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INTRODUCTION 

This report gives the r~sults of the second phase of a t~.,o phase 

study investigating the potential usefulness of ultrasonic wave vel)city 

changes as a :.1etnod f:lt: ~11easuring stress variations in rail·road rail. 

Phas8 ona restilts have been previously reported [1]. 

Purpose 

The work perfon1ed under this contract had a dual objective. One 

was to st.::udy the effect of applied stress on the propagation of ultra

sonic pulses in high carbon, railroad quality rail steel. This \"las ac

co;nplished by the experimental measurement of the acoustoelastic effect 

for bulk \vaves and guided 1-1aves in samples of rail steel. The major 

objective, however, was to initiate research utilizing ultrasonic pulses 

that will result in techniques adaptable to the in-situ me~surement of 

longitudinal stresses. It is contemplated that these tests can be per

formed w:th both a small portable devi~e si~ilar to e3isting ultrasonic 

fla1<1 detection instruments. Measurement.'! via a test car moving at standard 

operating speeds will be more difficult since probe contact on the rail 

web is required. Measurement of these stresses will enable operating 

railroads to locate highly stressed areas in rail. These highly stressed 

areas often cause rail and track deformation and are a rnaj.::>r cause of 

d·::!railments. 
Background 

The overriding goal of the project was to develop a tech-

nique for in-situ measurement of rail stresses caused by changes in ambient 

temperature. The expansion and contraction of :naterials with temperature 



.:hange is well known phenomenon. Thia is particular.ly ~1oticeable in 

railroad rails since they are exposed to the full range of outdc.•or tem-

o 0 0 0 
pe~atur~s, typically 47.7 C to -41.7 C (118 F to -43 F). Actual ~ail 

temperature is often much higher than the ambient because of the absorption 

o ::= cadi ant heat from the sun [2]. 

The effect of the rail expansion and contraction is ·11· ce notice-

able in continuous welded rail than in bolted (or jointed) raiL Rehtive 

m;1tion :11ithin the joints in bolted rail can prevent high stresses f ,,J 

occurring. High maintenance costs and the propensity for fatigue cracks 

at the joint, plus the occurrence of end batter on the rail have all led 

to the replacement of this type of rail with continuous welded rail (CWR). 

In most cases, these strings of CWR are 439 m (1440 feet) long. These 

ra:.ls, while clearly superior to the old jointed rail, do nat have the 

ability to release the expansion and contraction forces through linear-

movement:. Instead, this is accounted for py changes in .the internal 

stresses of the rail. Typical high temperature stresses for properly 

'2 
install2d rail have been estimated to be near 83.7 MN/m (12,000 psi) 

[ 3 J. 

Normal installation practiqe u~ually considers the annual tern-

perature -range of the loc<ltion and th~ t:empet&ture of the rail at the 

time of installation. An attempt is made to adjust the installed stress 

level to such that the rail will not e~ceed acceptal:>t: co1.1p~essive or 

tensile stresses throughout the annual t:emperature range. This estimate 

of installation stress level is, at best, guess\-70rk based on prior ex-

peri.ence. During periods of extreme temperature~ track personnel must 

maintain a vigil over the rail in order to detect overstressed conditions. 

2 



The judgement of overstressed conditions is based <:>n the ability of an 

individual inspector to detect such a situation. 

When the temperature is high and rail expansion has created 

excessive longitudinal compressive stresses in the rail, it is primed 

for buckling. Track buckl i.ng occurs because rails react to a;dal loads 

much like any structural column. A perturbation such as an additional 

temperature increase or tra:i,n motion can trL.gger the lateral buckling. 

Extreme cold puts tensile stresses in the rail. If the rail stresses 

are not properly adjusted upon installation, these low temperature 

tensile stresses can create forces sufficient to pull apart welded joints. 

A more detailed discussion of this behavior Ls contained in references 2, 

3, 4 and 5. 

A 1-1ell-documented accident that 1-1as attributed to track buckling 

occurred at Glen Dale, Maryland on 28 .June 1969, when the passenger train, 

the Silver Star, derailed while running at a speed between 134 and 138 km/hr 

(83 and .35 mph). In this instance HL~ of the 541 passengers were treated 

at area hospitals for injuries. This derailment occurred at 38°C (100°F) 

temperature on Penn Central track which regularly handled the Metroliners 

travelling at speeds near 201 km/hr (125 mph). The National Transportation 

Safety Board (NTSB) investigated the accident and reported 11 
• • • the d,e-

rail1lent was caused by lateral movement of the track under the train. 

The latet'al movement waB caused by buckling of the track." ~6] Other 

statements from theNTSB report which are rel.:1tive to the study are as 

follows: 

11The railroad industry needs badly a portable 

stress measuring device which would give instant 
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req.cling!'l of the compression or ·tension in a rail 

without disturbing it.fl In the general conclusion, 

the NTSB reported, "A more significant conclusion 

for the long term is that the general state of the 

art of railroad track design and maintenance is 

scientifically weak, and that safety relies on 

judgement of individuals rather than on any firm or 

logical criteria." In the recommendations, the 

report states, "The Safety Board recommends that the 

American Railway Engineering Association and the 

Association of American Ra.ilroads undertake studies 

to determine more accurately the s1:re13ses developed in 

·;velded rail track in extremes ot' temperature and the 

role of these stresses in ha~q.:cdau~ track movements." 

It is clear from the above discussion that there is a need for a 

technique for the nondestructive measurem~nt of longitudinal rail stresses. 

This report addresses that need. 

The problem caused by high atress conditions in rail exists through-

out the United States and the rest: of the world. It is more acute in areas 

where daily temperatures have ;;m extreme ran~ 1, A large seasonal range 

also creates stress problema, Many desert or arld areas experience large 

daily variations in temperature while the northern states have the largest 

seasonal changes. Obviously, the temperate climates such as in Florid.a 

would have the least problem. 

Ther;nally Induced Stress Variations .Uong the Rail Length 

The research discussed in this report rel.ates to the measurment 

of rail stress changes which result from temperature variations. An 

understanding of the strain characteristics in rail in service could 
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enhance the usefulness of any stress measurement technique. This section 

will present a brief review related to stress variations along the length 

of continuously-welded rail. 

Rail welded into long lengths and installed in the track is con-

strained by the cross-ties to wher~ for the most part, there is negligible 

longitudinal strain as the rail passes through the temperature cycle. 

Toward the end of each welded string the cross~tie constraining forces 

will be insufficient to prevent rail movement. This length where rail 

movement occurs is determined by the type of rail, the number of ties and 

the type of ballast. 

In early tests on a one-mile length of main-line, continuously-

welded rail, McGee reported rail movement up to apprmdmately ten (10) 

rail lengths from each end [ 7]. This corresponds to approxi~ately 119 

meters (390 feet) from each end. The test data compared rail strain at 

temperatures ranging from -11°C (+13°F) to +0.5°C (33°F) in the winter 

and 42°C (108°F) to 48°C (118°F) in the summer. Rail strain at the ends 

was approximately + 275 f.Lm/m while that at locations less than ten rail 

lengths from the end was generally less than 34 f.Lm/;n. 

A more general discussion of rail stress variation with tempera-

ture has been given by Hay [ 3]. m1ere joint forces are neglected, the 

number of ties (NT) necessary to fully constrain the rail is given by 

= 

where F = total rail force 

F 
T 

and T = restraining force per tie. 

The force (F) to be constrained can be calculated using the rail expansion 
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coefficient. This is given by 

F ~ (6T) EA 

where ~ coefficient of thermal expansion 

6T = temperature change 

E Young's modulus 

and A rail cross-sectional area 

For a typical situation with 115 lb AREA raii having a cross-sectional 

area of 7.26 x 10-3m2 (11.26 in2) and a coefficient of thermal expansion 

of 11.2 ~m/m/°C, the force change with 28°C (50°F) degree temperature 

increase is: 

F 0.471 MN (106 kips) 

Considering a tie restraint of 2,22 x 103 N/tie (500 lb/tie) the number 

of ties required to constrain the rail is 

106 X 103 

500 

At 0.56 meter (22 inch) tie spacing, the rail length (L) required for full 

constraint is 

L 212 (0.56) 118.7 meters (389 feet). 

Thus, any stress measurement for US lh rail under these track conditions 

must be made at least 118.7 meters (389 feet) from the rail end. This 

figure is in good agreement with the data given by McGee. Other rail 

sections would yield slightly different values for the length of rail 

movement. 

Changes in Rail Stresses with Service 

When welded rail is installed in the track, long lengths are pulled 
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from the rail train and layed on the ties. In this case, the train is 

pulled out from und-er each welded rail length. After the rail is partially 

install.ed, track maintenance personnel eithar stretch or compress the 

rail end in order to achieve a theoretical zero stress level at a pre

determined temperature. Complete installation procedures have been given 

by the American Rail·way Engineering Association [ 8 ] • 

After the rail is 1.;rr~l::l·ed, there can .be consi::ierabla variation in 

the l::mgitudinal stress levels alJng the rail length because of the in

stallation practice. Very little inf·:Jrmation on these stress variations 

has appeared 1:::1 the published literature. The results of one test, con

ducted by the Hi.ssouri Pacific Railroad ~ 9], are sho~m in figure 1_.1. 

In this test, weld·ed rai 1 sections 1-1ere man·ufactured from twenty

four 39 foot rail lengths which were welded into a continuous rail 285 

meters (936 feet) long. Strain gauge data at several locations were 

initially taken at the rail welding plant. Additional data were taken 

during the installation and thereafter for several nonths. "Figure 1-1 

sho\-JS the data taken on one of the rail sections. The location along the 

welded section is shovm in rail lengths from the right hand end. 

The data were normalized such that the rail at a zero stress 

condition after it was removed from the train but before being in

stalled in the track. This is shown by line 1. The rail was 

then stretched at each end, in accordance with standard practice, pro

ducing tension on either end of the welded string as shmm by line 2. 

The center portion shows little stress change with the stretching. 

The effect of freight train traffic is sho1rm by the stress changes 

indicated hy the succeeding lines. One day's service causes the and to 
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Figure 1-1 Stress Variations Along a 285 m (986 ft) length 
of Continuously Welded Rail (reference 9). 
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become less tensile while the center stresses become more tensile. This 

stress r~distribution pattern continues until, at eight weeks, the 

stress is somerJJhat uniform along the rail length (line 5). 'Finally, after 

22 weeks of service, the str~sses have become compressive and very uni

form, except for one data point near the right hand end. In this 

discussion, the aut'.1ors note several difficulties encountered l.:rith the 

Berry strain gauges which could account for some of the erratic behavior. 

Nonetheless, the process of stress redistribution tl1ith service ls \vell 

deraorts tr dted. 

The foregoiC"~.g discussi::m indicates that stress measurement with 

any technique could be e~cpected to produce erratic results until after 

the rail stresses have been r~distributed with service. 

Present ~tate of Kl:!,.<?..~l~d_ge - Nondestructive measurement of residual stress 

in structural nembers is certainly not a ne~.J problem. Several techniques 

have been devebped that have been sucessfully applied by. other industries. 

X-ray diffraction is perhaps l:he most well known today. Ot~1.er methods 

which are erae·r:ging from the laboratory to field usage ar~ Barkhausen 

Noise Analysis and shear wave acoustic birefringence. X-ray diffraction 

and 3atkhausen Noise Analysis [10,11] are both surface effect techniques, 

that is, they are techniques used ;:a measure surface stresses. A funda

mental difficulty arises in applying either of these method,; to the 

measureQent of rail stresses in that the high loads generated by the con

tact of wheel and rail severely deform the rail head. The top of the 

rail head has a surface layer of plastically deformed metal that has prop

erties different from body of the rail. Estimates of the depths of this 

zone are from 6.4 to 9.6 mm (1/4 in to 3/8 in) below the surface [12]. 

9 



Moreover, the sid·as af the rqil heads are diatorted by this plastic 

working givL1.g a generaHy nonuniform rail geometry. Hence, the method 

chosen for the rail stress :neasurement must be ind·:pendent of this plastic 

lt\7orkin8 on the head, The reliability of surface effect measure:nent of 

body stresses through pl&stically deforcned surfaces has not been estab

lished. On the other hand, the llcouatic birefringence technique is 

capable of neasuring body stresses and thus~ of the three methods, ia the 

one warranting further study. 

A summary of early work on the acoustoel&stic effect has been 

given in the interim report for this ~tuQ.y anc.l lilill not be repeated 

here [ 1 ] • 

10 
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ACOUSTOELASTIC AND THIRD ORDER 

ELASTIC CONSTANTS FOR RAIL STEEL 

The basis of the longitudinal stress measurement technique is 

the stress induced anisotropic behavior of solids. It is caused by non-

linearities in the strain-displacement and constitutive relations of the 

material. The acoustoelastic effect refers to the changes in the speed 

of elastic waves propagating in a body which is simultaneously under-

going static .elastic deformation. In this section, which is based on 

reference [13],techniques and results of the measurement of the acousto-

elastic and third order elastic constants (which define the constitutive 

relationship for an initially isotropic material, up to the second order) 

for steel typical of that found in railroad rail are presented. 

Previous work on the use of the acoustoelastic effect for stress 

measurement [14-19] has concentrated on using the difference in speed of 

shear waves polarized parallel and perpendicular to the uniaxial stress 

and traveling perpendicular to the stress axis. Our approach has been to 

use shear and longitudinal waves propagating parallel to the stress axis. 

It is shown that for rail steel the relative change in wave speed per 

unit change in axial strain is largest for longitudinal waves propagating 

parallel to the stress axis. 

Theoretical Background 

Hughes and Kelly [20] derived expressions for the speeds of 

elastic waves in a stressed solid using Murnaghan's theory of finite 

deformations [21] and third order terms in the strain energy expression. 

They showed that the speeds of plane waves propagating in the 1 direction 

11 



and having particle displacements in the 1, 2 or 3 directions in an 

initially isotropic body subjected to a homogeneous triaxial strain field 

are given by 

= A. + 21J. + (2-!. + A.)e + (4m + 4A. + lQ.J.)Q/1 

(2-la-c) 

where 

initial density 

speeds of waves propagating in the 1 direction with 

particle diaplacem~nts in the 1, 2, 3 direction 

respectively 

A.' IJ. Lam~ or second or4er elastic constants 

t, m, n Murnaghan's third order elastic constants 

components of the homogeneous triaxial principal 

strains in the 1, 2, 3 direction 

For a state of unia~ial stress, there are five unique wave speeds 

which may be determined from equations (2-la-c). First consider the 

stress acting in the 1 dire~tion. The strains are then 

where v isPoisson's ratio. 
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Equations (2~1) reduce to 

p
0
vi1 = A.+ 21J + [4(A. + 2iJ) + 24-l +2m) + ViJ (1 + 2-t/A.)]e 

(2-2a-b) 

The speeds of plane waves traveling perpendicular to the uni-

axial stress may also be determined from equations (2-1) and are 

(2 -3a-c) 

The relative changes in wave speed with axial strain may be calculated 

from equations (2-2 and 2-3) and are, if it is assumed that the relative 

changes are small, 

dVll/V~l 
= 2 + [ 1-1 + 2m + ViJ (1 + 2-t/ A.)] I (A. + 2 iJ ) 

de 

dV1z!v~2 = 2 + vn /4~-.i + m/[2 (A. + IJ) J 
de 

= -2v[l + (m- IJ. t/A.)/(A. + 21-1 )] 

= (). + 2j.J. + m)/[2 (A. + iJ)] + \J n /41J 

de 
(m- 2A.)/2(A. +IJ) - n/4~-.i 

13 
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In equations (2-4), the superscript o indicates the wave speed at 

zero axial strain. 

The third order constants, .t, m, n, niay be evaluated in terms 

of the relative changes in wave speeds by inverting the set of three 

equations consisting of either equation (2-4a) or (2-4c) and two of 

equations (2-4b, d, e). Using the last three of equations (2-4), one 

may express the constants as 

.{, = 
1 - 2v 

0 
dV22IV22 

de 

m = 2 (A + 1-J.) [ 1 ~ v 

I o I o 

n = _4~1-l~ [ dV21 V21 - dV23 V23 - 1 - V J 
1 + v de de 

(2-Sa-c) 

Combining equations (2-4b & d) and equations (2-4a, c, d, e) reeults in 

the following relations among relative changes 

0 

dV12IV12 
de 

= 

= 

+ (1 + v) (1 + 2v) 
2 (1 - v) 

(2-6a,b) 

Equations (2-6a,b) may be used as a redundant check on the 

accuracy of the measurement of the five relative changes and the appli-

cability of Hughes and Kelly's Theory. 
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Measurement Technique 

The stress ind~ced changes in wave speed were measured in three 

test specimens machined from lengths of railroad rail. Specimen geometry 

and origin are given in Table 2-1. The specimens were loaded uni

axially in tension and compression with a conventional testing machine 

having a maximum capacity of 2.67 x 105N. 

The changes in speed for waves propagating perpendicular to 

the load axis were measured with commercially available wide band ultra

sonic transducers having center frequencies of 2.5 or 5 MHz and coupled 

directly to the specimen in one of two ways. For a few of the tests, 

·the transducers were bonded to the specimens with a cellulose nitrate 

cement. However, for most of tests, the transducers were coupled with 

a viscous resin and held in place with vinyl tape or spring-loaded 

holders. The method of coupling the transducers to specimen had no 

apparent effect on the measured wave speed changes provided sufficient 

time was allowed for the viscous resin layer td achieve equilibrium. 

The waves propagating parallel to the load axis were generated 

and detected with longitudinal transducers mounted on Plexiglas wedges 

(28° for longitudinal and 55° for shear waves in the specimen) which in 

turn were clamped to the specimen. The source·transducer was a 25.4 mm 

square PZT-5 plate 1.27 mm thick giving a nominal resonant frequency of 

1.61 MHz. A 5 MHz wide band longitudinal transducer was used as a 

receiver. 

Initially several techniques for measuring pulse travel time 

were compared. The "sing-around" technique [22], although desirable 
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SPECIMEN 
No. 

1 

3 

4 

D I$NS IONS 
mm (in.) 

607 X 62.4 X 26.2 

(23.9 X 2.46 X 1.03) 

425 X 67.2 X 14.8 

(16.7 X 2.64 X 0,58) 

609 X 56.8 X 21.6 

(24.0 X 2.24 X 0,85) 

Head of 115 lb new, control cooled 

rail, manufactured 1969 

Web of 115 lb new, control cooled 

· rail, manufactured 1969 

Head~70 lb used, non control cooled 

rail, manufactured 1907 

TABLE 2-la RAIL STEEL SPECIMENS 

Nominal Yield Strength 504 MN/m
2 

(73 KSI) 

Carbon (Percent) 0.67-0.80 

Manganese (Percent) o. 70-1.00 

Phosphorous, Max (Percent) 0.04 

Sulfur, Max (Percent) 0.05 

Silicon (Percent) 0.10-0.25 

TABLE 2-lb SPECIFICATIONS FOR RAIL STEEL IN SPECIMENS 1 AND 3 
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because it allowed an automatic and continuous measurement of travel-time 

as a function o£ applied load, yielded inconsistent and often unrepeatable 

travel-time measurement at low stresses because of slight changes in 

received wave form probably due to change in material damping with stress. 

Due to the nature of the "sing-around 11 technique, the wave form changes 

are manifested as apparent changes in travel-time which could not be 

separated from the actual changes. A resonant frequency technique 

utilizing the phase difference between a generated and. received CW signal 

for detecting resonance, which proved to be very sensitive, also yielded 

inconsistent results at low stress levels probably also due to the damping 

cha,nges. 

The most consistent results were yielded by a pulse overlay 

technique, a modification of the pulse-echo-overlap method used by Hsu 

[18] and similar to the pulse superposition described in reference [22]. 

A schematic of the instrumentation used for this technique is shown in 

Figure 2-l. 

The upper diagram shows the instrumentation used in the earlier 

wave speed change measurement involving waves propagating perpendicular 

to the applied load. The variable frequency oscillator (VFO) triggered 

a gated wave generator which produced ten cycles of a 3 MHz simple 

harmonic signal. This signal and the amplified received signal were 

superimposed on the oscilloscope display by adjusting the oscillator 

period to coincide with time required for the wave to travel across the 

specimen. Inaccuracies in the travel-time measurement arise largely 

from errors in superimposing the two oscilloscope traces. The super

position error is a function of the rise times of the signals, the 

17 
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Figure 2-1 Instrumentation for The Acoustoelastic Measurements. 
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maximum sweep rate of the scope and the scope de drift which affects 

the trace position. An estimate of the overall accuracy, which was 

confirmed by repeating measurements yields a maximum error of 4 parts 

in 10
5• 

The lower diagram in Figure 2-1 shows the instrumentation used 

for waves propagating parallel to the applied load. The frequency 

divider and logic network produce two signals as shown. One of these 

drives the ultrasonic pulser and the second is superimposed on the re-

ceived pulse for the travel-time measurement. 

In order to determine the relative changes in wave speed, the 

changes in path length due to the specimen strain must be accounted for 

in the data reduction. For any given wave path, the change .in wave 

speed v (with applied strain) is related to the changes in path 

length L and travel-time T according to 

= (2-7) 

where the subscript zero indicates evaluation at zero load. The term 

dL/L
0 is the nominal strain in the direction of wave propagation. The 

time T is the travel-time of the wave in the specimen which, for 
0 

waves propagating parallel to the applied load,' is the difference between 

the total travel-time and the wave travel-time in the wedges only. The 

latter was determined by measuring the wave-travel time with the two 

wedges placed face to face. 

Experimental Results 

A plot of the relative changes in wave speed as a function of 

axial strain for the five types of waves mentioned previously is shown 
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in figure 2-2. As predicted by the theory the wave speed changes are 

linear functions of the strain. The largest relative change in wave 

speed is associated with longitudinal waves propagating parallel to the 

applied load. The smallest relative changes are associated with v
23 

, 

shear waves propagating perpendicular to the load and polarized perpen-

dicular to the load axis. 

The acoustoelastic constants defined by equations (2-4) are the 

slopes of the lines in Figure 2-2. These slopes along with the data 

from two other specimens are given in Table 2-2. The differences 

between the wave speed changes in tension and compression are within the 

range of experimental error and are not considered significant. The 

last row in Table 2~2 shows the estimated e"):'ror in ·the wave speed changes. 

The total error is a worst case superposition of the errors in the travel-

time change, strain, travel-time, material properties and transducer 

clamping point (for v
11 

v
12 

) measurements. The large error estimates 

in the relative changes in v23 
, v22 

, and v12 
are due to the travel 

0 
path correction (i.e., dL/L in equation 2-7) being nearly equal to the 

relative time delay. The scatter in the change in v12 is attributed 

primarily to errors in determining the exact clamping point of the plastic 

wedges used to generate and detect the shear wave. The inaccuracy in 

clamping position produces an uncertainity in the path length correction 

term in equation 2-7 and a significant uncertainity in the relative 

change in vl2 • 

Table 2 -3 shows the second and third order elastic constants 

for specimens 1 and 4. The second order constants were determined by 

the customary dilatational and distortional wave speed measurements. 
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N 
N 

Specimen 
No. 

1 

1 

3 

3 

4 

4 

Estimated 

Load 

T 

c 

T 

c 

T 

c 

Maximum Error 

* (T) Tension; (C) 

0 

dV21/V21 
de 

-1.50 

-1.51 

-1.53 

+ 2.3% 

Compression 

0 
dV23/v23 

de 

-0.09 

;{). 06 

;{). 06 

+ 62'7o 

0 

dV22/V22 
de 

;{). 27 

;{).28 

;{). 27 

.± 24% 

-2.38 

-2.45 

-2.40 

-2.44 

-2.47 

-2.45 

.± 7.5% 

TABLE 2-2 Summary of Acoustoe1astic Constants 

-0.15 

-0.20 

-0.35 

-0.27 

-0.33 

-0.32 

+ 29% 



N 
w 

Specimen 
No. 

1 

4 

Estimated 
Error 

Po 

kg/m
3 

7800 

7799 

+ 0.3% 

A. 

N/m
2 

xlOlO 

11.58 

11.07 

+ 2.3% 

IJ. t 

N/m
2 N/m2 

xl010 xlo10 

7.99 -24.8 

8.24 -30.2 

± 2 • 3/o ± 2 • 8/o 

m 

N/m
2 

xlOlO 

-62.3 

-61.6 

+ 4.1% 

n 

N/m
2 

xlOlO 

-71.4 

-72.4 

+ 2. 7% 

0 
dVll/Vll 

-2.52 

-2.55 

.± 12% 

TABLE 2-3 Second and Third Order Elastic·Constants for Two Samples of Rail Steel 

-0.25 

-0.22 

+ 24% 



SOURCE 

Present 
Study 

Ref 1 

Ref 5 

Ref 6 

-1.51 -+0. 06 

-1.58 -+0. 05 

-1.6 0 

-1.44 -+0. 05 

TABLE 2 -4 Comparison of Measured Acoustoelastic Constants · 

for Steel 
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The third order constants were calculated from equations (2-5a-c) using 

the relative changes in v
21 

, v
23 

and v
22 

shown in Table 2-2. The 

-
relative changes in v11 

and per unit strain shown in Table 2-3 

were determined from the measured changes in v21 ' v23 ' v22 and 

equations (2-6a,b). As can be seen the values in the last columns of 

Table 2-3 are in reasonable agreement, considering the estimated errors, 

with their measured counterparts shown in th'e last two columns of 

Table 2-2. 

A comparison of measured relative changes in wave speed per 

unit strain for steel from several sources is shown in Table 2-4. The 

agreement is remarkably good considering the difficulty of the measure-

ment. It should be noted that although several specimens were evaluated 

in reference [19], sufficient data to calculate the relative change per 

unit strain was given for only one specimen and that one exhibited the 

lowest travel-time. changes of the group. 
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DESIGN OF AN ULTRASONIC PROBE FOR LONGITUDINAL 

STRESS MEASUREMENT 

The general configuration of the probe was determined in phase I 

[1]. Since the acoustoelastic effect is greatest for longitudinal waves 

propagating in the direction of the applied stress, at minimum, the probe 

should be capable of propagating and receiving a longitudinal wave parallel 

to the rail axis. The measurements of longitudinal wave speeds in several 

samples of new and used rail reported in reference [1] indicated that if 

an absolute measure of stress is needed a reference wave speed would 

probably be necessary. For this reason, the probe was designed to propa-

gate and receive surface (or shear) wave parallel to the rail axis. 

The same data also indicated that the variations in longitudinal, 

surface and shear wave speeds for several samples of new and used rail 

were smaller in the rail web as compared to the rail head. The smaller 

variations make the web the more desirable portion of the rail in which 

the wave speeds are measured. Further, using the rail web allows measure-

ment on two opposite surfaces which has the advantage of cancelling the 

effects of surface curvature by averaging. The data presented in section 

2 showed that the relative change in speed for longitudinal waves prop-

agating along the direction of the applied stress is 

= -2.45 (3-1) 

where speed of longitudinal waves 

v~ speed of longitudinalwaves in the absence of stress 

e longitudinal strain corresponding to stress o. 
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The relative change in travel-time may be shown to be 

+ 2.45 

or, in terms of the change of applied stress da 

0 
2.45 tL 
---;:;;;.da 

E 

where E is Young's modulus. 

(3-2) 

(3-3) 

Proceeding in the same manner, the change in transverie wave travel-time 

may be shown to be 

0 
0.25 tT 
----=- da 

E 
(3-4) 

With the exception of probe I, the probes described below are 

designed to measure the wave travel-times over a nominal distance of 

216 mm (8.5 in). Typical wave speeds in rail steel are 5900 m/sec (2.32 x 

10
5 

in/sec) and 3230 m/sec (1.27 x 10
5 

in/sec) for longitudinal and trans-

verse waves, respectively. Hence the expected changes in travel-times are 

0.44 nsec/MN/m2 (3 nsec/ksi) and 0.09 nsec/MN/m
2 (0.6. nsec/ksi) respectively. 

The probe design evolved through a series of four steps. The 

electronic instrumentation for generating and detecting the ultrasonic 

waves and for measuring the wave travel-times was identical for all of 

the probes. 

Instrumentation for Travel-Time Measurements 

The electronic instrumentation used for the travel-time measure-

ments is shown in figure 3-1. Although similar to the instrumentation 

used for the measurement of the acoustoelastic constants, figure 2-l, 
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Figure 3-1 Electronic Instrumentation for Travel-Time Measurements 



the changes shown resulted in better performance. The oscillator drives 

a frequency divider, shown in figure 3-2, which produces a single pulse 

(out 1) with a period of 100 times the oscillator period, T. As shown in 

figure 3-2, a double pulse (out 2) having a separation of period T is 

also generated. The leading edges' of the single pulse and the first 

double pulse are coincident. The single pulse is used to triggera short 

duration pulse from the pulse generator whicfi in turn drives the trans

sucer pulser. The received signal is amplified 40 db in the preamp and 

further amplified from 10-30 db in the receiver. A typical received signal 

is shown in figure 3-3a. This signal and the double pulse are superimposed 

on the scope. The oscillator period is adjusted such that the leading 

edge of the second pulse coincides with the first positive going zero 

crossing of the received signal as shown in figure 3-3b. The time from 

pulse initiation to reception of that zero crossing then equals the oscil

lator period which is measured to 0,1 nanosecond by averaging over 1000 

periods and then rounded to 1 nanosecond. 

The accuracy of the travel-time measurements with this system is 

about 3 nanoseconds. The major cause of inaccuracy in the measurement is 

in superimposing the two traces. Nevertheless these errors were found to 

be less than variations introduced by other sources. 

Probe I 

A photograph of the first version of the probe is shown in figure 

3-4. It consisted of four ultrasonic transducers bonded to a one-piece 

machined Plexiglas body. The body was designed such that the angle between 

the normal to the transducer surface and the normal to the rail surface 

30 



w 
1-' 

+5' 

T 

OUT l.. 

~ 

IC - 1 
IC - 2,3 
IC - 4,6 
IC - 5 
Q - 1,2,3 

OUT!. 

~ 

7413 
7490 
7400 
7404 

2N338 

Figure 3-2 

+$"" .,._r 

,. 
'I I .. .., I c 3 ,.,._ __ _ 

.... 

.s- .,.r 

6 

L 

'f 

- '=F 

Schematic Diagram of Frequency Divider. 



(a) Sweep speed 10 ~s/cm 

(b) Sweep delay 35 ~s sweep speed 1 ~s/cm 

Figure 3-3 Typical Oscilloscope Traces for 
Travel-Time Measurements 
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0 0 0 
was 28 for two transducers and 67 for the other pair. The 28 trans-

ducer pair were used to generate and detect longitudinal wave propagating 

0 
parallel to the rail surface; the 67 transducer pair were for generating 

and dete~ting surface waves. The probe was held in contact with the rail 

web by large C clamps bearing on the flat parts of the Plexiglas body 

adjacent to the longitudinal wave transducers. 

The transmitting and receiving trandsucers were 25.4 mm (1 in) 

square PZT-5 plate of thickness 1.27 mm (0.050 in). The transducers have 

a nominal resonant frequency of 1.6 MHz. The eLectrical connections were 

made through BNC conuecto;s supported by machined aluminum supports bolted to 

the Plexiglas body as shown. 

Two nominally identical versions of probe I were constructed; One 

was made for use on flat surfaces and the other for the concave surface 

of a rail web. The convex mating surface of the second version was con-

strticted by milling the Plexiglas surface to the approximate shape and 

hand lapping the probe to the rail web surface. 

Evaluation of Probe I - The accuracy of the probe for stress change 

measurements was evaluated by repeated longitudinal and surface wave speed 

measurements on a 12.7 x 76.3 x 914 mm (0.5 x 3 x 36 in) cold rolled steel 

bar subjected to uniaxial tensile loads. A measurement sequence consisted 

of the following steps. The total travel-times of both waves on both 

surfaces of the specimen were measured before it was placed in the testing 

machine. The specimen was subjected to stresses up to 166.5 MN/m2 (24.1 ksi) 

in increments of 41.6 MN/m
2 

(6 .03 ksi). Travel- times for both wave types 

were measured at each stress increment up to the maximum and repeated as 

the stress was decreased to zero. 
34 



A plot of the typical results is shown in figure 3.5. As can 

be seen the travel-times and hence wave speeds show measurable differences 

on the two sides of the specimen. Also notable is the nonlinear behavior 

of the change in travel-time as a function of applied stress. Both of 

these effects can be explained by assuming the presence of an initial 

curvature in the bar. 

The initial curvature in the specimen.gives rise to a bending 

moment on the cross-section due to the eccentricity of the applied load. 

This is illustrated in figure 3-6. Since 6 is large at low loads the 

stress at the lower surface increases at a faster rate than the stress at 

the upper surface. As P increases the bar tends to straighten, hence 

6 decreases. At the higher loads, the slopes of the stress vs. load 

diagram for the two surfaces approach each other. The behavior of the 

wave speeds as P changes will show the same nonlinear behavior. 

In figure 3-5, the average of the data taken on the two surfaces 

is shown by the dashed line. The average total travel-time shows a nearly 

linear change with applied stress as would be predicted from the simple 

model of figure 3-6. The change in average total travel-time agrees 

quantitatively with the changes expected from the acoustoelastic data 

measured earlier, Table 2-2, even though the acoustoelastic data was ob

tained from specimen of rail steel. 

A statistical analysis of the errors encountered using the probe 

on the specimen showed short term accuracy of 7.6 MN/m2 (1.1 ksi) which is 

considered to be the best attainable with this type probe. A long term 

bias in the measurements was also observed and later found to be a function 

of temperature. 
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Figure 3-6 Illustration of the Effect of Initial Curvature 

on The Surface Stresses 
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Temperature Effects - The temperature dependency of the probe measurements 

can be seen from the data presented in figure 3-7. These data are measure-

ments made with probe I on a stress free specimen machined from the head of a rail. 

The measurements were made over aperiod of three weeks. The straight line 

shows the expected variation of inverse travel times due to changes of 

temperature only. The agreement verifies that temperature has a signi-

ficant effect on the measurements. 

The effect of temperature on the inverse travel times of probe I 

is shown in figure 3-8. These data were collected by subjecting the 

b d f b f f Ooc pro e mounte on a re erence ar to a range o temperatures rom to 

0 
50 C. A small environmental chamber was used to control the temperature 

of probe and bar, with sufficient time being allowed for the probe and 

bar to reach thermal equilibrium. Note that the change in f per unit 
s 

change in fL is equal to the ratio of slopes in figure 3-8. That ratio 

is numerically equal to 0.63. 

As indicated in the interim report [1], the temperature induced 

variations in the speed of ultrasonic waves are quantitatively comparable 

(for the temperature changes expected in a field environment) to the 

expected stress induced changes. Thus temperature is an important variable 

in the application of the acoustoelastic technique to rail stress measure-

ment. 

Although a comprehensive survey [23] of the influence of tempera-

ture on the elastic constants (from which the wave speeds may be determined) 

of a number of commercial steel alloys is available, the composition and 

heat treatment of the materials for which data is presented is sufficiently 

different to make quantitative use questionable especially for the high 
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precision needed here. Hence a limited experimental study of the temp-

erature induced changes in wave speeds was undertaken. 

The effects of· temperature on the wave speeds of rail steel are 

shown in figures 3-9, 3-10 and 3-11. The sample of dimensions 25.4 x 

52.7 x 152 mm (1 x 2 x 6 iri) was taken from the head of a 70 lb noncontrol 

cooled rail manufactured in 1907. The wave speeds were determined by a 

pulse echo technique using the same instrumentation devised for the 

acoustoelastic measurements. Commercial ultrasonic transducers (Pana-

metrics 5 MHz wide band longitudinal and Panametrics 2.5 MHz wide band 

shear) were coupled to the specimen with a light oil for the longitudinal 

waves or a viscous resin for the shear waveso At the higher temperatures 

the shear wave transducer was bonded to the surface with a cellulose-

nitrate based cement. The travel-time between the first and second re-

flection was determined by independently subtracting the measured times 

from pulse initiation to the first zero crossing of each reflection. This 

method of determining the wave travel-time eliminates temperature effects 

in the transducer and couplant layer. The wave speeds were calculated 

0 using the path length (105.4 mm) at 21.2 C and correcting for the change 

in path length due to thermal expansion. The coefficient of thermal 

-6 0 expansion used for the correction (11.2 x 10 I C) was obtained from 

reference 24 and is representative of data for medium carbon steels (0.6-1.2%C) 

in the range O-l00°c. 

A small 300 x 300 x 300 mm (12 x 12 x 12 in) environmental chamber 

was used to controi the specimen temperature. The accuracy of the wave 

speed measurement is estimated to be 1 part in 105 • Accuracy of the temp-

0 
erature measurements was 0.1 C. However, the largest source of error in 
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the measurement was probably due to variations in temperature in the 

specimen caused by the environmental chamber controller cycling. For 

the data points shown approximately fifteen minutes were allowed for the 

specimen to reach.thermal equilibrium. 

The slopes of the lines in figures 3-10 and 3-11 give the relative 

0 

change in wavespeed per unit change in temperature and are (at 20 C) 

-4 0 
- 0.884 x 10 I C for longitudinal waves 

= 
-4 0 

- 1.176 x 10 I C for transverse waves 

A calculation of relative change in wave speed per unit temperature change 

using the experimentally determined changes in elastic moduli for a 1% 

carbon steel (drill rod) [23] yields the following values 

-4 0 
- 0.61 x 10 per C 

-4 0 
- 1.01 x 10 per C 

These values, though not corrected for adiabatic effects, are in reason-

able agreement with the data for rail steel. 

The temperature dependence of the speed of longitudinal waves in 

plexiglas is shown in figure 3-12. The technique used for these measure-

ments is the same as that used for rail steel above. A comparison of 

figure 3-12 to figures 3-9, 3-10, 3-11 shows that that the temperature 

induced changes in wave speed in the plexiglas are significantly greater 

than that in rail steel. 

45 



2850 

I •' 

~ 
~ 

0 2800 
L&J 
LLI 
Q. 
tl) 

LLI 

~ 2750 
~ 

~ ...J 
<( 
z -g 2700 
I--(!) 
z 
0 
_J 

2650 
L I 

m dC = -2.3 s-oC dT 

-30 -20 -10 0 10 
[oc] 

20 30 
TEMPERATURE 

Figure 3-12 Longitudinal Wave Speed as a Function of Temperature for Plexiglas. 

40 50 



A calculation of the relative effects on fL and f
8 

due to the 

three effects of (1) the change in longitudinal wave speed in the plastic 

wedges, (2) the change in longitudinal or shear wave speeds in the steel, 

and (3) the change in length of the plastic probe assembly due to the 

thermal expansion of the plastic yields the data shown in Table 3-1. 

Obviously the combined effects of the changes in wave speed and 

the thermal expansion of the plastic in the probe assembly are significantly 

greater than the temperature induced wave speed changes in the steel. 

The conclusion drawn from the analysis shown in Table 3-1 along 

with the results presented in the previous section is that the temperature 

induced change in wave speed in the plastic wedge is the main source of 

the irrepeatability shown in the rail measurements and that the probe 

design must be altered to eliminate this thermal effect. 

Probe II 

The second probe design differs from the original concept in two 

basic features. First, it is a differential device, that is, in order to 

determine travel-time the times for the wave to propagate two different 

distances are subtracted. As shown schematically in figure 3-13a the 

wave is generated at point A and detected at both points B and C . 

The travel-times from A to B , tAB , and from A to C , tAC , are 

measured and the travel-time from B to C , tBC , found by subtracting 

from 

The advantage of using a differential technique is that the 

changes induced by extraneous factors are subtracted out of the final 

travel-time measurement provided the changes affect both of the measured 
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00 

Source of Temperature-

Induced Change 

Longitudinal Wave 

Speed in Plastic 

Wave Speed in Steel 

Thermal Expansion in 

Plastic 

Total 

dfL 

dT 

0 
Hz/ C 

-4.7 

-0.6 

-0.6 

-5.9 

df
8 

dT 

0 
Hz/ C 

-2.2 

-0.7 

-0.5 

-3.4 

TABLE 3-1 Analysis of the Relative Effects of the Three Sources 

of Temperature Induced Changes in fL and f
8 
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times equally. Thus, changes in the travel-time induced by irregularities 

in surface condition will affect both tAB and tAC • However, if the 

effects are equal, the difference tBC will not be affected. 

The second feature employed was the use of metal combs for the 

receiving transducers in place of plastic wedges as shown in figure 3-13b. 

The comb is a thin metal plate in which rows of equally spaced grooves are 

machined. The grooved surface is placed in contact with the surface of 

the piece in which the wave is propagating. The grooves are situated 

perpendicular to the direction of wave travel. A piezoelectric trans

ducer is attached to the tor surface of the comb. The grooved plate acts 

as a mechanical filter passing those disturbances whose wavelength equals 

the groove spacing. In the present case, the generating transducer pro

duces a wave whose frequency is 1.6 MHz. Hence, the groove spacing should 

be 1.8 mm (0.07in) for surface waves and 3.3 mm (0.13 in) for the longi

tudinal waves. 

A two view drawing of probe II is shown in figure 3-14. The 

plexiglas surface and P wave generators are clamped between two side rails. 

The surface and P wave combs are mounted in the steel comb holders. The 

combs were machined of brass which was used to improve the impedance match 

between the transducers and the steel rail. The rear comb holder is also 

attached to the side rails by machine screws. The spacing between the 

two comb holders is maintained by a thin steel flexure. This flexure 

allows the rear comb holder to be firmly clamped to the rail web while 

the front comb holder is in contact with the rail or raised off the rail 

surface. In order to avoid changes in surface wave speed, the front combs 

must be raised off the rail surface when measurements are being made with 

the rear combs. 50 
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Temperature Effects on Probe II - The effects of temperature on probe II 

are shown in figure 3-15. As can be seen, the temperature induced changes 

in travel-time are 6.06 nsec/°C and 3.84 nsec/°C for the surface and 

longitudinal waves, respectively. These are about an order of magnitude 

lower than the changes measured with the original probe design. From 

figure 3-8 the temperature induced changes in travel-time for the probe I 

was 64.1 nsec/°C and 41.7 nsec/°C for surface and longitudinal waves, 

respectively. Thus, one of the major objectives, that of reducing the 

temperature induced changes in travel-time measurements, was achieved by 

the new probe design. 

Repeatability of Wave Travel-Time Measurements - Evaluating the repeat

ability of the probe measurements measurements was conducted in three 

steps. First, repeated measurements were made on a laboratory specimen 

(No. 4) machined from the head of a new rail. These tests were conducted 

to assess the effect of factors other than specimen surface condition and 

curvature. A sequence of ten measurements of both P wave and surface 

wave travel-times were made as described earlier. After each measure

ment set (of four travel-times) the probe was removed and cleaned; the 

couplant reapplied and the probe clamped to a cleaned specimen. This 

sequence of ten measurements was repeated numerous times in order to 

evaluate the effects of differentcouplants, clamping techniques and minor 

modifications to the probe. Typical results are shown in figure 3-16. 

The rectangle drawn in that figure indicates the expected variation in 

the travel-time measurements based on ± one standard deviation of the 

measured travel-times. Thus, in this case,the expected variations are 
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± 3 nsec and ± 4 nsec for the longitudinal and surface wave travel-times, 

respectively, 

The second step in evaluating probe repeatability was to to make 

repeated measurements on a typical rail surface. Data typical of these 

measurements are shown in figure 3-17 from which the expected variations 

can be seen to be + 3 nsec for both measurements. It should be noted that, 

for the data shown in figures 3-16 and 3-17, temperature variations 

are minimal since these sequences of measurements can be. conducted within 

a time span of about 60 minutes. Temperature of the respective surfaces 

0 

were monitored and showed maximum changes of 0.2 c. 

The conclusion drawn from data shown in these figures is that a 

travel-time measurement made on surface typical of rail webs or better 

can be expected two times out of three to be within three nanoseconds of 

the average value obtained over many measurements. The degree of repeat-

ability is considered very good for the purpose to which this probe is 

intended. 

The third step, consisted of measuring travel-times for eight 

different rail web surfaces described briefly in Table 3 .2. A sequence 

of three measurements on each surface was repeated on three successive 

days. Repeatability in these measurements was not as good as that obtained 

in figures 3-16 and 3-17, but was± 6 nsec or less. Figure 3-18 shows 

averages of the longitudinal and surface wave travel-times for the eight 

different rail web surfaces. As can be seen the longitudinal wave travel-

times differ by rio more than 225 nsec, while the surface wave travel-times 

are spread across a 2500 nsec range. Also shown in the figure is the 

theoretical relationship between the longitudinal and surface wave 
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Rail 
No. 

1 

Description of Web Surfaces 

Both front and back surfaces rough but free from large pits 

and embossing. 

2 Front side has raised lettering and not usable. Back surface 

free of pits and embossing. 

6 Front surface free of large pits and embossing. Back surface 

has raised lettering but is marginally usable. 

7 Front has recessed lettering which falls in the wave P?th. 

Back surface has raised lettering and is not usable. 

8 Front and back surfaces rough but not severely pitted and usable. 

9 Front surface has recessed lettering which falls in wave path. 

Back surface has raised lettering and is not usable. 

10 Front surface has raised lettering in wave path but is usable. 

Back surface is severly pitted but usable. 

11 Both front and back surfaces have clear areas. 

TABLE 3-2 Condition of Rail Sample Web Surfaces Used in Repeatability 

study 
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travel-times for constant bulk velocity. As shown below one might 

reasonably expect the data to group parallel to this line if the differences 

in wave speeds are due to variations in elastic moduli. The fact that 

the data does not follow the line implies that the variations are the 

result of other factors. 

In fact, the large variations in surface wave travel-time measure

ments were attributed to the sensitivity of the metal combs to guided 

w~e modes arriving at the two receivers with different phases relative 

to the surface waves. The presence of these guided wave modes produced 

apparent variations in the composite signal travel-time which were very 

sensitive to the rail-web thickness. Since the effective rail web 

thickness varies with the exact vertical location of the probe on the 

web and from rail to rail, the travel-time of these composite waves did 

not really reflect the speed of surface waves. 

The conclusions reached from the data collected with probe II 

were that the differential technique and metal combs reduced the undesirable 

thermal effects but the metal combs introduced an extraneous factor that 

made accurate measurement of surface wave speed impossible. 

Probe III 

The third version of the probe is shown in figure 3-19. The 

differential technique from probe II was retained but the metal combs 

were replaced by plastic wedges. As before two transmitters and two 

pairs of receivers were used to generate and detect longitudinal and 

surface waves. The probe is held in contact with the rail web by three 

C clamps placed on the upper surface of the transmitter and two receiver 

wedge pairs. 
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The repeatability of travel-time measurements was determined as 

before by repeated measurements on ten different rail web surfaces. The 

repeatability averaged ± 0.003 ~sec with the largest being ± 0.005 ~sec 

and several surfaces repeating at ± 0.001 ~sec. A plot of these travel

time measurements is shown in figure 3-20. The reduction in spread for 

the surface wave travel-time as compared to the data obtained with probe 

II in figure 3-18 is evident. 

The results of wave speed measurements made with probe III on two 

new full length 119 lb AREA rails are shown in figure 3-21. Measurements 

were made at approximately 0.6lm (2 ft) intervals on both sides of the 

web with the exception of those locations having embossed characters. 

Several sets of measurements at each location show the repeatability to 

be ± 0.003 ~sec • Although the measurements on one rail show better 

coherence than the measurements on the other, the spread in surface wave 

travel-time for both rails was more than expected. 

A brief study of the effect of cleaning the rail surface showed 

no change in the measurements with a light wire brush cleaning but a more 

thorough removal of surface oxides with 200 grit emery paper produced 

about equal increases of approximately 30 nsec in both travel-times. 

The spread in the surface wave travel-time is attributed to the 

sensitivity of surface wave speed to surface condition. The travel-time 

can be easily influenced by the quantity of excess couplant on the surface. 

For this reason the use of surface waves is not feasible for the present 

purpose. 
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Probe IV 

The final modification made to the probe design was to replace 

the surface wave wedges with shear wave units. This was done with the 

expectation of obtaining better correlation between the shear wave and 

longitudinal wave travel-times than were obtained with Probe III. 

Measurements on several rail surfaces over several days showed the re-

peatability to be± 0.003 ~s. 

The results of travel-time measurements on the two full length 

rails are shown in figure 3-22. Although the spread in shear wave travel-

times is not as great as that in the surface wave travel-times, the. 

correlation between the two measurements is not as good as was expected. 

The data for rail 13, with the exception of two points, do show reasonable 

agreement with the constant bulk velocity line. Two possibilities for 

the disagreement with the expected variations are first that other uncon-

trolled parameters are affecting the measurements or secondly the presence 

of residual stresses in the rail web is causing increases (or decreases) 

in the travel-times. 

A plot of the longitudinal wave travel-time as a function of 

position on rail 14 is shown in figure 3-23. Only the data from those. 

locations allowing travel-time measurements on both sides of the web are 

shown. If it is assumed the variations in longitudinal wave travel-time 

is due to stress, this data indicates a range of residual stress of 

96 MN/m2 (14 ksi), which is not u~reason~ble. 
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Changes in Wave Travel~Times Associated 

with Varying Elastic Properties 

One of the problems associated with using the acoustoelastic 

technique for stress measurement lies in the fact that nominally identical 

materials exhibit slightly different wave speeds. For this reason 

measuring changes in stress is significantly simpler than measuring 

absolute values of stress. If however, the variations of wave speed due 

to elastic property changes can be measured, an absolute measure of stress 

becomes feasible. As was mentioned at the beginning of this section, 

this concern led to the incorporation of both longitudinal and surface 

(or shear) wave travel-time measurements in the probe design. Since the 

longitudinal wave is more sensitive to changes in stress, the surface (or 

shear) wave travel-time may be considered a reference measurement to be 

used for determining the value of the longitudinal wave travel-time in the 

absence of stress. We consider next an hypothesis of the effect ofthe 

variations in material properties on wave speeds in order to test their 

applicability to the present measurement. 

If we assume the variation in elastic properties are caused by 

variations in the rolling porcess by which the rail is formed then, 

following Bradfield [25], it is reasonable to assume the bulk modulus of 

the rail is constant. We also assume the density is constant, thus re-

quiring that the bulk velocity remain unchanged. Since the bulk velocity 

is related to the longitudinal arid shear velocities by 

(3-5) 
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where VB is the bulk velocity 

VL is the velocity of longitudinal waves 

VT is the velocity of transverse waves 

If VB is constant, then 

dVL 4 VT 
= 

dVT 3 VL 
(3-6) 

Since 

dVL/VL = dtL/tL and 

dVT/VT = - dtT/tT 

equation (3-6) can be written 

dtT 3 ( tT )3 = 
dtL 4 \ tL 

(3-7) 

For the typical wave travel-times associated with probe IV of 36.2 ~sec 

and 64.7 ~sec, equation (3-7) yields 

= 4.28 

Figure 3-24 shows the travel-time measurements before and after 

annealing a cold rolled bar of 4140 steel. The measurements were made with 

probe IV at six locations along 3.66 m (13 ft) length of a oar of cross section 

25.4 x 102 mm (1 x 4 in). The travel-times were measured on opposite sides 

of the bar and averaged to eliminate curvature effects. The bar was heated 

to 815°C (1500°F) for an hour and oven cooled for 24 hours. The travel-

time measurements after annealing show good coherence indicating that the 

68 



A BEFORE ANNEALING 

0 AFTER ANNEALING 
I 

88.4 

• IIi' 
~ 

6 
lila 6 .... 6 
41 
1-

ae.a l _#:. _____ 25 .. 
0"1 ~~ 
~ t-"~ .... 

~ ------------"--constant au lk Velocity 9 
---o~ 

I 
36.2 

84.7 64.8 84.9 815.0 85.1 

SHEAR WAVE TRAVEL TIME (!.is!) 

Figure 3-24 Travel-Time Measurements Before And After Annealing a 4140 Cold Rolled Steel Bar. 



initial differences were probably due to residual stresseso Also shown 

in figure 3-23 is the expected change in travel-times for constant bulk 

velocity. The apparent agreement enforces the theory that the plastic 

deformation to which the material has been subjected produces no change 

in the bulk velocity in the absence of residual stresses. 

Sunnnary 

The data presented in this section show that the probe design 

IV, which utilizes a differential time measuring technique and plastic 

wedges for the generation and reception of waves is capable of measuring 

longitudinal and shear wave travel-times along the axis rail with a repeat-

ability of ± 0.03 nsec for typical rail web surfaces. This accuracy in 

longitudinal wave travel-time measurements is equivalent to ± 6.9 MN/m
2 

(1 ksi) longitudinal stress change. 

Variations in measured longitudinal wave travel-times for new 

rail having no applied longitudinal stress indicate apparent longitudinal 

stress variations of approximately 100 MN/m2 (14.5 ksi) which are likely 

due to residual stresses in the rail primarily and secondarily due to 

material property variations. The presence of these variations makes absolute 

measurement of longitudinal stress questionable without further evidence 

of the correlation between the variations and residual stresses. 

However the measurement of longitudinal stress to an accuracy of 

± 6.9 MN/m
2 

(1 ksi) changes at any particular location on a rail is feas

ible with this probe design provided measurements of the longitudinal 

wave travel-time can be made on opposite sides of the web and averaged to 

eliminate curvature effects. 
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FIELD EVALUATION OF THE ULTRASONIC PROBE 

Two field tests were conducted in order to evaluate the sensitivity 

of the ultrasonic measurements to actual rail stress variations. The first 

test was conducted on the main line of the Atchison, Topeka and Santa Fe 

Railway at Norman, Oklahoma. The second test occurred at the Department 

of Transportation's Transportation Test Center, Pueblo, Colorado where 

strain gauge and ultrasonic data were recorded for one complete 24 hour 

period. 

Field Tests at Norman 

The preliminary tests on the Santa Fe Railway were used to assess 

the operational procedures for conducting field measurements. No strain 

gauge data were recorded and tests were made at only two times, early 

morning and early evening. A single station was used for this test. It 

was located near mile 400, precisely 226 m (741 ft) from a switch on the 

north end and 243 m (798 ft) from a joint on the south end. 

This track is North-South oriented and has regular main-line freight 

and passinger service. The rail is 119 lb control-cooled, manufactured by 

Inland in 1956 and originally installed in that year. It was reworked in 

January of 1976. Wood ties, spaced at at 0.49 m (19 1/2 inches), are used 

and the rail is box anchoredon both sides of every other tie. The ballast 

is Pueblo slag. Compared to the Pueblo track test section, the Santa Fe .·' 

track has considerably greater flexibility. 

Weather conditions were favorable for this test with a cool night 

and a warm day. Skys were clear and there was negligible wind. 
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Field Tests at Pueblo 

The field tests at Pueblo were conducted from approximately 

3:00p.m., 10 December 1976, to 4:00p.m. next afternoon. Weather through 

this period was generally favorable to conducting the tests. Skys were 

0 0 
clear and the ambient temperature reached a low of -12 C (11 F) at 5:00 a.m., 

11 December 1976. 
0 0 

The high ambient reading was 8.3 C (47 F) and was 

reached at 4:00p.m., 11 December 1976. Rail temperatures peaked near to 

15.5°c (60°F) at noon. There was very little wind~ 

Four stations were instrumented for strain and temperature data. 

These locations were 91.4 m (100 yards) apart toward the middle of a 

609.m (2000 feet) tangent section of the access track to the test section 

used for operating the linear induction motor (LIM) rail vehicle as indicated 

in Fig. 4-1. No station was closer than 0.6lm (2 feet) from a weld (station 

'"' ~ 0~ J ~( 35). Station 29 was 4.5 (15 feet) from the nearest weld, station 32 was 

\)--Q..;~ ·~' 
C.:\'-'"' "A-l 3.6 m (12 feet) from the nearest weld, and the station 26 was 1.2 m (4 feet) 
.:l r~'C .\ 

.. t' ~' ~,~' from the weld. 

~t ~~ 
u~ The track is oriented East-Northeast and is constructed of 119 lb 

rail with 23-inch tie spacings. This is a conventional track section 

except that bolted rail clamps are used and particular care was taken to 

insure good alignment. The result is a track more rigid than usual. Although 

the track was constructed almost seven years ago, it has not seen heavy 

usage and therefore might not have completely equalized stress levels along 

its length. As can be seen from figure 4-2 sand impacting in the ballast 

has resulted in an even more rigid track structure. 

The rail was control-cooled and manufactured by Colorado Fuel and 

Iron Company in 1970. The rail designation at each location was as follows: 
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Figure 4-2 LIM Access Spur Looking West. 
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Station 26-C rail; Station 29-F rail; Station 32-B; and Station 35-B 

rail. These designations give the placement of the rail in the string as 

originally manufactured at the rolling mill. 

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 was also re

corded. A typical strain gage installation ts shown in figure 4-3. Each 

of the four test stations was instrumented with five 350 ohm bonded strain 

gages and two thermocouples. Temperature compensation for each strain gage 

was provided by applying compensating bridge strain gages to three-foot 

lengths of unstressed rail. This compensating rail was placed parallel to 

the test rail at each of the four test points. Data from all four test 

stations was multiplexed and recorded onal4 track FM tape recorder. IRIG-4 

time code was recorded. Real time data was available through a Brush recorder. 

The ultrasonic probe was alternately placed on each side of the rail 

at each station and a full set of time~differential data were 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. Two 15.2 m 

(40-foot) coaxial cables were used to transmit the electronic signals to and 

from the ultrasonic probe. One was connected to the sending transducer and 

the other would be alternately connected to each of the receiving trans

ducers for the particular wave. 

The probe was held in place by the C-clamps as shown in figure 4-4. 

No special surfa6e preparation was required other than wire brushing of 

the web area. Low viscosity motor oil was used as the ultrasonic couplant. 

Precautions were taken to be sure that both the rail and the probe surface 
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Figure 4-3 Typical Strain Gage Installation. 
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were free from grit and other loose particles since this presence would 

yield erratic readings. 

A"l m (3ft) length of 110 lb/yd AREA rail located near the stressed 

rail was used in both field tests as a measuring reference. Travel-time 

measurements on the reference rail were used to assess temperature effects 

and to de~ect abnormalities in the probe. 

Field Test Results 

Results of Norman Field Test - The travel-time measurements made on the 

reference rail and at mile post 400 are shown in figure 4-5 and 4-6. The 

variations in travel-time for the reference rail are presumed due to temperature 

induced changes in wave speeds only. The longitudinal wave travel-time 

shows an increase of 0.0033 ~sec for a 1°C change in temperature which is 

somewhat higher than the increases encountered in laboratory tests. The 

shear wave trave-time showed no significant change with temperature as 

contrasted to laboratory tests which showed a significant increase with 

temperature. The differences experienced between the laboratory and field 

temperature-induced changes in travel-time measurements are believed due 

to unequal temperatures of the probe and rail standard in the field test. 

The data in figure 4-6 are shown as measured and as corrected for 

temperature according to the variations measured on the standard rail. The 

corrected longitudinal wave travel-time is computed according to 

(tL) c (tL)u - 0.0033 (T-25) (4-1) 

where 

(tL)c is the corrected travel-time in ~ sec 

(tL)u is the measured travel-time in~ sec 

T is the measured temperature in oc 
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The corrected travel-time measurements show a change with rail-temperature 

which is about four times as great as the expected change due to thermal 

stress. For a temperature change of 20°C the change in stress is 32.1 MN/m2 

(4.66 ksi) which should yield a longitudinal wave travel time change of 

14 nsec. The measured change is 60 nsec. The difference is attributed to 

changes in curvature which also affect the travel-times. Because measure-

ments were made on one side of the web only, ·the curvature effects could 

not be separated from the stress effects. The shear wave travel-time shows 

an unexpected 
. 0 0 0 
~ncrease at -2.5 C compared to the data at -5 C and 15 C. 

At this time the cause of this increase has not been isolated. Three 

possible contributing factors are: (1) interference of the shear wave with 

a guided wave mode in the rail web, (2) data acquisition error, and (3) 

curvature effect. 

In spite of the unexpectedly high changes in longitudinal wave 

travel-time and the unexplained changes in the shear wave travel-time, 

the results did demonstrate two useful points. First, the travel-time 

measurements could be made in the field with a reasonable precision and, 

secondly, the longitudinal wave travel-time measurements showed the correct 

trend. Further this preliminary test was very useful in debugging the 

operation of the unit in the field and contributed to the smoothn~ss of 

the Pueblo field test. 

Results of the Pueblo Field Test - The strain histories recorded at the 

four rail stations are shown in figures 4-7 and 4-8. The strains plotted 

are not absolute strains but are relative to the strain present in the 

rail when the bridges are initially balanced. Because of operational 
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difficulties all of the bridges were not balanc~d at the same time, hence, 

the data shown only represents changes in strain from an unknown reference. 

The strains are plotted as functions of time beginning at about 2200 hours 

on 10 December 1976 (shown as -2 hrs) and continuing to about 2100 hours 

on 11 December 1976. The dotted lines shown in figures 4-7 and 4-8 are 

interpolations during periods when the data recorded was obviously in error 

or when the data was not recorded. The discontinuities which are seen in 

several of the strain histories, e.g. at station 26, the vertical strain 

on the gage side of the rail at 7 hours, are due to bridge rebalancing 

necessitated by operational problem~ and should be disregarded. 

The strain histories are reasonably consistent with expectations. 

The maximum longitudinal tensile strain occurs at all four stations at 

approximately 700 hours which was shortly after sunrise. The histories 

show rapid changes from 700 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. 

The stress changes computed from the measured longitudinal strains 

at the four stations are shown as a function of rail temperature in figure 

4-9. Although the scatter is higher than is normally expected with strain 

gage measurements, the trend of the data agrees with the expected change of 

2.24 MN/m
2

/°C (325 psi/°C). The data at station 35 shows a shift of 16.6 MN/m
2 

(2.4 ksi) because those strain gages were not operational for the full span 

of the test and, hence, were zeroed at a different strain level than the 

remainder of the gages. The scatter in figure 4-9 can be attributed to 

three causes. First, unequal temperatures· betw~en the unstressed lengths 
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in which the bridge completion gages were located and the rail will cause 

an apparent strain. Secondly, flexure induced in the rail due to unequal 

heating of one side of the rail will cause apparent discrepancies. Thirdly, 

inaccuracies in temperature measurement may be responsible for some of the 

scatter because rail head temperatures were used in figure 4-9. 

The results of the travel-time measurements on the reference rail 

are shown in figure 4-10. The longitudinal wave measurements show the 

expected change with temperature. The shear wave measurements, however, 

show considerable scatter, the cause of which is not evident. The 

slope of the longitudinal wave travel-time data agrees very well with the 

slope measured in the Norman field test, figure 4-5. The average slope 

of the shear wave data is greater than that measured in the Norman field 

test but is approximately the same as measured in the laboratory. 

The travel-time measurements at the four stations on the rail are 

shown in figures 4-11 and 4-12. The data shown is the average of measure-

ment made on the field and gage sides of the rail web and has been temper-

ature corrected according to equation 4-1 and 

where 

(tT)c = corrected shear wave travel-time in~ sec 

(t ) 
T u 

uncorrected shear wave travel-time in ~ sec 

T = rail temperature in °C 

(4-2) 

Additionally the stress data for station 35 have been incremented by 

16.6 MN/m2 (2.4 ksi) to account for the different zero stress level 

associated with this station as noted above. 
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The straight lines shown in figure 4-11 are the expected relation-

ships between longitudinal wave tqaNe1-time and stress change. They have 
g~'-lt p. S<ZG/f'fl { ['1\ 

a common slope of 0.44 nsec/MN/m (3 nsec/ksi). The experimental data 

at station 26 show considerable inconsistency. However, the data for 

stations 29, 32 and 35 with one exception agree with the expected values 

to within approximately± 6.9 MN/m2 (± lksi) which is same measurement 

accuracy experienced in the laboratory evaluation. 

The shear wave travel-times shown in figure 4-12 for station 26, 

32 and 35 are relatively independent of stress level but the data for 

station 32 show larger variations than were expected. Further the shear 

wave data for stations 26, 29 and 32 show reasonable agreement but that 

for station 35 areconsiderably lower. This indicates that the elastic 

properties at station 35 are significantly different than those at the 

other locations. 

It is speculated that the inconsistencies in the data shown in 

figures 4-10, 4-11 and 4-12 are in part due to the presence of small particles 

which tend to adhere to the rail web surfaces. Although reasonable care 

was used to clean the web surfaces before attaching the probe, the extremely 

high resolution required for the measurement coupled with the relatively 

slow wave speed in the coupling oil (1250 m/sec) make .the measurement ex-

tremely sensitive to changes in path length between the probe and the web 

surfaces. 

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 in order to establish the 

true stress levels throughout the 24 hour test. Full strain gage data 
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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 after

noon when rail temperature was reasonably uniform at approximately 26.1°C 

(79°F). Readings from all five strain gages at each stage are shown in 

figure 4-13. 

The first stage was the recording of data with the rail fully 

constrained. Next, the rail clips were removed from s·even ties on the 

side of the planned cut containing the strain gage. Data were recorded 

after this event. Then, the tie plates were removed from the same seven 

ties and the strain gage data were recorded. Following that, the rail 

was saw cut and the strain gage data taken. Finally, the loose rail was 

hit with a hammer along its length in order to be sure that it was lying 

free on the ties. 

The strain data shown in figure 4-13 behave as expected. The 

longitudinal strains on either side of the rail are not severely affected 

until after the saw cut. It is interesting to note that greater longi

tudinal strain is shown for the gage side of the rail than for the field 

side indicating that the rail was not entirely straight. 

The vertical gages on the opposite sides of the rail are of 

opposite sign until the rail clips are removed. After that, they are both 

compressive, countering the tensile longitudinal stresses. This behavior 

can most likely be related to the rail being slightly bent. The trans

verse gage on the top of the rail head remains compressive as would be 

expected. 

With this data, the true rail stresses can be estimated for a 
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given temperature range as shown in figure 4-14. The mean stress free 

0 0 
temperature is approximately 24.5 C (76.1 F). For the temperature en-

countered during the ultrasonic tests, the true longitudinal rail stresses 

ranged from approximately 6.9 MN/m2 (1 ksi) to 74.5 MN/m
2 (10.8 ksi) in 

tension. 
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CONCLUSION 

An ultrasonic probe has been designed which is capable of mea-

suring longitudinal stress changes in rail. The measurement is based on 

the acoustoelastic effect which was shown to be greatest for longitudinal 

waves propagating parallel to the applied stress. The probe design in-

corporates conventional ultrasonic wave generators and receivers which 

use plastic-steel interfaces to generate and detect longitudinal and 

shear waves propagating parallel to the axis of th.e rail. Although tempera-

ture induced changes in wave speeds affect the probe, a differential 

travel-time measurement technique plus a stress-free reference measurement 

provide a means to cancel these undesirable effects. Laboratory evaluation 

of the probe showed that best precision obtainable with this probe design 

is approximately .± 0.003 f.l sec which corresponds to .± 6. 9 MN/m
2 

(± 1 ksi) 

stress change. Field evaluation of the probe showed that the travel-time 

measurements when correcte1 for temperature effects did correctly reflect 

the expected changes as a function of rail stress change. The field test 

also showel that the probe was capable of measuring stress changes at a 

2 . 
particular rail locations with an accuracy of± 6.9 MN/m (± 1 ks~). 

At the present time, measurement of absolute stress using the 

acoustoelastic principle is not considered feasible. Although efforts to 

relate shear wave travel-time to longitudinal wave travel-times for zero 

applied stress showed that the effects of material properties variations 

could be partially eliminated, larger variations in longitudinal wave 

travel-times apparently due to residual stresses and difficulties encoun-

tered with shear wave measurements in the field lead to the conclusion that 

absolute stress measurement is not feasible at this time. 
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Additional research on the topic of ultrasonic measurement of 

rail stresses should be concentrated in two areas. First, a larger data 

base of travel-times(or wave speeds) from various locations, using the 

basic probe design presented here should be assembled. This could yield 

considerable information on wave velocity variations from rail to rail, 

and could assist in learning more ~bout the true stress patterns in rail. 

An evaluation of this data would be necessary in order to determine the 

actual usefulness of the method for the measurement of absolute rail stresses. 

The second area which needs additional investigation is the re

lationship between material properties, wave speeds and prior deformation 

history. The development of a relationship between these factors could 

help resolve the question of the origin of the variations in longitudinal 

wave travel-travel times. 
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APPENDIX A 

Rail Stress Measurement in the Union of 

Soviet Socialist Republics (USSR) 

and the United Kingdom (UK) 

Introduction 

A delegation from the United States visited railway technical 

facilities in the USSR at the end of August. 1975. Mr. Bray was a member 

of that delegation. It appears that there is no effort in the Soviet 

Union to monitor longitudinal rail stresses other than by traditional strain 

gage techniques. ·A complete report [26] of the findings of the U.S. delegation 

has been prepared by Mr. F. L. Becker, another member of the delegation. 

Upon returning to the United States from the visit to the Soviet 

Union, Mr. Bray spent one day (9/1/75) at the Rail Technical Center of 

British Rail at Derby. The rail force measuring system was discussed with 

Mr. Denis Holt and his staff. 

The complete rail force measuring system developed by British Rail. 

consists of a transducer permanently mounted through a hole at the neutral 

axis of the rail, and a separate read-out instrument. One instrument can 

serve for reading several transducers, depending on the distance between 

the transducers. Each transducer can be individually monitored or an 

electrical harness could connect a group of transducers to a single moni-

taring station. The individual readout system is currently being used by 

British Rail. 

Experience to date shows the minimum sensitivity of the system to 

be on the order of 44.5 x 103N (10,000 lb) change in force. Sensitivity 

3 near to 17.8 x 10 N (4,000 lb) force changes have been ~ften encountered. 
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For a typical 11 sq in rail, this resolution is equivalent to detecting 

6 2 • 2 6 2 stress changes of 6.27 x 10 N/m (910 lb/~n ) and 2.49 x 10 N/m 

(362 lb/in1respectively. More detailed information is contained in 

bulletin BRT-475 [27]. A summary of this plus personal observations are 

in the following comments. 

Transducer - The transducer consists of two parallel wires permanently 

fixed across the horizontal diameter of an annulus measuring approximately 

29 mn in outside diameter, as shown in figure A-i. The annulus width (W) 

is near to that of the rail web thus placing the wires just inside the 

web when the transducer is in place. 

Operation - The operating principle is to simply excite the wire with an 

electrical impulse and then to automatically measure the decay rate 

(i.e. relative amplitud~ as the wire vibrates over one hundred cycles. 

The wire tension affects the decay rate and thus the force is measured. 

An initial calibration is required. Later readings must be compared to 

the original in order for the correct stress to be determined. 

Temperature effects upon the rail stress have been found to be 

important. The best time for reading is during the night or early morning 

hours since the temperature is generally uniform across the rail at those 

times. Hard sun shining on one side of the rail will create inconsistent 

results because of unequal temperature distribution. Both wires must be 

read and the results should be in reasonably close agreement. 

Application and Results - At this time, there are approximately 80 trans-

ducers installed in track with 50 or more planned. Two of the reading 

instruments have been assembled. 98 
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On several instances, force indications read from the transducer 

have been compared to results obtained by sectioning the rail. In 

virtually all cases, very good comparisons have been obtained. 

Results from several installations in long welded rail have shown 

the expected settling behavior in newly laid rail where, with traffic, 

the stresses in the center portion may tend to relax from the original 

tensile condition creating a more uniform distribution over the entire 

rail length. After settling, stress changes over several months period 

showed regular fluctuations over a mean stress level. 

Evaluation and Comparison to Proposed Ultrasonic Measurement Technique -

The rail force measuring system of British Rail has the distinct advan-

tages of 1) availability; 2) accurate and proven results and 3) relatively 

low cost (probes negligible costs, instruments approximately $1200 each). 

The disadvantage of requiring a machining operation in the rail is cer

tainly a major one. 

Other Discussion Topics at British Rail - The Railway Technical Center 

performed tests on the acoustoelastic measurement of rail stresses over 

two years ago. They experienced difficulties caused by material variations 

and the program was not pursued. It is suspected that the success of the 

rail force transducer program diminished interest in the ultrasonic 

approach. 
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APPENDIX B 

RESIDUAL STRESS MEASUREMENT 

IN USED RAIL 

The presence of residual stress in a rail will be manifested by 

a change in wave speed. The use of the acoustoelasticity to measure 

longitudinal stresses may be affected by the presence of residual stresses. 

In order to learn more of this interaction, an independent study was 

undertaken to measure the residual stress distribution in typical samples 

of used rail. The measurements are compared to ultrasonic wave velocities 

to assess the effect of residual stresses on the acoustoelastic technique 

for measuring longitudinal stress. 

Method 

After surveying the literature on the techniques available for 

residual stress measurement, it became apparent that a material removal 

technique would be necessary. Further since interest centered primarily 

on the vertical distribution, the removal of successive layers parallel 

to the base of the rail would yield sufficient information to be useful. 

The method chosen for removing the layers of rail is milling. 

A preliminary study on a fully annealed block of steel of dimensions 

229 x 76 x 32 mm (9 x 3 x 1.25 in) showed that a cut of 0.15 rom (0.006 in) 

or less with a continuous coolant flow did not introduce residual stresses 

due to the milling process. Sensitivity requirements dictated that the 

stresses be average over thicknesses of 1.27 rom (0.050 in), hence, these 

layers were removed by ten passes of the mill, each pass removing 0.127 mm 

(0.005 in). 
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As the layers are removed, the relaxed residual stress causes 

deformation in the remaining rail. The most suitable method for measuring 

that deformation is electrical resistance strain gages. Two different 

strain gage configurations have been employed. Initially single gages 

were mounted longitudinally at the four locations shown in figure B-1. 

While reasonable data was obtained with external bridge completion, the 

long waiting period needed to achieve thermal equilibrium made use of a 

four active arm bridge more attractive. For the second residual stress 

0 0 
measurement, two-gage rosettes (O -90 ) of gage length 1.6 mm (0.062 in) 

were mounted in pairs as indicated in figure B-1. With two longitudinal 

and two transverse gages at each location sensitivity was increased by 

2.6 and zero stability and temperature compensation were virtually perfect. 

Data Analysis 

In order to calculate the initial state of stress in the rail, 

the following assumption~ are employed~ 

(1) the strains caused by removing material are elastic, 

(2) the stress distribution is uniaxial and uniform along the length 

of the rail and linear through the width of the rail, 

(3) flexure of the rail obeys the Bernoulli-Euler beam theory, and 

(4) the removal of material does not introduce new residual stresses. 

Removing layer t is equivalent to imposing a longitudinal 

force and bending moments as shown in figure B-2. The force and bending 
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moments are given by 

(6F) -t = (S) .tb.tt.t (B-1) 

(6My) .t (S) .tb.t (z.t - z ) ct t.t (B-2) 

(6Mz) .{, (S )t(bf/12) x,y t.t 

where 

(s) .t •· 
= average stress in layer .{, 

(S ) t = gradient of the stress in layer .{, 
x,y 

b.{, = width of layer t 

z coordinate of the centroid of layer .t 

z coordinate of the centroid of the rail cross-

section after layer t is removed. 

t.t thickness of layer .t 

The force and bending moments cause a strain at any point (y*, z*) 

given by 

= + (B-4) 

where 6e,t(y*, z*) = change in longitudinal strain at point (y*, z*) 

due to the removal of larer .t 

At = area of remaining cross section of rail after 

removal of layer .t 

I g , I g 
yc-v zc-v 

= second moment of area about centroidal axes parallel 

to y,z of rail cross-section after layer .tis removed. 
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Substituting equations (B-1, B-2, B-3) into equation (B-4) yields 

6.e t (y*, z"'') = 
EA1 v 

(S )ubuy*tu + x,y .,_, .,_, .,_, 
12 EI u 

ZC'V 

(B-5) 

If (S) and (S ) are to be determined from the strains, x x,y 

two strains must be measured. Assume the two st~ain gages, a and b, 

are placed such that 

z* = z~'c = z* 
a b 

y* = -Y'!! = y~" 
a b 

The sum and difference of the strains at points a and b are 

= 

Thus (S ) 
X 

at a and b by 

(zt - zct)(z* - zct) } 
1yct 

(B-6) 

(B-7) 

(S ) in layer t can be related to the strains x,y 

E 

12 EI u 
ZC'V 

(B-9) 

When layer t is removed, the stress is changed in every layer 

below t • Using the equivalent force and bending moments given by 
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equations (B-1 thru B-3), the changes in average stress and stress gradient 

in any layer m due to the removal of any layer t < m can be expressed 

as 

= + (B-10) 

!::.(S ) t x,y m 
(B-11) 

where !::.(S ) t = change in average stress in layer m due to re-
x m 

moval of layer t 

(S )rot -change in stress gradient in layer m due to 
x,y 

removal of layer t 

z = z coordinate of the centroid of layer m. 
m 

The average stress and the stress gradient in any layer m may 

be determined by the following expressions. 

m-1 

(a ) = (s ) T ~::.(s) t 
x m x m x m 

(B-12) 

t=l 

m-1 

(a ) = (s ) - T ~::.(s ) t 
x,y m x,y m x,y m 

(B-13) 

t=l 

Results 

The longitudinal stress averaged over the rail width as a function 

of depth measured from the rail head is shown in figure B-3 for two adjacent 
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samples of the same rail. The samples were taken from a length of 92 lb/yd 

rail manufactured in 1921. It had seen moderate usage on the Missouri

Pacific line near Leonard, Oklahoma until a derailment in 1972. 

The strain data for rail 1 was taken with four longitudinal gages 

mounted as shown in figure B-1. In figure B-3, the stresses calculated 

using the upper set of gages are labeled A and those calculated using the 

lower set B. For rail 1 bridge completion was external to the rail. The 

zero drift due to the specimen changing temperat~re during the milling 

process necessitated a long waiting period after milling for temperatures 

to equalize. Nevertheless the agreement between the stresses calculated 

from the strain data from the two locations A and B, indicate that the 

temperature influence was minimized by this procedure. 

The strain on rail 2 was measured using a four active arm bridge 

at each location. This provides temperature compensation, eliminates con

tact resistance problems and, under the assumption of uniaxial stresses, 

increases the measurement sensitivity by a factor of 2.6. The average 

stress across the rail head calculated using this data and equations B-10, 

B-12 is also shown in figure B-3. The lack of agreement between the 

stresses calculated with the two sets of gages A and B is attributed to 

the presence of a biaxial stress field in the rail head. Since the trans

verse gages mounted under the head will be affected by stresses acting 

transverse to the rail axis, the strains measured by those gages would be 

different than the strains measured by the gages on the web at location B. 

However, the stresses calculated with the gages on the web of rail 2 

agree reasonably well with the stresses of rail 1. 
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Figure B-3 Average Longitudinal Stress As A Function of 
Depth for a 92 lb/yd Used Rail. 
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Summary 

A technique for the destructive measurement of the average 

longitudinal stress as a function of depth in short samples of railroad 

rail has been shown to be feasible. The quantitative agreement between 

two sets of measurements made with longitudinally oriented strain gages 

at two different locations on the same rail demonstrate the accuracy of 

the technique. Disagreement of measurements· made with four arm "bridges 

located under the rail head suggest the presence of a biaxial stresses in 

the rail head. Stress measurements on a 92 lb/yd rail having seen mod

erate usage show a maximum compressive residual stress of 200-250 MN/m2 

(29-36 ksi) at a depth of 6-8 mm (0.25-0.31 in). 
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