
ation such as this, where you demand high
accuracy, it is absolutely essential that you
consider the material property variations.

In addition, the path length problem that
you mentioned is another serious situation. We
went to a differential-type transducer in order
to overcome many of the difficulties encountered
along the beam path. In order to fully describe
the advantages of the differential transducer,
consider first that the entering sound beam
becomes, in effect, a uniform bulk wave shortly
after it enters the rail web surface. The
receiving transducers are of identical design
and should have a similar effect on the received
waveform. Therefore, the subtraction of arrival
times at the two similar transducers should yield
results that are relatively free of surface
effects. This design, of course, has no benefit
in relation to material variations along the path
length. Our results tend to indicate that this
probe has worked well, since we were able to
obtain data showing a fairly good level of
repeatability.

Furthermore, in the field test, we always

took the data on both sides of the rail. Hence,
if you have irregularities on one side -- for
example, if the rail was slightly bowed prior to
installation -- then these stress effects will
also subtract out.

So I think your concern is correct. The best

way one can become confident of individual data
is to obtain sufficient general data to where
one knows what the rail population should look
like. Only then can one tell if this is going
to be a serious problem.

H. H. CHASKELIS: Dr. Benson, we noticed
among the many changes which occur that, with
respect to the Young's modulus, if you slice up
your material a little bit at a time you will
notice that there are minute changes from point
to point or from section to section. I just
heard about this a few weeks ago, but I have not
seen any work done to verify how the Young's
modulus happens to change within the rails that
we are trying to make measurements on. If you
took a 3-foot section and made, say, a hundred
samples and tried to measure the modulus, what
change would you expect to get out of each hun-
dred samples? And how would that affect the
ultimate measure that we wish to establish?

R. W. BENSON: I think I would first like to
say "yes'" and then go ahead and tell you that,
in the written version of the paper, I got into
a little more technical detail than I attempted
to do in presenting the talk.

There are many, many refinements to all of
the techniques we have talked about today and I
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think that one of the questions that all of us are
attempting to answer is how do ultrasonic techni-
ques compare with other techniques in general. I
think there are many cases where ultrasonic tech-
niques are overlooked and we are looking at some
of the same problems, whether you look at them
ultrasonically or by X-ray detection.

Now, just because I talk about ultrasonics, I
do not think your question is singling out that it
is an ultrasonic problem. It is a stress problem.
We all have it and it is something to be well
aware of and yes, we have done experiments and
yes, there are things you can do about it.

H. H. CHASKELIS: To Dr. Thompson, one of the
other changes that we noticed that really upset
our experiments has to do with the change in
velocity due to magnetic fields. It may be both
good and bad with the system that you are working
on but, it will adversely affect the other two
ultrasonic systems. That is, depending on the
magnetic field, the velocity as well as attenua-
tion will change. This may upset the other meas-
uring techniques since the rails are quite mag-
netized at times.

However, it can be used beneficially (although
still a problem area) in your particular system
where you are forcibly magnetizing the rail for
brief periods of time. For example, if you wish
to make a velocity measurement, you have a dynamic
situation as you launch the wave (using EMAT), as
opposed to a static one for ceramic transducers.
Furthermore, the attenuation will also change at
that time and so that is another serious problem.

R. B. THOMPSON: As I understood it, there
are really two aspects to your question. One has
to do with the effect of magnetic field induced
attenuation changes and the other has to do with
velocity changes.

The second paper that I presented, dealt with
using the efficiency of transduction as a stress
measure. Under these conditions, it is obvious
that attentuation changes would change the ampli-
tude of the signal transmitted between the trans-
ducers, and would therefore contribute to an error
in the inferred transduction efficiency.

In general, I certainly agree that those changes
exist. In my experience, they are generally much
smaller in magnitude than the types of changes we
are measuring. In fact, in one set of experiments,
we directly measured the magnetic field dependence
of the attentuation in 1018 steel. It was detect-
able, although barely. The changes in signal
strength due to changes in transduction efficiency
were an order of magnitude greater than those due
to attenuation. I think this satisfies your
criterion.

The existence of field-induced velocity shifts
is a much more serious problem when applying the
birefringence or other velocity measurement
techniques. One is trying to measure a very small
effect very precisely, and I imagine that field-
induced changes may be comparable to stress-induced
changes.



The way in which I would try to overcome this
potential problem in an EMAT system would be to
use an electromagnet to produce the static
bias field. By increasing this bias to a suf-
ficient level, the material could be magnetically
saturated so that any preexisting magnetic con-
ditions in the rail are essentially erased. As
you alluded, that might well be an advantage in
that one would at least know the magnetic state
of the rail rather than letting it be a random,
uncontrolled variable.

D. P. McCONNELL: I think one of the prob-
lems that crops up with any of these techniques
that look at the influence of stress on the
material properties of the rail steel, such as
wave propagation speed or magnetic properties,
is that rail steels are inherently '"dirty" steels;
they are far dirtier than any of the aerospace or
construction-grade steels which have been used in
trial experiments to date. I believe the large
material variability to which Don Bray alluded
is a substantial problem for any technique which
is looking at either small changes in behavior
with stress or techniques which are limited to
looking at the surface or local properties of
the rail. The variation in local properties along
the rail may alter the measured behavior far more
significantly than the relatively modest changes
in behavior with stress. .

I would address one question to the panel as
a whole: With the current state of the art of
available techniques, do- you feel that this
material problem is manageable in a field meas-
urement system?

D. E. BRAY: The obvious response is that that
question cannot really be answered at this time.
One must know how the rail population appears to
his particular method before that question can
be adequately answered. We have tested one track
at Pueblo (Transportation Test Center) which is a
very rigid track. Installation specifications
there were much more strict than typically exist-
ing in main-line installations. We have shown that
you can obtain good data under those circumstances.
But, until you get to know the general rail popu-
lation, it is an academic point to debate the
overall quality of our measurements.

D. H. STONE: First, I would like to comment
on some of the comments regarding the variabilities
of the rail. I would like to address this question
to Bob Benson or Don Bray.

The problem is, we have more than one kind of
rail. We have heat-treated rail, for example,
which is going to have an entirely different
residual stress pattern that may cause some mode-
conversion problems and cause some difficulties
there. My question is, do residual stresses
exist in the rail and to what extent are they
going to affect the measurement of longitudinal
force? Essentially, I think you are going to be
measuring both, but they are two different things.

R. W. BENSON: Stresses never are just the
simple longitudinal force you are looking for.
In general, in the rail that has gone through the
formation processes that it has, you are not
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going to find a uniaxial force if you include
residual stresses. They will be at least biaxial
and probably triaxial. Consequently, if all you
do is make velocity measurements, you are quite
often going to get to the place where you can
make very precise measurements which do not
answer the question that you have asked. You
must really measure residual stress if you are
going to answer the problem I think you are try-
ing to answer.

D. H. STONE: The other side of the coin is,
you have always got to measure it at the same
spot.

R. W. BENSON: No, I do not think that is
necessary. Now you are back talking about
technique. There are many techniques available
to overcome things that we do not like, but they
may slow us down. We may only go 59 miles per
hour.

D. H. STONE: The question I have for Dr. Lane
from British Railways is, have you had any prob-
lems with bolt hole-type cracks (star cracks as I
think the British call them) emanating from the
hole you have drilled to put your rail force
transducer in?

G. S. LANE: I ought to give a one-word
answer to that: '"No." But I could say a few
more words. The star crack problem is normally
associated with rail ends at bolted rail joints.
The situation there is much more severe than the
situation where we drill a hole in a piece of
continuously welded rail, for several reasons.
Firstly, we produce a much higher quality hole.

We use a special tool -- like a cross between a
reamer and a broaching tool -- for producing this
hole. It is basically a cut reamer device which

produces a hole of very high quality, very close
tolerance, and as far as we have been able to
ascertain, a hole which is crack-free, particularly
on the significant corner pieces.

The other point which I should make is that
the situation at the center of a piece of long-
welded rail is very different from a bolted rail
joint. At the rail joint, one has firstly the
reduced bending stiffness which even without any
effective dipped rail ends will produce a dip in
the track as the wheel goes over it and therefore
produce dynamic increments to wheel/rail force so
there is very much more severe loading on the hole
at a rail joint than there is at a rail-force
transducer.

D. H. STONE: My final question, for Don Bray,
is, you mentioned that you have an accuracy of
about * 3 nanoseconds. What is 3 nanoseconds in
terms of tons ‘or some other unit per square inch,
and what percentage of that do you attribute to
air and electronics and variability in the rail
steel?

D. E. BRAY: The accuracy figure of * 3 nano-
seconds corresponds to about 1,000 force-pounds
per square inch. The way we arrived at that fig-
ure was through a series of laboratory tests. For
a long period of time, a student who was working
for us would merely come in in the morning and



remove and replace the probe on the rail. This
test lasted for several weeks. We did it with
several applied stresses. Finally, we came up
with the mark IV probe, which is the one with
which we achieved this accuracy of + 3 nano-
seconds.

It has been too long since we went through a
complete analysis, so I really cannot say whether
the larger amount of error is in the instrumenta-
tion or in the material. I would expect that the
most trouble is still in the interface of the
probes on the rail surface.

B. R. FORCIER: I have two questions. One,
going back to the coupling distance, the web of
the rail, which seems to be the area that every-
one is shooting for now, involves the following.
A new rail is probably not too bad, and it has
been pointed out that the scale has no effect
but that, over a period of time, rail could
become pitted. There is the brand that exists
on one side and the heat numbers and so on on
the other. So, given any velocity at all when
you are moving the probe, there is going to be
some problem. Has this been addressed?

R. W. BENSON: You can make a transducer that
is like a wheel and you can roll it down the rail
just like a wheel if you would like. If you use
conventional laboratory techniques, you are going
to have problems. If you use your imagination
and some ingenuity like this work that is done
on the EMAT, there is no telling what you can do.

B. R. FORCIER: My second question is for
Dr. Lane. From the railroader's standpoint, the
axial force measurement is probably the one that
we are looking for in sum total. Regarding the
insert of the force measurement transducer, has
it been thought of to make it a transmitter so
that a moving vehicle could read the signal put
out by the transducer?

G. S. LANE: The problem with what you are
suggesting, I think, is the problem of exciting
the wire into vibration. If you could excite
it in a way different from the electromagnetic
pulses which are used at the moment, yes, you
could conceive of various ways of picking up the
vibration. But the problem at the moment is, you
have to produce a fair amount of power into the
coils in the transducer to effect the pluck and
I do not see how you could do that from a moving
vehicle. Our approach has been to connect the
transducer up permanently and its instrumentation
through a logging system and a telemetry link.

I believe this is an alternative approach with a
similar sort of aim.

UNIDENTIFIED SPEAKER: You can't mount a
battery-mount or a battery-powered device on the
side of the rail because something will slice it
or it will get broken. If it was a battery-
powered device, you could obviously trigger it
by radio and do any number of things.

G. S. LANE: Yes. In fact, our telephone

connection is just that, in fact, triggered by
telephone. You are right about the problems,
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because last week we had some vandalism on one of
our sites and some of the equipment was stolen.
In fact, we are going to bury some of it.

H. BERGER: I think that it is apparent
from the laboratory work that has been done
that ultrasonics offers a good tool for the
kind of measurements we are talking about.
The problem is really not one of sensitivity
but one of sorting out what that signal is
telling you. I am very attracted to the EMAT
possibilities because of the concept of putting
in waves with different polarization, for
example, in order to get more interpretive
information.

My first question is, how sensitive is the
EMAT in a practical environment like a rail
system?

You have commented on the 1ift-off problem.
Are there problems in the nonuniformity of the
rail? For example, the fact that the surface
may be hardened or pitted could influence the
quality of the ultrasonic signal that is put into
the rail and the received signal.

My second question follows up on the one that
Henry Chaskelis asked. The question of the
Young's modulus certainly affects all of the
measurements that we are talking about. What is
the level of variation of the Young's modulus in
a typical rail steel?

D. H. STONE: Although I do not have a good
feeling for that, I do know that the chemistry or
the chemical composition of a rail down a 39-foot
section (a standard length) varies quite a bit.
This, in turn, 1s going to indicate problems with
the Young's modulus.

H. BERGER: Yes but what is the order of
the change -- 1 percent or 2 percent?
D. H. STONE: I think probably in that range,

2 to 3 percent.

R. W. BENSON: Can I ask a question? I know
there are lots of things to worry about in pre-
cision but how precise a measurement do you need,
practically?

H. BERGER: Henry Chaskelis said he wanted a
measurement to two-tenths of 1 percent. That
seems impossible in view of the variations we
have been discussing.

R. W. BENSON: Yet, you have no useful meas-
surement right now. What would you settle for
tomorrow?

H. BERGER: I really don't know what is
needed.

R. W. BENSON: Ten percent? Twenty percent?

T. YANG: Take the problem that you are

probably going to install it at a neutral tempera-
ture, say 80°F or whatever number you just happen



to choose. What is the potential error? For
any particular day, you can have easily a 20°

to 30° error in the installation that the crew
was trying to get it in. Theéy say, "Okay, so
there is a 20° difference." So that is the kind
of uncertainty we are dealing with, I think.

R. W. BENSON: There are some applications,
not necessarily railroads, where people are
happy if you can tell them this is in tension
instead of compression. That is all they need
to know. Now, are you saying you need to know
that it is less than 80 percent of yield
strength?

T. YANG: No, it is the temperature.

All right, let's say that you know that you
are in trouble by design when it gets to 120°
but maybe you will when it is only 100°, so you
have a 20° buffer so you would like to know
before that. Then it is a decision of how big
or how safe a margin you can afford.

R. W. BENSON: Some of the questions are
concerned about percent accuracy and tenth of a
percent accuracy. Maybe these are not important
if you want to go fast and inspect all of the
rail; maybe 50 percent or some ceiling that you
tell us you cannot go above is sufficient to
answer your question. Or maybe all you need to
do is to have a system that says, "If I ever get
in tension when the sun is not shining, I have
got a problem." I am trying to make it easier
for us to answer your question, but I do not

- know what the question is.

D. P. McCONNELL: The question of required
accuracy has come up a number of times. One of
the principal factors which governs this require-
ment are the physical phenomena which one is
trying to monitor with such a measurement. I
think the phenomenon with which people are most
concerned in rails is the compression -- the
buckling problem. This phenomenon will largely
govern the required accuracy.

Allan Zarembski, can you help us out?

A. M. ZAREMBSKI (Association of American
Railroads): Yes, as a sort of a rule of thumb,
I would generally have to say that what we are
looking for, if we can pin it down to about
between 25,000 and 50,000 pounds compressive
force per rail, would translate to between
2.5 and 5 ksi in stress or 10°F or 20°F in
temperature. This is probably a realistic
first-cut set of numbers.

If we get less resolution than 50,000
pounds force, I suspect the utility of the
measurement device to guide track maintenance
forces is probably pretty severely hampered.

It would almost go back to the rule of thumb
saying, "Don't work on the rail at temperatures
above the laying temperature,' which is a rule
of thumb that has been adopted in certain rail-
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way administrations. Therefore, going back to
the stress numbers, we probably are looking at
5 ksi -- even though, as Dr. Lane indicated

earlier, 1 ksi would be a next objective., How-
ever, I think at this stage, this will suffice.

R. B. THOMPSON: Let me return, for the
moment, to the original part of Harold Berger's
question regarding the potential which EMAT's
represent. There is a difference in how an EMAT
and a piezoelectric probe work on a rough surface.
Let us consider that the surface of a rail has a
high degreee of roughness. With a couplant, one
must ask whether the couplant gets into all the
nooks and crannies of the rail surface. If it
does not, there will be local cold spots in the
beam. Even if it does, one will find that the
ultrasonic wave front is not planar, since some
portions have traveled a greater distance in the
low-velocity couplant than others.

The EMAT does not have the first problem.
Eddy currents flow in continuous paths and, if
there is a small pit, will simply flow under it
and follow the contour of the part. The wave
will always be generated at the part surface.
However, if this surface is rough, wave fronts
of the generated waves will again deviate from
the planar condition. Thus there may be a cor-
rugation of the wave front. Diffraction will
generally smooth that out, but that is a source
of error in velocity measurements that has to be
evaluated.

In summary, I would say that one is likely
to get better signals with EMAT's on rougher
surfaces than one may obtain with other
approaches.

Nevertheless, there will be a source of error
in velocity measurements, having to do with wave
front corrugation, that needs to be evaluated.

If that corrugation is in the order of a wave
length, then it will begin to decrease the
signal strength, as it would for any type of
transducer.

H. BERGER: What about the hardened surface?
Does that cause you any problem?

R. B. THOMPSON: As long as it has a reason-
able electrical conductivity, there should be no
problem. Forget the magnetostrictive effects
for the moment and suppose that one has a big
enough magnetic field so that the generation is
produced by Lorentz forces. The question then
becomes, how does the efficiency of transduction
depend upon the electrical conductivity? The
result that Bruce Maxfield (formerly of Cornell
University, now with Lawrence Livermore Labora-
tories) obtained many years ago is that, as
long as the electromagnetic skin depth is small
with respect to the ultrasonic wave length, trans-
duction efficiency is insensitive to conductivity.
This is because the total eddy currents induced in
a metal by a current in an adjacent wire are
independent of conductivity. The only thing that
changes is the volume in which they are distributed.



If that volume is close to the surface with-

respect to a wavelength -- that is, the skin

depth is sufficiently small -- then its exact
value does not really matter.

UNIDENTIFIED SPEAKER: If there is any real
equivalent to case hardening on the outside, you
may change the last response that you can get
plus the weight values.

R. B. THOMPSON: That would be the same in
any ultrasonic measurement. An EMAT system
would certainly be sensitive to that to the same
degree as any other ultrasonic system. Once a
wave is launched, its behavior is independent
of the transducer.

D. P. McCONNELL: I think that Don Bray has
demonstrated that some of the phenomena he
observed were due to the presence of a distinct
cold-work layer in the head causing a case-
hardening-type behavior. It was for that reason
that the interest centered on the web.

QUESTION-AND-ANSWER PERIOD

N. SENAPATI (Battelle Columbus Laboratories):
I have a comment on Dr. Bray's paper. 1 think
that is probably one of the various models and
I think it is around 6 to 10 percent. Typical
variation in the velocities in a commercial
piece of material is around 3 percent. We have
done extensive studies for nickel and velocity
variation was one of the problems. To come up
with a process whereby we can reduce the velocity
variations to less than 0.2 percent is a major
task.

R. B. THOMPSON: What magnitude did you say?

N. SENAPATI: Up to 6 percent change. That
is what I am going to talk about in my presenta-
tion [in the second session of this conference],
but there is further change in attenuation, too.

R. B. THOMPSON: I certaintly believe that,
but I was saying that the change in transduction
efficiency is much larger. I did not mean to
imply that there was no change due to attenua-
tion variations, but only that these were much
smaller in magnitude.

N. SENAPATI: But the velocities in this I
believe are much smaller than that. When that
goes on, the velocity change is particularly
due to the stress effect -- say, 10,000 psi.

D. E. BRAY:
nanoseconds per 1,000 psi.
order of 10 psi?

We are running, say, about 3
Did you say on' the

N. SENAPATI: No, I said about changes of
velocity due to 10,000 psi.

D. E. BRAY: On the order of 1 percent.

N. SENAPATI: Yes, so we are still talking
about a small percentage change in velocity,
together with some attenuation changes to be
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considered. In fact, that is probably going to
be the way to go in terms of the ultrasonics --
to look at the change in attenuation rather than
change in velocity.

L. H. BENNETT (National Bureau of Standards):
Dr. Thompson mentioned the sensitivity to the
composition and alluded to sensitivity to metal-
lurgical history. Is there not also sensitivity
to magnetic history, especially in steels? You
might not have so much in the Armco iron, which
is very soft magnetic material, but in the steels
won't you have a great sensitivity to the magnetic
history?

R. B. THOMPSON: That is generally true.
However, the way in which we make measurements
suppresses this effect. If you will recall, I
derived features from a curve of magnetization
versus-magnetic field. We first saturated the
material and then reduced the biassing field
and recorded the features of the plot of signal
amplitude versus the value of the decreasing
field. Any initial domain structure that existed
was eliminated by the mitral magnetization to
saturation. Although I am not that familiar with
rail steels, it is my impression that they are
relatively soft magnetically, not as hard as
Alnico, and one can erase the past magnetic his-
tory when one brings the material to saturization.
In taking all of our data, we first took the mag-
netization to 90 or 95 percent of saturation.

L. H. BENNETT: I would assume they are not
as hard as Alnico or something like that, but
you might not erase all the previous magnetic
history in a single saturation cycle.

D. H. STONE: I do not know if it is pertinent
here, but for the past 40 years or so we have in
fact been magnetizing our rails regularly as a
way of flaw inspection. Is this going to create
a problem for you?

R. B. THOMPSON: Again, it is my impression
that I felt we were reaching sufficiently high
fields to erase that past history. Obviously,
whether or not we were practically reaching that
or not cannot be fully answered now. That is
something that will need to be investigated in
comparing this approach with other techniques.

A. D. KERR (University of Delaware): How
many transducers have been installed by British
Railways on main lines to date?

G. LANE: I am not sure, exactly. It is in
the region of about 300, possibly more. A lot of
this is for research purposes and a certain amount
of installation is for actual service use, as
I indicated before.

D. P. McCONNELL: To amplify Dr. Kerr's
question, in those locations where gages are used,
such as the instances of mining intrusion, what
is the measurement density in terms of both the
spatial placement of gages that you currently use
and how frequently do you sample them.

We tend to

G. S. LANE: It varies a lot.



combine the for service use with research pur-
poses, so we tend to put them a little bit
closer together than we otherwise would have
done. They are in the region of a rail length
apart; that is, 20 meters or 60 feet apart.
But we have the spacings up to a quarter of a
mile for simply looking at certain effects.
Each case has got to be judged on its merits.
That is about all you can say.

A. D. KERR: What are the observed wave
speeds in the rail head and rail web?

D. E. BRAY: As to the question on the
Rayleigh wave, initially, let me say that, on
the working surface itself, you will have vari-
ations in velocities from 2,500 meters per sec-
ond to almost 3,000 meters per second -- almost
a 20 percent variation. You do not see a large
amount of variation in the Rayleigh wave velocity
on the side of the rail where you do not have
this cold-worked effect. An additional consi-
deration is that the Rayleigh wave is relatively
insensitive to stress changes as compared to the
other types of wave propagation. However, with
respect to the web of a hot-work rail, you do
not see the large amount of variation that you
do on the head of the rail.

Typically, the Rayleigh wave speeds in steel
are around 2,900 meters per second. Where you
do not have any cold-working or any severe
anisotropy, you would not expect to see a severe
change in the Rayleigh wave speed. So I would
say that the speed would be 2,900 meters a sec-
ond plus or minus a small percentage on the side
of the head. I would expect it to be about the
same as the side of the web.

R. GREEN (Johns Hopkins University): I would
like to make a couple of comments. One of the
problems that every technique is going to have to
face is that, if anything else changes the meas-
urement other than the stress, that has got to be
accounted for. The worst thing you have with
almost any real material is antisotropy, and
therefore you have to worry about more than one
module.

Unlike most other techniques that will be
discussed today, the ultrasonic techniques are
based on nonlinear elasticity, not on linear
elasticity, so the really important major items
have to be worked out with the ultrasonic
technique.
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SESSION II:
TECHNICAL PAPERS

"Stress Measurements in Railroad
Rails Indicated by Barkhausen
Noise Analysis'"*

William D. Perry
John R. Barton

Southwest Research Institute
Introduction

Continuously welded rail (CWR) does not con-
tain expansion joints, and significant stresses
are induced by the wide range of seasonal
temperatures. At low temperatures, such stresses
can contribute to rail fracture and possible
derailments; also, at high temperatures, local
lateral displacement of track (crookedness) can
cause derailments. During installation of con-
tinuously welded rail, the temperature of the
rail is controlled by a cold-water spray or
heating torches (depending on the ambient temper-
ature) in an effort to achieve a rail temperature
approximately midway between the anticipated sea-
sonal temperature extremes. Other practices, such
as deliberately cutting the rail some time after
installation to observe the opening or closure of
the ends, removing or adding a small section as
appropriate, and then rewelding the ends, has
sometimes been utilized to minimize the overall
effect of thermally induced stresses. For some
time, various railroads and also the Association
of American Railroads have attempted to develop
approaches to measuring the thermally induced
stresses. The purpose of the investigations sum-
marized in this report was to assess the potential
of the Barkhausen noise analysis method for indi-
cating the thermally induced stresses in CWR.

Briefly, with this method a controlled mag-
netization is applied to the region of the part
being examined and a small probe is used to sense
the Barkhausen noise caused by abrupt movement of
magnetic domain walls; analysis of the Barkhausen
noise during controlled experiments has estab-
lished that high-amplitude signatures are associ-
ated with tensile stresses, low-amplitude signa-
tures are associated with compression stresses,
and intermediate signatures are obtained from
unstressed regions. Prior work covering several
years has established the effectiveness of the
Barkhausen method for indicating residual and
applied stresses in a wide range of materials and
components; furthermore, limited experiments have
showed that the method is sensitive to stresses
applied in a bending mode to a specimen of rail-
road rail. Recently, experiments were conducted
to assess the effect of selected parameters on
the Barkhausen indications. Included were the
effect of temperature with rail specimens unre-
strained by end loads, and the effect of end loads
applied at a constant temperature.

*Presentation at conference delivered by
John R. Barton.
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BARKHAUSEN AND SONIC TECHNIQUES

The Barkhausen Noise Analysis Method

The magnetic properties of ferromagnetic
materials (practically all steels, some cast
irons, nickel, and some nickel alloys) are best
described by the magnetic domain theory. This
theory, which has substantial experimental con-
firmation, postulates that the material is made
up of local regions called ferromagnetic domains,
each magnetized to saturation but aligned according
to the state of local magnetization. Adjacent
domains are separated by a highly localized mag-
netic transition region called a domain wall or
Bloch wall. Even in the demagnetized state, all
domains are still magnetized to saturation, but
the orientation of the individual domain magneti-
zation vectors is random; this results in the net
magnetization of the specimen being zero. The
application of a magnetic field or a stress can
change the configuration of the domains,
principally by wall movements.

The fact that magnetic domain walls can be
forced to move under the influence of a changing
applied magnetic field or a stress provides the
fundamental basis for the Barkhausen noise method
of residual stress measurement. In 1917, Bark-
hausen discovered that voltages induced in an
electrical coil encircling a ferromagnetic speci-
men produced a noise when suitably amplified and
applied to a speaker, even though the magnetiza-
tion applied to the specimen was changed smoothly.
From such experiments, he inferred that the mag-
netization in the specimen does not increase in a
strictly continuous way, but rather by small,
abrupt discontinuous increments, now called Bark-
hausen jumps. Such jumps are caused principally
by the discontinuous movements of mobile magnetic
boundaries (Bloch walls) between adjacent magnetic
domains and occasionally by the initiation of new
magnetic domain walls. Furthermore, the direction
and magnitude of the mechanical stress existing in
a macroscopic ferromagnetic specimen strongly
influences the detailed dynamics of the domain wall
motion and correspondingly influences the Bark-
hausen noise.

Figure 1(a) shows three photographs of magnetic’
domains (made visible by a magneto-optic method) on
the surface of a carefully prepared single crystal
of silicon-iron and illustrates the manner in which
domains change under the influence of an applied
stress. The magnetic field was applied from left
to right in the illustration, and this was also the
axis of the applied compressive stress. Arrows
have been placed on some domains to indicate the
direction of magnetization within the domain. A
careful examination of these photographs shows
marked changes occurring as the compressive stress
is increased; for example, the domains are princi-
pally oriented approximately 45 degrees upward and
to the left in the top photograph, while several
domains have grown in a direction oriented upward
and to the right in the lower illustration. As
these domains move, Barkhausen pulses are generated.
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FIGURE 1(a).

Figure 1(b) shows many of these pulses sensed
by an induction coil near the surface of a low
carbon steel bar. These Barkhausen pulses are
electronically processed and presented on a peak
reading meter or on an oscilloscope.

A variety of instrumentation systems have been
used in Barkhausen noise research, and a block dia-
gram of the instrumentation used in most of the
exploratory investigations is shown in figure 2.

A photograph of the most recent model instrument
with a digital indicator is presented in figure 3.
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Compressive stress
of 900 psi

Compressive stress
of 1700 psi

Compressive stress
of 2600 psi

INFLUENCE OF STRESS ON MAGNETIC DOMAINS IN SiFe SINGLE CRYSTAL SPECIMEN

A calibration curve obtained on the cantilever
bending specimen is shown in figure 4. Note the
characteristic curve '"flattening'" at compressive
stress near 50 percent of the yield stress.

Preliminary Experiments on Rail

The first experiments were conducted on sec-
tions of rail approximately 8-10 years ago. The
experimental arrangement in which bending stresses
are applied by center loading a rail section sup-
ported at both ends is shown in figure 5. Graphs of
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FIGURE 1(b). BARKHAUSEN NOISE PULSES

the Barkhausen indication versus load for several
locations (B, D, E, and F) around the rail sec-
tion are presented in figure 6. Results from
this experiment showed qualitative agreement
between the readings and the stresses caused by
the bending load; namely, point D decreases,
points B and E (near the neutral axis) showed
only small changes, and point F showed a signif-
icant increase.

Recently,>c0ntrolled but limited experiments
- have been conducted, and these will be summarized
in the following sections.

Test Specimens and Equipment for Quantitative
Experiments :

A test specimen was prepared from a 4-foot
length of used, continuously welded rail. The
ends of this specimen were machined square to
minimize nonsymmetrical column loading and four
strain gages (temperature compensated for steel) -

.on the Barkhausen indications.

were mounted at appropriate locations around the
midsection of the rail to monitor strain and also
detect bending. Three temperature sensors were
mounted at equally spaced locations along the
length of the test specimen.

Primary equipment and instrumentation used in
the experiments consisted of the following:

a. A 200,000-pound Baldwin load test
machine for applying controlled end loads to the
rail specimen.

b. An electronic strain indicator with a
digital readout for the four strain gages.

c. An indicator for sensing temperature
of the rail at three locations on a specimen.

. d. A model 200 Barkhausen noise analysis
instrument with associated probe and digital read-
out for obtaining Barkhausen measurements of
stress.

A dry-ice pack was used to cool the rail and
flexible heating elements were placed around the
rail to increase the temperature. A photograph
illustrating the experimental arrangement is
presented in figure 7. Figure 8 is a photograph
of a typical Barkhausen measurement being obtained
with the probe positioned manually.

Experiments

The first experiment undertaken was to deter-
mine the influence of test specimen temperature
In this experi- 2
ment, the test specimen was unrestrained and. the
temperature was reduced using dry ice to approx-
imately 20°F. The temperature was monitored
using the three temperature sensors spaced along
the rail. The temperature was then allowed to
increase until the test specimen temperature was
40°F., At this point, Barkhausen data were '
obtained from the unrestrained section of rail.
The specimen was then warmed using flexible

PROBE ELECTRONIC CONTROL & SIGNAL PROCESSING UNIT
T/ r - - _— /"
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{ — i AMPLIFIER UNIT |
| - l |
| L U | |
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g |
| ]
| “fi:h\‘ PRAK — wmeren . SIGNAL | l

CONTROL OUTPUT

i IINTEGRATEI ! 1 |
| I RECORDER [ I
| TERMINALS |
S, R —_ -

FIGURE 2.

BLOCK DIAGRAM OF MEASUREMENT SYSTEM



electrical resistance heaters wrapped around the
rail. The temperature was carefully monitored
using the temperature sensors, and Barkhausen

data were obtained as the temperature of the spec-
imen was raised from approximately 40°F to approx-
imately 120°F. Results from this experiment are
plotted in figure 9 and indicate a slight increase
of Barkhausen values with increase of temperature.
It should be noted again that the specimen for this
experiment was unrestrained and was heated slowly
and uniformly, with the temperature being monitored
at three different positions. Thus, the specimen
should have little or no thermally induced stresses,
and any change observed in the Barkhausen signal
amplitude can be attributed to the temperature of
the test specimen only. As can be observed in
figure 9, this effect is slight.

The next experiment undertaken was to reduce
the temperature of the test specimen to slightly
below 40°F; then the test specimen temperature
was allowed to rise until it was exactly 40°F.

At this point, the test specimen was restrained
from expanding by end loads applied with the
Baldwin machine (adjusted incrementally to apply
just enough load to restrain expansion) as the
temperature of the test specimen was increased to
approximately 120°F. Thus, by restraining the
test specimen and raising the temperature 80°F,
compressive stresses are thermally induced in the
specimen. The cross-sectional area of the rail

is 13 square inches, using a coefficient of
thermal expansion of 7 x 10-® inches per inch -°F,
a temperature rise of 80°F, and a specimen length
of 48 inches, the length of the specimen would
increase by 0.027 inch if unrestrained. But if
the specimen was restrained to a length of 48
inches, the resulting compressive stress would be
16,800 pounds-force per square inch (psi). Using
the cross-sectional area of 13 square inches, the
total force generated by the 80° F rise in tem-
perature is 218,000 pounds. Since the load limit
of the hydraulic loading machine shown in figure 7
is 200,000 pounds, the temperature rise was limited
to 77°F.

During this experiment, several parameters were
monitored. Barkhausen data were obtained from
several positions on the rail while the temperature
sensors and strain gages were monitored. Strain
gages were used to confirm that the beam was being
loaded symmetrical and was not beginning to buckle.
No indications of nonsymmetrical loading were
detected during the experiments. The actual end
load was adjusted at approximately 5°F intervals
using the calibrated hydraulic system of the test
equipment. The results of these Barkhausen data
are shown in figure 10. These data indicate a
trend of reduced Barkhausen signals with increasing
compressive stress, although there is significant
scatter. Since the Barkhausen probe was manually
positioned during measurements, one source of the

FIGURE 3.
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BARKHAUSEN NOISE STRESS MEASUREMENT SYSTEM WITH HAND-HELD PROBE
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data scatter was attributed to the inability to
reposition the probe precisely. To further
determine whether the data scatter was primarily

a positioning problem, the test probe was rigidly
fixed, mechanically, to the test specimen and

load versus Barkhausen data were obtained at con-
stant room temperature (the influence of tempera-
ture on the Barkhausen readings had been previously
determined to be slight). This approach of taking
Barkhausen data at a single location as the applied
-stress is changed eliminates the data scatter
caused by repositioning. A typical curve obtained
using this method is shown in figure 11. Scatter
of these data points is very small.

To further investigate the problem of data
scattering associated with positioning of the
Barkhausen detection probe, a set of data was
taken with the test specimen unrestrained. Bark-
hausen data were taken at six locations around
the specimen and this pattern was rebeated at
four positions along the specimen. This data pat-
tern was repeated three times so that three indi-
vidual readings were taken at each combination of
position and location. Again, these data showed
that the spread caused by relocation of the probe
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MAGNETIC SIGNAL VERSUS APPLIED LOAD (NEW RAIL)

was substantial. In an effort to reduce this
scatter problem, a probe with approximately twice
the pickup area was fabricated and installed in
the Barkhausen hand-held unit. The experiment
was repeated with the operator carefully reposi-
tioning for each measurement. This experiment
showed that the data scatter had been reduced
somewhat by the use of a larger pickup coil, but
that it remained significant.

Finally, the experiment was repeated using a
simple positioning fixture to allow the operator
to reposition more precisely at each location.
Approximately 160 measurements were obtained.
Typical results demonstrating reproducibility are
shown in table 1 (page 72). These data showed
excellent repeatability from measurement to
measurement. Thus, it was concluded that reposi-
tioning of the probe to precisely the same loca-
tion is important to minimize data scatter caused
by local variations at the surface of the rail.

Load experiments were conducted with the speci-
men in the Baldwin machine using the larger pickup
coil. Data were obtained from several locations
around the rail for two different positions down
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BARKHAUSEN MEASUREMENT BEING MADE ON RAIL
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the length of the rail. Results are shown in
figures 12, 13, and 14. The Barkhausen response
to applied stress as shown in these figures indi-
cates a relatively good response to increasing
compressive stress in all the locations except
on the rail head. At this point, little change
is indicated in the Barkhausen signal with
increasing compressive stress, This effect is
probably caused by the fact that this area is in
a state of very high residual compressive stress
caused by wheel cold working on the surface;
accordingly, the material is in a stress condi-
tion where the Barkhausen noise does not change
as the compressive stress increases.

TABLE 1

REPRODUCIBILITY DATA

Position
Trial 1 2 3 4 5
Trial #1 850 1,000 938 940 1,016
Trial #2 838 1,000 934 936 986

An overall appraisal indicates that the best
and most consistent Barkhausen indications of
applied stress are obtained from the web and
flange regions of the rail.

Conclusions

The conclusions drawn from the above-described
work are as follows:

a. The Barkhausen method offers excellent
potential for rapid nondestructive measurement of
thermally induced stresses in continuously welded
rail.

b. Barkhausen readings vary from point to
point on the rail

c. Only nominal cleaning of the rail to
remove grease and sand is required.

d. Reproducible indications will require
careful repositioning of the Barkhausen probe.

e. Temperature of the specimen alone has

only a slight effect on the Barkhausen indications.

Recommendations
The author's recommendations are:

a. A field investigation should be con-
ducted to assess the effectiveness of the Bark-
hausen method for measuring stresses on in-track
rails at several sites.

b. The sites should be selected on the
basis of maximum temperature change within a
6-month period.

c. Barkhausen measurements should be
made at several locations around the cross section
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and at several locations along rails. The web
may be the best location for measurements because
this region is protected somewhat more than other
locations and is relatively flat.

d. Probes should be modified to include
a larger sensor (to average local variations) and
a fixture should be used for nrecise relocation
from time to time.

e. The hydraulic rail stretcher should
be used to obtain calibration data at rail meas-
urement locations.
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"The Application of a Nondestructive
Evaluation Technique Utilizing the Phenomenon of
Internal Friction for Detecting the Incipient
Failure of Railroad Rails Caused by Residual Stress"

L. L. Yeager
Daedalean Associates, Inc.
Before we get into the actual application of
residual stress, I will go through a little bit
of the background on the internal friction.

Figure 1 summarizes the basics of the
internal damping technique.

PRODUCTION QF A
SHORT PULSE OF
CHARACTERISTIC
FREQUENCY

MEASUREMENT OF
THE ATTENUATION OF
THE PULSE AT THE END
OF THE SPECIMEN

\\\\\

LENGTH OF PULSE

DETECTION OF
INCIPIENT FAILURES
DUE TO SCC OR
CORROSION FATIGUE

AND FREQUENCY
(EXPERIMENTALLY
DETERMINED)

FIGURE 1. INTERNAL DAMPING TECHNIQUE



FIGURE 2.

REPRESENTATIVE DAMPING DECAY CURVES INDICATING

CHANGES IN INTERNAL FRICTION FOR INCIPIENT CRACK DETECTION

In figure 2 are shown two typical decay
curves taken from the cathode-ray tube (CRT)
of an oscilloscope. The left-hand picture shows
a typical trace before a crack initiation. The
right-hand picture shows a typical trace after
crack initiation.

The actual measurements that have been taken
on these pictures are the fundamental measure-
ments used to determine the internal friction,
or specific, damping capacity number (to be
explained later), which is used in determining
residual stress in materials. In this figure,
it is important to note here the change between
the two pictures.

The specific damping capacity measurement
is taken from an input sinusoidal input to a
specimen. In figure 3, we see a log decrement
decay curve -- typical measurements that are
made and include an amplitude measurement, Ag,
taken at the initiation. Some amplitude, Ay,
would be taken a number of decay cycles down
the decay curve. The rest of the mathematics
involved AW divided by W, which we are calling
specific damping capacity and would be equal

to 1 - e % The log decrement, o, would be
defined as follows:
A
1 0
a = 1In ().
N AN
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[AW/W i = e™2
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FIGURE 4. CONFIDENCE LIMITS FOR NDE DATA

Other calculations are used for determining
the confidence limits taken on the specific
damping capacity measurements and are shown in
figure 4. Some of the parameters of the test

that are used are an estimated value, AV\II_V’ and

confidence limits about that estimated value.

The internal friction damping method utilizes
an experimentally determined pulse and a fre-
quency to apply to a particular specimen. At
this point, the specimen is insignificant.

The production of the short pulse is then
made on the specimen at the characteristic
frequency. The different instruments that are
used in both inputting and outputting this
particular pulse will be explained later.

Then we measure the output pulse, measure the
attenuation of that pulse at some location along
the specimen, and use that attenuation to deter-
mine different types of failures; the failure may
be some sort of environmentally assisted failure
or some form of mechanical failure.

The associated equipment shown schematically
in figure 5 includes, in the upper left-hand corner,
abeat frequency oscillator, that, in turn, is attached
to the frequency counter and some sort of a
gating system to gate a signal into a specimen.
In this particular case, there are a permanent

&
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FIGURE 5. NDE SYSTEM CONFIGURATION UTILIZING A COMPUTER-ASSISTED DIGITAL PROCESSOR
FOR PREDICTING INCIPIENT FAILURE IN U.S. NAVY COMPONENTS AND STRUCTURES



FIGURE 6.

magnet exciter attached to the test specimen,
an accelerometer (in this particular case, a
piezoelectric accelerometer) attached to the
test specimen, and a frequency analyzer that

is utilized for picking up the signal output
from the specimen, amplifying the signal, and
also for filtering out such unwanted transients
as noise.

A digital processor also is included (see
figure 6), and this would interface with the
system in a way of making the entire system
complete and automatic. Two other functional
pieces (shown in figure 5) are a storage oscil-
loscope and a level recorder for use in out-
putting some form of hard copy output.

Note the log decremental decay on the stor-
age oscilloscope screen (figure 7); the meas-
urement shown would be reproduced for analysis
at a later time. An additional method of out-
putting the data is shown in figure 8.

The digital processor (figure 6) enables you
to perform a real-time analysis of your output
signal using some fast fourier transforms for.
determining the specific damping capacity of your
material. This is a laboratory equipment set and
not necessarily something that would be taken to
the field.

Figure 9 is a general view of the IFD-NDE
hardware.

I will now cover a few of the different
programs that we have gone through in develop-
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DIGITAL PROCESSOR AND I/O.FOR AUTOMATING IFD-NDE DATA ACQUISITION AND ANALYSIS

ing this internal friction technique for applying
it to a number of different failure mechanisms.

In figure 10, we are showing data from a
bar specimen that was failed in flexure. The
specimen was notched. The specific damping
capacity data are shown exceeding the upper
confidence limit, indicated by the darkened
horizontal band. At this point in the test, -
the specific damping capacity number exceeded’
the confidence limit, thus indicating an
incipent failure. '

To define some of the parameters that we
had for this particular test, we see in fig-
ure 11 the cross section of the.bar specimen.
We see the crack growing from the root of a
notch and we see the change in the specific
damping capacity as a function of the crack
growth for this particular bar specimen.

Note that the change of the specific damp-
ing capacity is recorded as approximately 4,
and near the earlier stages of the test where
we had a 1,000th of an inch crack, it had
increased to somewhere around 4.5 to 5.
the specific damping capacity number was
increasing from that point throughout the
growth of the crack in the specimen.

Then

Some of the other applications included
in internal friction damping (IFD) background
would be a scale model offshore structure. As
shownin figures 12 and 13, we see the digital processing
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FIGURE 10. TYPICAL IFD-NDE DATA AND OSCILLOSCOPE
OUTPUT ILLUSTRATING ORDER OF MAGNITUDE CHANGES EXPECTED

y
FIGURE 11. SPECIFIC DAMPING CAPACITY (%%J VERSUS CRACK LENGTH (INCHES) FOR

1-INCH SQUARE x 12-INCH LENGTH BAR SPECIMEN FATIGUED IN THREE-POINT FLEXURE
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FIGURE 12. 1/14 SCALE OFFSHORE TOWER

FIGURE 13: ILLUSTRATION OF DIGITAL PROCESSOR
AS APPLIED TO OFFSHORE TOWER MODEL
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FIGURE 14. INPUT MINISHAKER

equipment applied to this structure. The
input device (the actual vibration of this
specimen was achieved through a permanent
magnet vibrator) is shown in figure 14.

The particular frequency of test is deter-
mined from the particular mode of resonance we
would care to look at and use for the pre-
diction of failure.

The piezoelectric accelerometer (figure 15),
here attached with a permanent magnet, is just
stuck on the side of the tower. No particular
preparation was made for applying the accel-
erometer to the tower. The accelerometer is
used in accepting data from the tower and
putting the data into the frequency analyzer
(possibly a frequency spectrum analyzer) and/or
the digital equipment for analysis.

The output data again being brought out of
the tower would be fed into the digital proces-
sor to be analyzed. The frequency, the signal
strength coming out, and the attenuation of
the signal coming out would be analyzed and a
determination of the type of failure would
be made.

The frequency domain was analyzed for the
purpose of determining frequencies of responses
at particular frequencies that would determine
whether a bar was failing because of an environ-
mentally assisted failure mechanism or because



FIGURE 15. MAGNETICALLY ATTACHED OUTPUT ACCELEROMETER

FIGURE 16. ELECTROMECHANICAL FATIGUE APPARATUS
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OUTPUT FROM FAST FOURIER TRANSFORM
PROGRAM SHOWING AMPLITUDE OF THE RESPONSE AS A
FUNCTION OF

FIGURE 17.

THE FREQUENCY SPECTRUM

FIGURE 18. TYPICAL QUTPUT VALUES OF THE SPECIFIC
DAMPING CAPACITY LISTED FOR AMEMBER AND A JOINT OF
THE SCALE MODEL OFFSHORE PLATFORM FOR THE
VARIOUS NUMBER OF CYCLIC LOAD CYCLES

of a stress corrosion, ¢racking corrosion,
fatigue, or other failure mechanism (such as
just pure torsional fatigue or pure flexural
fatigue). The fatigue apparatus is illustrated
in figure 16. It is intended to simulate the
actual failure mechanism experienced by the
offshore tower during its load cycle history.

The frequency domain is searched for )
responses, with typical specimens givi?g dif-
ferent responses at different frequencies.
This becomes evident in figure 17.

Notice in figure 18 the lower two sets of
data wherein we have taken data at two different
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FIGURE 19. IFD DATA FOR TOWER

frequencies -- 2,200 hertz and 2,500 hertz.
specific damping capacity remains relatively
constant at both of these frequencies. However,
as the member fails, as shown on the far right,.
the change at 2,500 cycles is one-half of the
change that-we see at 2,200 cycles. Again, the
particular type of failure mechanism would have
differing impacts, dependent on the frequency
of measurements.

The

Figure 19 shows the difference in the out-
put oscilloscope pictures taken at that point
in the failure of the tower, the lower picture
showing the specific damping capacity at about
64 x 10™* and the upper picture showing it at
about 15 x 10-%. Now, this fourfold increase
was actually generated before a 1,000th of an
inch crack was picked up on the particular
member that we were failing in this structure.

The offshore structure had numerous input
and output locations. The data that we gen-
erated were for eight input locations with
eight output locations.

We are doing some work in the area of deter-
mining differing types of failure in drillstring
pipe for Dr. Reeber of the U.S. Department of
Energy. This work involves our applying the
internal friction technique to drillstring pipe.
These pipes are approximately 32 feet long, with
an outside diameter of 4) inches and tool-joint
ends that are approximately 6% inches in diameter.
The tube of the pipe and the tool-joint ends are
of differing strength materials. The tool-joint
ends have been hardened. The field application
has to withstand differing environmental condi-
tions. We found the technique to be very sensi-
tive even in extremes of hot, cold, and bad
weather, etc. In this case, the input frequency
is achieved through the discrete contact of the
drillstring pipe with a permanent magnet vibrator,
and the output is picked up through, again, the
piezoelectric accelerometer attached with a per-
manent magnet (see figure 20). The pipes are
vibrated approximately 500 cycles per second.

In figure 21, an actual field pickup is being
placed on the pipe.



FIGURE 20. LABORATORY OUTPUT DEVICE FOR DRILLSTRING PIPE PROGRAM

FIGURE 21.

OUTPUT DEVICE FOR DRILLSTRING PIPE PROGRAM AS USED IN THE FIELD
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Differing types of failure mechanisms are
found in these particular pipes; some of them
are environmental and some of them are purely
mechanical.

Hydrogen sulfide is an environmental hazard that
the drilling industry comes up against indrilling
through H,S gas. It tends to embrittle the pipe, caus-
ing a brittle fracture in the pipe.

The internal friction technique is sensitive
to this environmental parameter. The actual
embrittlement of the pipe is picked up in a
gross form throughout the length of the pipe,
with the internal friction technique showing a
very marked change in the response of the pipe.

In figures 22 through 25, we see the data
that were generated. The important thing to
note here would be the different types of
failure mechanisms that have been measured
and the different responses to these differ-
ing failure mechanisms.

In figure 22, we show data for a new pipe.
The slope of this line is the important thing
to be looking for. In figure 23, we see for
a slightly used pipe (in the terms of use out
in the oil field, this pipe had very little
usage) a very marked change in the slope of

FIGURE 23. Ay/Ay VERSUS NUMBER OF DECAY CYCLES the AW value. We see again the confidence

SHOWING CONFIDENCE LIMITS FOR USED PIPES oW . .
(5,000 FEET OF USE) limits about this data. Figure 24 shows

comparable data for other used pipe.
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FIGURE 25.

‘The internal friction technique showing"
a response to these different failure mech-’
anisms is plotted out on a form that shows
different failure mechanisms together in the
same specific damping capacity plots (fig-
ure 25).

All pipes start out at approximately the
same point, these points being average values.

The internal friction damping of these pipes,

changes significantly for different failure
mechanisms. The particular failure mechanism
of hydrogen sulfide in figure 25 is shown as
the most severe.

Illustrated in figure 25 is the failure
mechanism versus some length of use of the pipe
and in taking a measurement, what we are show-
ing here is that one does not necessarily have
to have a baseline. One does not necessarily
have to have the complete history of a pipe to
go out and pick up a particular failure
mechanism.

The internal friction damping technique is
more of a comparative type of technique wherein
we are looking at different points in time and
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35 EMBRITTLED

" COMBINED FAILURE -
ODES

FEET OF USE VERSUS AVERAGE SPECIFIC DAMPING CAPACITY FOR ALL GROUPS MEASURED

we are assessing the specimen for different
points in time and the specific damping capac-
ity number would not necessarily have to have
been followed through from the 1ncept10n of
use of the specimen.

What is evident above is a case of fail-
ure of the drillstring pipe. One could go out,
take a measurement on that particular pipe,
come back at a later point in time (so many
more feet of use), take another measurement
on that particular pipe, and then assess the
location of that pipe in the history of its
use; whether or not it is at 20,000 feet,
30,000 feet, or 50,000 feet would then become
basically insignificant. But you would tell
how fast you were approaching failure with
that particular pipe.

Again, we have some combined failure modes.
It would not necessarily have to be purely, say,
a torsional fatigue or a bending fatigue or a
hydrogen sulfide pipe.

One of the important things here that we
picked up is that a complete history or a com-
plete background history of the pipe is
important -- but not completely necessary.



SPECIMEN NUMAER 11 .
REXTMIM LOAD = 15,500 (85,
WAXIMUM STRESS ~ 209,250 PST

FIGURE 26. CHANGES IN SPECIFIC DAMPING CAPACITY AS A FUNCTION OF LOADING CYCLES OF
INCREASING APPLIED LOADS FOR A WELDED SPECIMEN IN THREE-POINT LOADING

[ AT
MALIMIN ORT - 585 LS
MR LA - A, 00 L85

HRXTMIM STRISY - DV, 7R S

CHANGES IN SPECIFIC DAMPING CAPACITY AS A FUNCTION OF LOADING CYCLES

FIGURE 27.
FOR A WELDED SPECIMEN IN THREE-POINT FATIGUE LOADING AND 114,750 PSI MAXIMUM STRESS
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FIGURE 28. CHANGES IN SPECIFIC DAMPING CAPACITY AS A FUNCTION OF LOADING CYCLES FOR A
WELDING SPECIMEN IN THREE-POINT FATIGUE LOADING AND 195,750 PSI MAXIMUM STRESS

FIGURE 29. APPLICATION OF IFD TECHNIQUE FOR
MEASURING RESIDUAL STRESS IN STEEL RAIL
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The bulk of the information that I am trying
to convey is the measurements of residual stress.
In figure 26, we see a basic curve developed for
differing stress levels and we see specific damp-
ing capacity measurements on the left-hand side
for differing numbers of cycles applied. We are
showing the residual stress phenomenon here for
l-inch-square bar specimens. We see a specific
damping capacity number generated for an indi-
vidual bar specimen. In figure 27, we see
the number developed as approximately 6.

In going back to the master curve that we
developed, we follow 6 across and we see the
number of applied load to be approximately
8,500 pounds.

Then in going back to our measured bar, we
find that the actual applied load was, indeed,
8,500 pounds. This would indicate that the
specific damping capacity or internal friction
damping number may be used to determine the
residual stress in materials.

We again applied this at a higher load. 1In
figure 28, we came up with the number 15. With
that number, when applied back to the actual
master curve, we find a variation of a few per-
centage points away from the actual data taken.

This application of the residual stress to
the specimens provides the incentive for using
this particular technique as a measure of
residual stress in steel rail specimens, as
illustrated in figure 29.

"The Effect of Axial Load on the
Flexural Dynamic Response of a Rail''*

Richard Lusignea
Fred Prahl
Ken Maser

Foster-Miller Associates
Introduction

The axial force in continuously welded track
that develops as a result of temperature changes
can have a considerable effect on track safety.
High compressive forces can increase track
deflections due to moving vehicle loads and
ultimately cause track buckling. Consequently,
there is considerable interest within the rail
industry in developing a simple instrument for
rapidly and nondestructively evaluating the
axial stress in track.

Among the techniques that have been con-
sidered for performing such are ultrasonics
(measuring the effect of axial load on shear
and dilatational wave speeds), X-ray diffraction,

and resonant frequency/phase velocity measurements.

It is the last-named technique that is con-
sidered in this paper. A transversely vibrating
beam decreases in resonant frequency with increas-
ing axial force. By measuring the resonant fre-
quency of a beam and comparing it to a reference

*Presentation at conference delivered by
Ken Maser.
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value, one can determine the axial force in the
beam. The same is true for any structure where
an in-plane load is coupled with a transverse
deflection. In fact, the resonant frequency
method is a standard nondestructive technique
for determining buckling loads in structural
components.

Railroad track can vibrate in a number of
transverse modes. From a rail/vehicle dynamics
point of view, the mode of interest is the rail
vibrating as a continuous beam on an elastic
foundation. Here, the fundamental resonant fre-
quencies are low (< 100 hertz). They depend
strongly on the properties of the fastener, tie,
ballast, and subgrade, and the fundamental mode
does not involve flexure of the track. This
mode, therefore, is not useful for an axial
stress measurement.

The higher the mode, the less sensitive are
the resonant frequencies to the properties of
the fastener, tie, ballast, and subgrade. Thus,
the higher frequency range (500-20,000 hertz)
may be useful for axial stress evaluation. In
this range, however, the wavelengths are still
long enough to make the method less sensitive
to small flaws or changes in metal grain
structure than either ultrasonic waves or X-ray
diffraction techniques.

Dynamic Behavior of a Finite Rail

As a first step towards determining the effect
of axial load on the dynamic response of a rail,
a program was carried out to evaluate the resonant
frequencies of an unloaded 10-foot section of 130-
pound rail, both experimentally and analytically.
It should be noted that field measurements on
in-situ rail will probably involve measuring the
phase velocity of flexural waves rather than
resonant frequencies, because continuously welded
rail approximates an infinite rail that supports
only traveling waves. However, resonances of a
finite rail and the phase velocity of an infinite
rail are intimately connected in that resonances
are essentially standing waves made up of travel-
ing waves reflecting back and forth between the
ends of the rail. The particular traveling waves
that reinforce each other to form the standing
waves or resonances have wavelengths that are
integral multiples of the rail length. It was
feasible, therefore, to use a finite rail for
the first phase of this program.

Theory. Previous work [1] has indicated that,
for frequencies above 1,000 hertz, the effect of
rail fasteners, ties, and ballast on the vibra-
tion of a rail is very small. For this reason,
our analysis and measurement program concentrated
on the rail's dynamic behavior in the 1,000-
10,000 hertz range. Because wavelengths in this
frequency range are not large compared with the
rail's cross-sectional dimensions, Bernouilli-
Euler beam theory is not accurate enough. A bet-
ter approximation is Timoshenko beam theory,
which includes the effects of shear and rotary
inertia, although it is still a one-dimensional
model for a three-dimensional elastic body.



Consider a beam with area A; second moment of
the cross-sectional area about the neutral axis,
I; Young's tension modulus E; shear modulus G;
and density p. The equations of motion for the
Timoshenko theory [2] are

2 {3%n 3 \_ 3%n
a1 x4 ax | ot%

n2 ~ 2
2 3% 2 . 2 fon _ _ 9%
o AR ) e (1)
where alz - K& ,
P
2. E
ap o’
2. A
k=1

k = a numerical factor that depends on
the beam's cross-sectional shape,

n = the transverse displacement, and
¢ = the rotation.

This set of equations leads to the following
dispersion relation:

o - w2 [a‘Z (kz + k02> + af kz]
B (2)

2% -
+a1232k—0

For an infinite beam, k = 27/X, the wave

number. For a simply supported finite beam,
kn = %F , where L is the beam length and n is

the mode number. These are the eigenvalues of
the finite beam problem. Note that a plot of

w versus k from equation (2) for the infinite
beam would result in continuous lines, while

w versus kp for the finite beam would produce
discrete points that lie on the same lines.
Because the dispersion relation is a quadratic
in w?(k?), it has two distinct branches. The
phase velocities corresponding to these two
branches are shown plotted as a function of wave
number in figure 1 and as a function of fre-
quency in figure 2. Note that there is a cutoff
frequency below which only mode 1 exists.

An exact analysis of flexural waves in beams
using the full three-dimensional theory of
elasticity has been found only for circular rods.
The mathematics are too complex to allow an exact
solution even for a uniform beam with a rectangu-
lar cross section. It is worthwhile to examine
the phase velocity plot for circular rods, shown
in figure 3 [3], [4] because we expect the rail
to show somewhat similar behavior. Shown for
comparison are the same curves for Bernouilli-
Euler theory and Timoshenko theory. Although
Timoshenko theory accurately predicts the first
propagation mode, it does not predict higher
modes accurately; it only predicts one higher
mode when in fact there are an infinite number
of which two are shown as solid lines in figure 3.
Notice also that Timoshenko predicts that the
higher mode approaches the longitudinal wave
velocity, vE/p, assymtotically, while exact
theory predicts that the shear wave velocity,
YG/p, is the limit. Because of the frequency
range in which our measurements on the finite rail
were made, we expect to find the type of behavior
shown in figure 3. It should also be noted that,
because there are many propagation modes that
combine at a given frequency or wave number, the
displacement pattern can become very complex,
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involving translation, rotation, and distortion
of the rail cross section. Such behavior was
observed and is discussed below.

Measurements. Frequency response measurements
were made on the test rail with the following
objectives:

a. Determine what effect the length of
the test rail has on resonant frequencies (free-
free beam harmonics), and how to extrapolate test
results on a finite rail to predict behavior for
an "infinite" continuously welded rail.

b. Define other "internal modes' of
vibration that may show changes in resonant fre-
quency dependent on axial force.

The measurements were carried out on a 130-
pounds-per-yard P.S. (Pennsylvania Section) rail,
10 feet in length. The rail was supported by
3/16-inch-thick neoprene pads placed on a work
bench at Foster-Miller's shop facility. A
Wilcoxon model F7/Z7 shaker impedance head was
used to excité the rail and to make resonance
and mode shape measurements. A Wavetek sweep
frequency generator was used to drive the piezo-
electric shaker. A Wilcoxon model 165 accelerom-
eter was used to make the necessary mode shape
measurements.

Figure 4 shows the setup used for resonant
frequency measurements. The frequency range,
1-10 kilohertz, was swept very slowly (approx-
imately 20 minutes for a complete sweep) with
the shaker impedance head mounted at each of
five locations at the center of the rail, as
shown in figure 5.

Figures 6 and 7 show the responses for the
head vertical and head horizontal points only.

The resonant frequency plots are more precisely

dynamic compliance plots, in that the graphs show
displacement divided by force as a function of

frequency. Peaks on the graphs indicate resonances
where the structure vibrates with relatively large
amplitude and small force. The amplitude of vibra-
tion is measured indirectly by double integration
of the acceleration signal from the impedance head.
The force is measured by a piezoelectric force
transducer in the impedance head and is of the
order 0.01 to 1 pound.

The next step in the laboratory tests was to
determine mode shapes at the observed resonant
frequencies.

The mode shape describes how the structure
vibrates when driven at a resonant frequency.
It shows points of maximum displacement and points
of no displacement (nodes)}. When a pure mode is
excited, all points on the structure that are not

—-—~-~Timoshenko Theory

2.4 ' ———— Exact Theory
-—-..— Bernoulli-Euler Theory

Phase Velocity (C/Co)

. T I ! T 1
] 02 04 06 08 1.0 12
Inverse Wavelength (a/i)

FIGURE 3. PHASE VELOCITY CURVES FOR FLEXURAL
ELASTIC WAVES IN A SOLID CIRCULAR CYLINDER
OF RADIUS a (from Y. C. Fung, Foundations
of Solid Mechanics, Englewood Clifts, New Jersey:
Prentice-Hall, Inc., 1965)
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FIGURE 4. FREQUENCY RESPONSE MEASUREMENT SETUP

nodes are either in phase with the driving point b. Vertical Excitation, Head and Foot:
or 180 degrees out of phase. Mode shapes were
determined both longitudinally and around the (1) V; - Pure rail flexure

cross section at the driving point.
(2) V, - Foot behaves as a plate

Figure 8 shows the setup for making longitudi- driven at the center.
nal mode shape measurements. The resonant fre-
quency is found, and then the roving accelerom- (3) V3 - Head and foot act as
eter is moved down the rail away from the driving independent beams coupled by the vertical stiff-
point. The value of AR/Ap (AR = acceleration of ness of the web.
roving accelerometer, Ap = acceleration at the
driving point) is plotted as a function of posi- (4) F, - Foot behaves as a long plate

tion of the roving accelerometer, and the phase driven at one edge and built in at the other.

relationship between AR and Ap is determined by

monitoring the two on an oscilloscope. As the 4

rail was excited at the center, we observed only

the odd-numbered modes; the even modes of a free-

free beam have a node at the center (see figure

9). Typical reduced data for representative mode

shapes with horizontal and vertical excitation

are shown in figures 10 and 11. 2

Figure 12 shows the setup_for making cross-
sectional mode shape measurements. Instead of
AR/Ap being plotted directly, the two were tabu-
lated for eight points around the cross section.
Figure 13 shows how a mode shape is plotted from
such a table. These shapes (shown in figure 14)
can be described as follows:

a. Horizontal Excitation, Head and Web:

(1) H; and Hy - Flexure and torsion
of the rail combined with static deformation of
the cross section.

(2) Hz - Head and foot act as
independent beams coupled by the bending stiffness 1 - AR
of the web. 130-1b RAIL SECTICON

(3) W; - Bowing of the web. FIGURE 5. LOCATIONS FOR IMPEDANCE HEAD MOUNTING
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The results of the measurement program are
summarized in tables 1 and 2. Figures 15 through
17 are plots of phase velocity versus frequency
for each of the four excitations. These plots all
have a strong similarity to that shown in figure
2. In fact, for vertical excitation at the head
of the rail, the cutoff frequency for mode 2 of
Timoshenko theory may be calculated from figure 2
1 /<GA

or f = , assuming that

as w = a1k, 7 VT

k = 0.39 and f = 5198 hertz, which agrees with
the measured cutoff frequency shown in figure 15.

Effect of Axial Load on Resonant Frequencies

Theory. According to the theory and the meas-
urements presented above, higher order propagation

92

modes than those predicted by Timoshenko beam
theory occur in rail sections excited in the 1-10
kilohertz frequency range. Because the exact sol-
ution is not obtainable for a beam with a cross
section as complex as a rail's, another analytical
approach must be found. The observed cross-section
deformation and some analytical work performed by
Goldstein [5] raised the possibility that the rail
could be modeled as simpler beams vibrating on an
internal elastic coupling. Some possibilities are:

a. The rail head vibrates horizontally
or vertically on the web while the foot remains
stationary (considered by Goldstein).

b. The head and the foot behave as
Bernouilli-Euler beams vibrating on the elastic
foundation of the web.
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It was hoped that these relatively simple with the following boundary conditions at x = 0:
models would agree with the observed resonant 3 n in X
behavior of the rail and provide an analytical EI 3_‘; =L P 1wt and L 0
framework for calculating the effect of axial dx 2 3x
load. Here, x = distance along rail axis,

E = the modulus of elasticity in 1b/in2,

In order to model the rail head vibrating on I = moment of inertia of the rail in in®,

the elastic foundation of the web with axial load, P = axial load in rail (positive for

Goldstein [5] considered the compliance of a compression),

Bernouilli-Euler beam on an elastic foundation k = foundation modulus in 1b/in2,
subjected to a compressive axial load. The W = displacement of rail,
governing equation is p = load applied at x = 0, and
& = radian frequency.
EIH+P£¥-+RW+Q§2{=~O, (3) . .
9x ax at The most important result of this analysis is

that there two resonant frequencies for this case:
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and w, = wl\/g-

where w; is the resonant frequency of the rail
moving as a rigid body on the elastic foundation,
and wy, is identified with the buckling load.

Note that,if P = Pgp, then wy = 0, whereas, if

P = 0, then wy = w; and there is only one
resonant frequency.
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In contrast with the infinite beam on an
elastic foundation with axial load as discussed
above, we will now consider a simply supported
finite beam on an elastic foundation and sub-
jected to axial load [6]. If Bernouilli-Euler
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theory is assumed, the governing equation for
this case is identical to equation (3), but for
a finite beam of length, L, the boundary condi-
tions for simple supports are as follows:

Y(0) = Y"(0)

0, and Y(L)
(5)

Y"(L) = 0.
Assuming a steady-state solution, mode shapes
satisfying equation (5) are

nmwx
——L .

Substitution of this in equation (3) yields the
following result for resonant frequencies:

Y{(x) = sin
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Mode| f : 7

No. | (H2z) 1 2 3 4 5 6 7 i 8

7 960 1.0 0.85 10.23 | ~0.42 : —-0.61 | —-0.96 [ - 0.65

9 1446 : 10 10.25:1.25 1095 | -0.45 ! -0.75: - 1.00 I' - 0.35
i1 |{1970{1.0 |0.13 10.90 {0.48 { —~ 0.32 | — 0.50 'f - 0.76 | — 0.18
13 {2598!1.0 |0.17 11.33 :10.33 : ~ 0.27 | — 0.47 | - 0.60 l - 0.27
15 313410 [0.47 [ 1.35 10.70 | ~1.41 | — 2.18 l - 2.82 - 1.18

A H{) TYPE VIBRATION

FIGURE 13. HORIZONTAL EXCITATION CROSS-SECTIONAL MODE SHAPE (EXAGGERATED)
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TABLE 1. SUMMARY OF VERTICAL VIBRATION MEASUREMENTS

DRIVING AT HEAD, VERTICAL DRIVING AT FOOT, VERTICAL
f n A Vph f n A Vph
Hz in. 11000 ips Hz in.| 1000 ipsg
1158 51 43.6] 50.5 v, | 1158 | 5 |113.6] 50.5
1841, 7] 32.0f 58.9 1530 | 7 | 32.0{ 49.0
vy | 2520 9] 25.3] 63.7 1760 3 | 68.6| 121.
3149 | 11| 20.9! 65.8
3730 | 13| 17.8| 66.4 vy | 1849 7| 32.01 59.2
4231 | 15| 15.5| 65.6 2073 | 5 | 43.6| 90.4
5467 71 32.0] 175 2175 9 | 25.3] 55.0
5679 9| 25.3| 142 2430 | 7 | 32.0| 77.8
5830 | 11| 20.9| 122 v, 2520 | 9 | 25.3] 63.8
3962 7] 32.0p 131 2775 |11 | 20.9| 8.0
6060 | 11| 20.9| 127 v
v, |e202| 13| 17.8] 110 1 | 3149 |11 | 20.9] 65.8
6491 | 15 | 15.5{ 101 3686 |17 | 13.7| 50.5
7060 | 17| 13.7| 96.8 4034 |17 | 13.7| 55.3
7507 | 19| 12.3| 92.4 4193 |19 | 12.3| s1.6
7889 19 12.3| 97.1 v, |4231 |15 | 15.5] 65.6
8168 | 21| 11.2| o91.2
8762 | 23 | 10.2| 89.5 4412 |17 | 13.7] 60.4
94321 25| 9.41 88.8 4667 121 | 11.27 52.3
4943 |19 | 17.3] 60.8
vy, |9960 | 5| 43.6| 435. 2995 119 | 12.3] 1.4
f = frequency » = wavelength
n = mode number Von = phase velocity
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TABLE 2.

DRIVING AT HEAD, HORIZONTAL

b n A Vph
Hz in. (1000 ips
960 32.0 30.7
1445 9 25.3 36.6 H
1
1970 11 20.9 41.2
2550 13 17.8 45,4
2775 9 25.3 70.2 H,
3135 15 15.5 48.6 H1
3795 11 20.9 68.8. H
3810 | 15 |15.5| 60.0 | 2
4335 17 13.7 59.5 Hl
4860 15 15.5 75.3
5675 21 11.2 63.3
6400 23 10,2 65.4
6420 |. 23 10.2 65.6
7155 25 9.41 67.3
7890 27 8.73 68.8
f = freguency
n = mode number
A = wavelength
Vph = phase velocity
2 5
f; = 5.%%51_ {} + k(A /2m"
(6)
- P*(xn/2w)2],
2 _ EI =2 -
where a“ = oL" ° * ET ° and the other param

eters are as defined in the above discussion of
the finite beam on an elastic foundation with
axial load. The percentage decrease in fre-
quency attributable to axial load is given by:

(1—%)x100=%

where

e. - \/ Lok Cn/2m) | @)
' L+k*(Ay/2m) *-P* (A,/ 2m)
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SUMMARY OF HORIZONTAL VIBRATION MEASUREMENTS

WEB, HORTZONTAL

DRIVING AT

f n A Vph
Hz in. |1000 ips
1445 9| 25.3]. 36.6
1538 43.6| 67.0
1760 3]68.6| 121.
1970 | 11} 20.9| 41.2
2073 5143.6| 90.4
2433 32.0| 77.8
2550 | 13| 17.8| 45.4
2769 25.3| 70.0
2868 25.3| 72.6
3135 | 15 | 15.5| 48.6
2376 | 11| 20.9| 70.6
3687 | 17 {13.7{ 50.5
4035 | 13{17.8| 71.8
4188 | 15{15.5| 67.9
4267 1 {160. | 683.
4335 } 17 ]13.7| 59.4
4414 68.6 | 303.
4652 43.6 | 203.
4945 | 19 ] 12.3| 60.2
4998 7132.0/| 160.

This is plotted in figure 18 for two of the meas-
ured higher order modes. Although, as shown
above, Bernouilli-Euler beam theory is not ade-
quate to describe the dynamic response of a rail,
it does allow an order of magnitude estimate of
the effect of axial load.

We will now consider some more exact theories,
beginning with two beams separated by an elastic
foundation.

To obtain simply the quantitative effect of
axial load and to obtain the modal shapes, we
consider a simply supported beam system as shown
in figure 19. Here, one beam represents the rail
head, the other the rail foot. The web is modeled
as an elastic (massless) coupling with stiffness
k. The governing equations are as follows:
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where m; = pA;, my = pA,, and all constants are
as defined under equation (3) above. The solu-
tion for this system is
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and the frequency-wavelength relation is
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Equation (9) can be rewritten in terms of the
beam parameters and the axial stress in each beam
due to the axial loads, Py and Pj:
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Note that, if o;x = ogyx, then the axial stress
term under the square root sign equals 0.

Another more exact theory involves the effect
of axial load on Timoshenko beam theory. The

governing equations for a Timoshenko beam sub-
jected to axial load are

2 [9%n _ 3¢\ _
a1 (;x‘ ax)
£ a2 k2 (g—g - ¢)

3%
at2

52n
3t2

, and

(11)

>

where n is the beam's displacement, ¢ is its
rotation and

N
s
o ~l3
N

k1?2 = k=55,

©

—
-

>

The dispersion relation, including the axial load,
is

w* - w?'[élz(kz + koz) + azzkz]
(12)

):o.

This is in the same form as equation (2),
except for the appearance of the axial load
effect in the last term. Equation (12) may be
used to find the phase velocity,

k2
322k2

+ ayZa, 2k" (1 -

- 1 2 —I_ 2 ! E 2
Vph 75__]: [wo (Ak +1)+pk:,
: E 2
: [%2 (ke ) - s“z] (15
—

a
e [T (E) %x
- 4m°k [A(p) p]

where oy is the axial stress.

Hore insight into the physics of the problem can
be gained by considering the effect of an elastic
foundation on an axially loaded rail. As shown in
the discussion of the two preceding theories, the axial’
stress appears in the frequency or phase velocity
relations as a term on the order of o/p added to
a term on the order of E/p. o¢/p is much smaller
than E/p for loads that approach the track buckling
load. The effect of an elastic foundation is to
lower the E/p, as is indicated below. We will use
Bernouilli-Euler theory because it clearly demon-
strates the effect. The phase velocity for a
simple beam on an elastic foundation is as follows:
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Cy and Cy are shown plotted versus wave number in
figure 20. The effect of the elastic foundation
is to provide a dip in the C; curve where C; and
C> become relatively close in value.

- ET ;2
vph = [pA k* +

(14}

~ Measurements on Axially Loaded Rail. Measure-
ments were made on an axially loaded 10-foot rail
section with the following objectives:
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a. To determine expérimentally the sen-
sitivity of the rail's dynamic response to axial
load.

b. To validate the analytic models
considered.

c. To see if there may be nearfield (that
is, nonpropagating) effects that were not accounted
for in the analysis and that may be sensitive to
axial load.

The measurements were carried out on the same
10-foot rail section used for the program described
in the above discussion of cross-sectional mode
shapes. A simple fixture, shown in figure 21 was
designed and built to provide compressive loads up
to 200,000 pounds. Figure 23 is a photograph of



300+

)

S 200 |
S
s i W
x | !
3 |
@ |
£ 150. by
.2' 3
.g \
3 \
@ \
3 100- N
& \
H N
[} z i— \\
0 P ° HJ \\-
rd R —
50 1 /// -
// H1
yd
//
0 ] 1 T 1] T T ] T== T 2 B
0 1 2 3 4 5 ] 7 ) 9 10

Frequency (kHz)

FIGURE 17. PHASE VELOCITY VERSUS FREQUENCY:
HORIZONTAL EXCITATION AT WEB

the test fixture with rail in place. The fixture
consists of two 3-inch steel plates connected by
four 1-3/4-inch diameter steel rods welded to the
plates (see figure 21). The overall length of
the fixture is approximately 11 feet 3 inches.

A third 3-inch plate, free to slide on the rods,
is located between the two fixed end plates. The
10-foot rail fits between one of the end plates
and the sliding plate, supported by angle irons
mounted to the plates. Between the sliding plate
and the other end plate is placed a 100-ton
Enerpac hydraulic jack connected to a hand pump.

Figures 23 and 24 show the jack and the hand pump.

The jack loads the sliding plate, which in turn
loads the rail.

The equipment used to excite the rail and to
measure its response is the same as described in
the discussion of cross-sectional mode shapes.
Loads in the rail were monitored with three
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strain gage bridges, the output signals of which
were sent to a Vishay model SB-1 switch and bal-
ance unit and a Vishay model P-350A strain
indicator. One bridge measured axial load and

the other two measured bending moments about the
vertical and horizontal axes. Figure 25 shows the
strain gages mounted to the rail, as well as the
Wilcoxon impedance head used to excite the rail.
Figure 26 shows the strain gage signal condition-
ing equipment.

The pressure applied to the hydraulic jack
was monitored by a pressure gage, and axial load
was recorded during testing by noting the hydrau-
lic pressure (this was more convenient than read-
ing strain). The relationship between hydraulic
pressure in pound-force per square inch (psi) and
axial load in thousand pounds-force per square
inch (kips) was determined from strain gage meas-
urements (see figure 27) and was found to be linear.
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In addition to axial load, bending moment was
measured using strain gages at the center of the
rail, and was found to be negligible (equivalent
to a 200-pound lateral force) compared to axial
load (214,000 pounds).

Measurement of resonant behavior and associ-
ated longitudinal and cross-sectional mode shapes
was carried out in the same fashion discussed
above. Data were collected systematically by
driving the rail at the five points shown in
figure 5 at axial loads from 0 to 221 kips.

The resonant frequency and wavelength were meas-
ured and recorded and the phase velocity was
calculated. Table 3 shows a typical set of
recorded and reduced data.

The reduced data are presented in the fre-
quency versus phase velocity plots of figures
28 through 31. Each plot was made from data
gathered with excitation at one of four driving
points and load levels from O to 185 kips.

HYDRAULIC
CYLINDER

The fundamental modes of cross-sectional
vibration shown previously in figure 14 were
again observed, and their sensitivity to axial
load was investigated. Although the resonant
frequencies of the rail appeared to shift greatly
with increased axial load (see figure 32, for
example), computed phase velocities did not vary
proportionately. We believe that the frequency
shifts are due to the changing end conditions of
the rail in going from O kip to the 185-kip axial
level. Phase velocity is independent of end con-
ditions because shifts in frequency are accompanied
by compensating shifts in flexural wavelength.
Thus, deviations from the phase velocity behavior
of a particular mode should be a true indication
of axial load dependence, whereas deviations in
resonant frequency alone are artifacts of the
experimental setup.

We did not observe significant or consistant
deviations in phase velocity behavior as a result
of increased axial load. This is illustrated in
figure 33, which shows that frequencies and phase
velocities do shift as a result of axial load but
remain very close to the curve defined by the
locus of zero load points.

Other changes were noticed that are not as
quantifiable as the phase velocity curves. These
are briefly described below:

a. Irregular longitudinal mode shapes
occur when the rail is under load. The 5-7 kilo-
hertz range with foot vertical excitation exhibited
several longitudinal mode shapes with irregular
spacing of nodes.

b. Poorly defined longitudinal mode shapes
appear under load. The 5.5-6.0 kilohertz range
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FIGURE 21. TEST FIXTURE TO PROVIDE AXIAL LOAD ON RAIL
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HYDRAULIC PRESSURE (1000 psi)

RELATIONSHIP BETWEEN HYDRAULIC
PRESSURE AND AXIAL LOAD IN RAIL




TABLE 3. TYPICAL SET OF RECORDED AND REDUCED DATA

DRIVING POINT:

HEAD VERTICAL

AXIAL LOAD: 3000 psi = 70 kip
Measured Measured Computed
Frequency Wavelength Phase Velocity
(kHz) (in) (1000 ips)
1754 33.10 58.06
1860 32.57 60.58
2421 26,10 63.08
3035 21.60 65.56
3623 18.36 66.53
4146 16.00 66.34
6809 14.13 96.23
250 -
o
o No Load
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with head vertical excitation showed clearcut
longitudinal mode shapes without load, but nodal
points could not be determined with the rail
under load.

c. Resonant peaks were attenuated in the
1.0-1.5 kilohertz range at all driving points
under load.

d. The average level of the frequency
response curves changed proportionately with
load at certain ranges between resonant peaks.
This indicates that changes in axial load may be
more easily inferred from the dynamic compliance
than from phase velocity measurements.
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