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PREFACE

Under the Federal Railroad Administration's (FRA) Improved
Track Structures Program, the Transportation Systems Center (TSC)
is conducting research to develop the engineering baslis for more
effective track safety guidelines and specifications. The intent
of these specifications is to ensure safe train operations while
allowing the industry maximum flexibility for cost;effective

track engineering and malntenance practices,

One of the major safety issues‘currently under investigatioh
under this program deals with track buckling. The work reported
here 1is part of this investigation dealing with the analytical
prediction of critical buckling loads and temperatures, supported

by experimental verification on an operating mainline railroad.

The authors would like to thank Messrs. C.H. Perrine and
H.D. Reed of the Transportation Systems Center, Messrs. R. Krick
and W.B. 0'Sullivan of the Fedéral Railroad Administration for
their helpful comments and review of the report, and Mr. W.S.
Lovelace of the Southern Railway System for providing invaluable

assistance in conducting the tests.
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SUMMARY

The increased utilization of continucus welded rail (CWR) in.
U.S. tracks has resulted in an increasing number of accidents
attributable to derailments induced by thermal buckling of rail-
road tracks. In an effort to improve the safety of CWR, experi-
mental and analytic investigations were conducted by the
Transportation Systems Center (TSC) supporting the safety mission
of the Federal Rallroad Administration {(FRA). This report des-
cribes these investigations, and presents'the results applicable

for improved safety, design and maintenance practices.

The experimental work primarily consisted of two full-scale
mainline thermal buckling tests on théiHérrisonbufg Lineiof the
Southern Railway. ' These tests, one on tangent, thé other on a
curved segment, included instrumentation to measure compressive
forces, temperatures, lateral and longitudinal diSplacements, and

track lateral resistance,

The.results of the tests were utilized in the deVelopment and
validation of analytic models for thé prediction of the lateral
buckling response for tangent and curved tracks in the absence of
vehicle induced loads. The analytic models developed are capable
of predicting buckling temperatures, the "safe" temperature
increase, critical forces, and pre- and post-buckling displace-
ments, in the presence of imperfections and finite (short) test

section intluences.

The buckling analyses verification studies showed that the
theoretical predictions are in good agreement with the test data
resulting in an improved understanding of the track buckling
mechanism. On the basis of the experiments and theoretical
studies, the following major results and conclusions are

presented:

X111
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Both tangent and curved track exhibited relatively high
buckling temperatures (above neutral), in spite of

initial imperfections,

The curved track exhibited a lower bdckling temperature
than the tangent, a less "explosive" type of buckling,
and a smaller buckled wave shape and amplitude.
Measured values of lateral and longitudinal resistances
were 1in the range of 54 to 83 lb/in and 69 to 87 1b/in,

respectively, which can be taken as representative values

for “good" track based on the SR test track conditions.

The importance of adeguate>test section length was
man;fesﬁed by the non—gnifofm axial force build-up and
test section end displacements, resulting in the
impfoveﬁent of analytic predictions by inclﬁding

pre-buckled displacements and end-restraint parameters,
Established test concepts, technigques and methodologies

for the conduct of full-scale buckling tests utilizing

locomotives as a power source for rall heating.

X1iv
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1. INTRODUCTION

Thermal buckling of tracks in the lateral plane 1is an impor-
tant problem in the design and maintenance of continuous welded
rails., The severity of the problem can be seen from Ref. [1]
where it is indicated that during the perlod 1976-1979, there
were at least 100 derailments in each year attrlbutable to track
buckling. The reported number of derallments in 1980 was 174, .
which caused an estimated damage of $l4.2 mlltlon. More signi-
ficantly, for every buckling accident that caused a derailment,
it has been estimated that there were at least 10 buckling 1inci-

dents noted and corrected by timely track maintenance [2].

Current methods used by the track design and mainténance
engineers to minimize the risk of track buckling are empirical.
Adequate designs need to account for the proper buckling tem-—
perature within a factor of safety, Givenuthe maximum rail

temperature, T attained in the yearly cycle, the design may be

'
based on the c?iterion AT = f (T -T ) where AT is the buckling
temperature increase,‘Tn is the neutral temperature and f is the
factor of safety. <Clearly, the hlgher‘Tn is, the larger the
safety factor will be, However, in winter_when‘the rail temper-
ature drops to its minimum Tm’ there will be a;large tensile
stress proportional to (Tn-Tm), which, in eonjunction with wheel
load stresses, may lead to rail fatigue fracture. Therefore, it
is important to optlmlze the rail neutral temperature, taking
into account the reglonal variations of the maximum and the
minimum temperatures. The only guideline available in the U.S,
in this regard seems to be the AREA recommended practice [3],
which specifies a laying‘temperature range areund the expected

mean temperature.

The problem is further eomplicated because of possible deviations
of the neutral temperature from the rail installation tempera-
ture, Rail de-stressing from time to time may be required. Track

maintenance-of-way engineers need to know simple inspection pro-



cedures to assess the neutral temperature and economic methods to

increase the buckling strength of service tracks, if required.

From the rforegoing, 1t 1s seen that a humber df‘problems of
practical significance need to be resoclved in‘thé area of 'thermal
response of continuous welded rails, The cufrent empirical
knowledge of track buckling is clearly not satisfactory, as
evidenced from the continued interest and need by the railroad
engineers 1in the U.S5. and abroad, for aﬂbetter understanding of
the buckling phenomenon and dependable‘éaféty specifications.
Therefore, in 1978, the Federal Railroad Administfation (FRA)
inltiated a major reseérch program on this subject, with the
ultimate aim of devélopment ot recommendations on the safety
standards to minimize the number of derailments due to track
buckling., 7The Transportation Systems“Céhtér supports the FRA in
the conduct of the program by providing technical direction of
and 1nvolvement in the research activitiéé.»l |

The work reported here is a part of a major investigation
conducted by TSC on the analytical predictions of-critical
buckling loads and temperatures, éupported,by‘experimental veri-
fication on operating mainline railroads in the U.S. The experi-
mental work consisted of two major tééts at The Plains, VA, one
cn a tangent track and the other on a quved tfack; The purposes
of these tests were to compare the buckling mechanism for tangent
and curved track and to validate recently:dQVElopéd analytic
models. Both test zones were fully instrumented for compressive
forces, temperatures, and lateral and lbngitddinal displacements.
Analyses of the two test results, theofétical_pfedictions, and

conclusions of practical significance are presented here,

A brief description of four additiohal tests performed with-
out instrumentation at The Plains, VA, and the two pilot tests

carried out earlier at Chattanooga, TN, is also presented.



"2. BUCKLING RESEARCH REVIEW

2.1 REVIEW OF PAST WORK'

A brief review of the past'theoretical and experimental work
will be presented here, ‘Oi the theoretical side, numerous publi-
cations exist; the majority of the published work used incorrect
or inadequate formulations and are not suitable for buckling
analyses as discussed by Kerr [4]. Under certain simplifying
assumptions, Kerr [5] presented a post-buckling analysis for
tangent. tracks without imperfections; his analysis was intended
for the determination of the safe temperature increase and not

the buckling temperatures.*

To study the effect of track imperfections, nonlinearities in
track parameters, missing ties, and vehicle and other external
loads, a versatile method has been developed by Samavedam [6],
which ylelds both the safe and buckllng temperature’ 1ncreases.
Parametric studles and deSLgn data for CWR utilization in Great

Britain have also been presented.

- Samavedam in [6] has also presented a theory for the curved
track with iﬁperfectiéns, which is the only curved track buckling
tneory avallable which predlcts both the safe and the ‘buckling

temperature increases.

Buckling experiments were conducted by several railway organ-
izations in the past. The majority of the tests were poorly
designed and, in some cases, led to erroneous conclusions. ‘In
the tests bj'Ammann and Gruenewaldt [7], and'by Nemcsek  [8}, the
rail compre551ve force was induced by hydraullc 3acks, which 1s
not a su1table method to 51mulate the thermal buckllng phenome--
non. Birmann and Raab [9] of the German Federal Railways con-

ducted rail heating/buckling experiments on a 150.9 ft. (46 m)

-

*Refer to Figure 28 for a definition of safe temperature increase
and buckling temperature, -



long track, As shoyn latep, the tesp track was too short for

the results to be répreséntative of the intinite track. Bartlett
[10] of the British Rallways experienced a similar shortcoming by
using a short track ot .about 118.1 ft. (36 m) long. Nemeédy (11!
and later Nagy [lZ] of the Huﬁgarian Railyays carpied out tests
on a 62y.8 tt. (192 m) long track. Although thé results Qgre“
meant for_émpirical use, théy indicated for the first time the
Influence of track curyaﬁupe and .moving loaus on track. Bromberg
(13) oil the USSR réilways gonducted,tests on a 328 ft. (100 m)
long track, and his results too were meant Ldpran empirical use.
in view ob the coaplexity of the phenoménon of track buckling,

emplrical use ol results 18 01 guestionenle validity.

o In 1979, SJmavedam [14], thén with the British quiways,
Lonuucted a set of buckling tests on a speciaily'buiit track at
Oid Dalvby, England The track was 328 ft. (100 m) -long, with end
concre te DlOLKS (sunk 1nto the ground) to prevént cnd longit@d:
inal movements The rdllS were heated by direct current, - h
obtained by rectltylng aitcrnatlﬂg current Lrom a three—phaso 440
volt supply. 'The track was lnstrumented w1th straln gauges and
displacement transducers. Buckllng tests were conducted on a
tangent, COﬂLretE t1e track with the aim of valldatlng‘;;
>SamQVLdam S stralgnt track aﬂaIYaeS [6]. 1In the tests, it was
found that end movement ot'the concrete blocké‘gccqfreqﬂ wﬁigh_
resulted 1in a varying prebuckling éompressive forcé-in”the‘raiis.
The theory was later modified to incorporate the .end movement due
to the Llnlte stlftness at the ends, Redsonablc agreempnt
between the theory and the experiment was found [14}. Addij
tlonal‘tcspg were carried out 1in 1980, which included buckling

under an external lateral load and a moving vehicle.

2.2 SCOPE OF THE PRLQENT WORK _ i

In contrast to the European test progrdms 1nvolv1ng specially
builit test tracks, the U.S. buckling test program cen%@red
directly on mainline service tracks. 7This was motivated by the

tact that the practical use of a theory can be‘apprqgiateduomlyf

LY



when tested in realistic situations. The test results obtained
were also of direct use to railroad engineers,

Mainline buckling tests are typically not undertaken because ot
the ditficult technical and logistical problems posed by such a
large-scale test program. ©Some problems and the sclutions used

in the tests reported herein are briefly discussed here,

(1) Heating Equipment: It is clear that the heating equip-
ment could not be permanentliy housed at one location, A
mobile apparatus was needed. The use of diesel electric
locomotives to supply current to the rails as used in
the Hungarian tests [l2] was found to be most suitable
source of rail heating, This concept was successfully
demonstrated for the first time in the U.S. at
Chattanooga in conjunction with two pilot buckling tests
conducted cooperatively with the Southern Railway
(Appendix 2). ‘ ’

{2) Track Resistance Characterization: Track parameters
(lateral and longitudinal resistances) have to be char-
acterized and measured 1n a convenlent manner with as
little disruption to traffic as possible., Existing
methods of parameter measurement were found to be inade-
quate and new approaches described in later chapters
were developed. A mobile rig for measuring lateral

resistance was specially designed and fabricated.

{3) Instrumentation: The track occupancy time is generally
extremely limited for minimum disruption of traffic,.
Raplid deployment of instruments such as strain gages, .
lateral and longitudinal transducers, and temperature
transducers was 1imperative, The ralil heating and buck-
ling experiment had to be completed in less than two
hours' time, For fast recording of data, a Datalogger

was used.



Test Section Length: The problem of minimum test sec-
tion length had to be re-examined, previous analytic
considerations being inadequate because of the f%nite
stiffness at the junctions between the heated and tﬁe
unheated rails. Fundamental studies were carried out to
analyze the behavior of finite tracks with finite
stiffness [16j. This resulted in the cholice of 656 ft.
(200 m) as the test section length,



3. TEST CONDUCT

The two tests mentloned in Section 1 (one on a tangent track
and the other on a 5° curved track) were performed during the
period of 21-28 June 1y€l, on the Harrisonburg Line of thc
Southern Railway in the town of The Plains, VA, 'The tests were
designed in accordance with the requirement set {forth in [17] and
conducted as planned in the experiment design {18].' Participat-
1n3 ln the tests were personnel from the Federal Railroad
Administration (FRA), Transportation Systéms Center (T5C), Foster
Miller Associates, Inc. (FMA), the Sdﬁﬁhern Railway, and Portec,
Inc. The data collected during the tests were entered in the
Buckling Test Data rFile, available at TSC.

3.1 TANGENT TRACK

The track had 132 lb continuous welded relay ralls on wood
ties at 20-inch spacing, on a good quality granite ballast with
12"-14" shoulder. Alternate ties were box anchored. The test
section was 656 ft, (200 m) long. A central portion of the test
sectlon was tamped to simulate a recentlymweakened condition.
The rail and the track properties are listed‘ih Table 1.
Although the annual tonnage 1s approximately 1.2 million gross
tons (MGT), the track was maintained to mainline gquality

standards,

Instrumentation: The primary instrumentation for the buck-

ling test consisted of eleven strain gaqgeé”(SGl—SGll), four
temperature transducers (Tl-TQ); three lqngitudinal displacement
transducers (Ul—U3), and one lateral displacement transducer,

The deployment of the instruments is shown in Figure 1.

The strain gauges were compensated for bending and thermal
strains and directly vielded the force in the rail. The strain

gauges and the bridge circult were tested in the laboratory prior
to the application in the tield tests.



TABLE 1 - RAIL AND TRACK PARAMETERS

WEIGHT:

YOUNG'S MODULUS, E:

RAIL PROPERTIES

AREA MOMENT OF INERTIA, 2177:

CROSS SECTIONAL AREA., 2R

COEFFICIENT OF THERMAL EXPANSION. &

~ TRACK PARAMETERS
(HEASURED OR DERIVED)

132 LB. YD,
30 X 100 ps1

2 X 14.2 1IN
2 X 12,95 IN.2

6.39 X 1079/%F

CURVED

TANGENT
BALLAST TYPE GRANITE . GRANITE

RAIL ANCHOR EVERY OTHER TIE EVERY OTHER TIE
GRADE 0.5% ' 0.3% '

TIE SPACING
TIE MATERIAL
SHOULDER WIDTH
TEST LENGTH, 24
HEUTRAL TEMPERATURE

" MISALIGN. AMPLITUDE, ¢,
MISALIGN. LENGTH, 2L
LATZRAL RESISTANCE, F,

LONG. RESISTANCE, £,
END STIFFRESS | k

RADIUS OF CURVATURE, R

20 INCHES
WOOD

10-14 INCHES
656 FT. (200 M)
71.3°F (21.8°C)
1.6 IN. (41 19
36 FT.(11 M

54,3 LB/IN (972
KG/M)

£9.3 LB/IN (1240
Ka/m

1,12 X }09 LB/IN
(2 X 107 K6/M)

o0

20° INCHES
WOOD

12-16 INCHES
656 FT. (200 M
72.3°F (22.4°0
1.5 1§, (38 MM
36 FT. (11 W

83.3 LB/IN (1490
KG/M)

87.2 LB/IN (1580
K&/M

112 X }09 LB/ 1N
(2 X 10/ KG/M
1148 FT. (350 M)




- — 656 ft. (200 m.)
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The 19 transducers were monitored and read at frequent inter-
vals during the test by means of a Datalogger, In'addition)
tnree X-Y plotters were used to obtaln the real-time graphical
output between 5G; vs. L, (rail force-lateral deflection
respunse), Tl vs, Ll (temperature—la;eral dellection response)
and 569 vVs. Ul {end stiffness).

A magnetilc tapé recorder was also used to record the output

from the transducers and served as a standby for the datalogger.

Test Procedure: In the early morning of the buckling test

day, the rail anchors were removed, the rails were cut at the
ends of the test section and de-stressed for the purpose of pro-
viding a known, uniform, stress?free temperature in the rails and
also to give a zero reference level for the output of the strain
gauges. The joints were closed‘sdbsequently, using four
insulated joints, and the track was re-anchored. During the
re-anchoring process, rail temperature and_the strain gauge
readings were recorded. These data are_needéd to détermine the

correct stress-free temperature.

Prior to the installation of the 1nsulated joinis, a lateral
misalignment was set at the center using the lateral pull rig
designed for an earlier test at Readville,{MA. The rig applied a
lateral force at the center, At various lateral fofce levels,
PL' the lateral displacements at xi(i=0{1,2,3) (Figﬁre 2) were
measured using string pot type displacement transducers, When a
maximum imperfection amplitude of 2 in. (51 mm) wés reached, the
lateral load was removed. The track recovered a few millimeters
and resulted in a final permanent set of 1.61 in. (41 mm) over a
length of 36.1 ft. (11 m). This constituted the Shape I type
misalignment (see Figure 15) for use in the buckling analysis,
The final misalignment shape was measured relative to a stfing

line. The load-deflection data collected in the misalignment
setting were needed for computing the lateral resistance.
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After the foregoing operations, the electric resistance
heating of the rails was started. The current was supplied by
the two diesel eledtric locomotives especially converted to uti-
lize their aitefnators as a heating soutrce. The locomotives were
stationed at one end of the test section, whiie:two hopper cars

were placed at the other end to provide symmetrical and restraint
conditions,

lnitially, a low current (<1000 amperes) was sent through the
rails to check all the instruments for proper functioning, after
which the current was 1increased and Kept between 4000-6000
amperes. The current strength was again reduced prior to reach-
ing the estimated buckling temperature and the datalogging fre-
guancy was Llncreased until the track buckled. Typical outputs
from the Datalogger are shown in Table 2 and the rate of heating

in Figure 3.

After the ‘track buékled, the current wﬁs‘shut‘off, and the
buckled wave shape was measured. The resulting mode shape éan be
seen 1in Table 3. The hecating was restaftéd an& céntinuéd for
another 15 minutes to obtain additional data on the post-buckling
response of the track. The deformed rails incurred sufficient

yielding as to requilre replacement.

3.2 CURVED TRACK
The track for this test was similar to the tangent track
except for a curvature of 5°, The test length was 656 ft.

{200 m)., The procedure was similar to that described for the
tangent track. |

Instrumentation: The instrument deployment 1s shown 1in

Figure 4. As in the tangent track, the instrumentation consisted
ot 11 strain gauges (SGl—SGIl), four temperature transducers
(Tl-?4), three longitudinal displacement transducers (Ul—U3), and
one lateral displacement transducer. In addition, four lateral

displacement transducers (L2-L5) were used to study the radial
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TABLE 3: BUCKLED MODE SHAPES FOR TANGENT -
AND CURVED TESTS

TANGENT TEST

n

{ﬁ | |
..___20.5'_..’ 25 y IV 25" —
) 9/’ -,, —

AT, (ABOVE STRESS FREE)
AXIAL FORCE PER RAIL

139°F (AVG.)
134 TONNES

fl

5° CURVED TEST

ATg (ABOVE STRESS FREE) = 110°F (AVG.)
AXIAL FORCE PER RAIL = 108 TONNES
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{lateral) movements in the breathing zone, i.e., zone adjacent Eo
the buckling zcne. Again, all the instrument outputs were
recorded on a Datalogger. As in the tangeht track; X-Y plotters
were employed to obtain the response characteristics and the test

track end stiffness.

Test Procedure; De-stressing, misalignment installation, rail

'heating, etc,, were all carried out in the same manner as for the
tangent track. An initial imperfection of 1.5 in. (38 mm) over
36.1 ft. (11 m) was installed, and force-deflection data were
collected to compute the lateral resistance. The track buckled
in Shape I mode (éee Table 3}, Typical outputs from the data-
logger just before and after buckling are shown in Table 4. The

rate of heating 1s shown 1in Figure 5.
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4, TRACK PARAMETERS

The guantitative determination of relevant track parameters
tor use in the analyses constituted an important part of the -
tests, No attempt was made to control parameters artificially 1in
the tests, excepting for the initial misalignment. This resulted
1n a realistic response of the test track and representative data
for the service track. In the tollowing, the key parameters
regulired for use 1n the theory as given in Section § are briefly

discussed,

4.1 STRESS-FREE TEMPERATURE ‘
Stress-tree or neutral temperature is defined as the tempera-
ture at which no resultant longitudinal force acts in the rail.
ldeally, this,yould be the rail temperature at the instant of
closing the joints after the de-stressing opefation. In practice,
however, Jjolint closing and re—ahchoring takes finite time and the
rail temperature changes Jduring this period. The method of ‘
determining the stress-free temperature in the test was to plot
the rail force (as read by the strain gauges) against the rail
temperature, as shown in Figure 6 for the tangent track and

Figure 7 for the curved track, and extrapolate the graph to cut

the temperature axis. In these figures, SG2 readings (the strain
gauge situated at 41 ft., or 12.5 m from the center) were used
rather than 5Gl which was located in-the misalignment zone. The

logic in fitting the data by a straight line in Figures 6 and 7

is that, after re~anchoring for small levels of force, the

relationship between the force and the temperature increase is
ilnear.

As seen from Figures 6 and 7, thé stress-free temperature
works out to be 7l;3OF (21.8OC) for the tangent and 72.3°F k
(22.4°C} tor the curved track. |

4.2 INIVIAL MISALIGNMENT

The purpose of the 1initial misalignment was to assess the
track buckling sensitivity to imperfections. It would also

20
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precipitate buckling to occur at a chosen place (center) and
facilitate the determination of the track lateral resistance. As
stated earlier, the misalignment was set by applying a lateral
force through a hydraulic jack, connected to a reacting bulldozer

(Figure 2).

Tangent Track: For the purpose of computling the lateral

1 and X=X, were
recorded at different load levels, as shown in Figure 8.

resistance, the lateral deflections at x=0, x=%

The final misalignment shape at the commencement of the
buckling test was measured relative to a stringline and also
shown in Figure 8. The amplitude of the misalignment is about
1.61 in. (41 mm), within a chord length of 36.1 ft. (11 m).

Curved Track: The setting of misalignment posed certain

problems. The bulldozer had to be placed 1in a ditch and consi-
derable effort was required to apply a purely horizontal force,
working against a 2.5" superelevation. 1In addition, it was found
that at high lateral load levels, the reacting bulldozer did not

provide adequate restraint.

The lateral deflection and forcé measurements taken during
the misalignment setting for the curve are shown in Figure 9.
Also shown is the final misalignment shape, with an amplitude of
1.5 in, (38 mm) over a length of 36.1 ft. (11 m).

4.3 LATERAL RESISTANCE

Existing methods for determination of track lateral resist-
ance'rely on pulling a single or a panel of ties. Single tie
tests are not suitable, in general, because of tie-to-tie variation
in ballast conditions and discrete panel tests are also unsuit-
able for service track as they involve cutting the rails, No
convenient method of measuring lateral resistance of service
tracks exists in practice, Therefore, the following methods have
been developed‘for the determination of track lateral resistance
for the buckling test.
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Tangent Track

Method 1l: Lateral Resistance Computation from Misalignment

Setting

This method utilizes the track deflection-force data obtained
in Section 3,1 while the initial imperfection is set by the
application of a lateral force (Figure 2). We assume that the
track behaves like a beam in bending in the lateral planec and
that there is no compressive force in the rails when a lateral
force P, is applied at the origin. The differential equation

L
describing thils behavior 1is:

EL w'''' = P §(0) = F(w) (1)

Here &§(0) is the Dirac delta function, EI is the flexural rigid-
ity, F(w) is the lateral resistance function, and the primes

denote derivatives with respect to x.

F(w) is generdlly a nonlinear function of w, as shown in
Figure 2.2, and it attains the steady value FO when the rail
deflection w > w (Figure 2.2). Since FO is an import;nt parame-
ter in the buckling analyses, Equation (i) will be used to deter-
mlne FO. For this purpose, it is necessary to consider the
response of the portion of the deformed track in which w > w,

hence F = F_. Assuming the P_ 1s sufficiently large as to yield

L

W, > ;, the four deflection values w = w. (1=0,1,2,3) at x = X

tggether with the two conditions at x = B, viz., wt! = 0, wt'' =
PL/ZEI, will determine the six unknowns, namely, EI, FO and the
four 1integration constants appearing 1n the solution of Equa-
tion (i). The fact that én equivalent EI will also result from
this method is useful as this value can be compared with the
generally accepted value computed from the material and the
gsection properties of the rails. The method requires measurement
of the four deflections with good accuracy and an engineering
judgment of w. For an approximate determination of For W can be
considered as small and ignored.



Method 2: Lateral Resistance from Post-Buckled Equilibrium Shape
This method uses the compressive force-deflection data of the

buckled track. The differential equation for the tangent track

can be shown as (see Section 5)

EI w'''' + P(w'' +w '"') = +F - (i1)
o

Since the buckling deflections are large, it is justified to use
the constant value FO for the resistance. The + signs are to.
account for the sign of w in the Shape II.I mode {see Section 5,
Figure 15). Here, wo" is the second derivative of the initial

misalignment in the track.
The compressive force P is read frdmrthe;étrain gauges.,
(Gauge 2, which is in the buckled zone, is considered here rather
than Gauge 1 at the center, as there 1is plastic yielding of the
rail at the center. This 1is discussed later.}) Equation (i1i) is
solved conveniently by the Fourier fechnique\(seé Section 5). To
simplify computations, EI is assumed known in the .analysis
(although it does not have to be), and knowing §, Ll’ L, w

max
(Figure 15) and using Eg. {ii), Fo can be evaluated.

Curved Track
Method 1

We assume that there 1s no compressive:.force in the rails

when the lateral force is applied., The differential equation'is
1
w — - R L

where the dots dencote the derivatives with respect to o (Figure
15). As in the case of tangent track, Eg..(111) can be inte-
grated and from the lateral force-deflection data collected

during the misalignment setting (Figure 9), one: can evaluate Eé’



Method 2 _
The buckled equilibrium equation for the track can be shown
to be (Section 5)

EI w . Pw

o

Bw
- — (1v)
RS :

+
1
!
g
+
rodlysli

The compressive force P in the buckled zone is read from the
strain gauges. The differential equation (iv) is convenilently
solved by the Fourier technigue and-FO-can be evaluated in terms

ot the maximum deflection and E.

Numerical Results

For the tangent track, the following results are obtained

from the data in Figure 8. It is assumed that w = 0 in Method 1.
- .2 2 ‘
PL 1b (kg) EI 1lb-1in" {(kg-m") FO lb/1n (kg/m)
10 -

13194 (5985) .112 x 10 (.328X106) 57.6 (1031)
15079 (6840) .102 X 1010 (;299x106) 63.0 (1127)

The value of EI is about 20 percent higher than the wvalue
obtained from material and sectional properties of rails, This
may be attributed to the influence of torsional resistance pres-
ent 1n the track. The average value of lateral resistance is
60.3 lb/1in (1078 kg/m).

In Method 2, the data used for the tangent track are

EI = .1 x 1070 1b-in2 = .293 x 10% kg/m?, L = 49.5 ft. = 15.1 m,

Ll = 20.7 ft. = 6.3 m, Lo = lS.Oi tt. = 5.5 m, Woax = 25 in. =
.635 m, fg = l1.61 in. = .04l m, P = 69%.2 tons or 138,380 1lb,

{interpolated from SG2 and SG3)
to be 48.3 1b/in (865 kg/m). The value is reasonably close to

for the two rails, FO is found

that of Method 1, when one considers the variable nature of -

revenue service tracks.
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For the curved track, only one set of readings at PL = 17907

lbs (8122 kg) (Figure 9) is believed to be reliable for calcu-

lating 'the lateral resistance. This has yieided the following

result
.2 2 .
PL 1b (kg) EI 1b-in“ (kg-m®) Fo 1b/in (kg/m)
- RS I R -G T
17907 (8122) .115 x 10 {.337x107) 99.4 (1779)

The EI value obtained is reasonabié."Thé lateral resistance
Fy = 99.4 lb/inch = 1779 kg/m is conSidérably‘higher than
expected.

In Method 2 for the curved track, the data used are
1 ox 1009 1b-in? = 293 x 10% xg/m?, ©'= 37.7 fr. = 11.5 m,
LO 18.24 ft. = 5.5 m, GO = 1.5 1n. '= .038 m, wmax = 13.4 in. =
0.34 m, P = 138.5 tons or 276,980 1lb, for the two rails. The

lateral resistance 1is found to be 67.1 1b/in. (1200 kg/m).

Bl

The difference in the obtained lateéral resistance values for
the tangent and the curQe'may be attributable "to the wider
shoulder width and more cemented ballast on the curve. For
analysis purposes, the average values of 54,3 1lb/in (972 kg/m)
and 83.3 1lb/in (1490 kg/m) for the tangent and curve, respec-
tively, were used, - -

4,4 LONGITUDINAL RESISTANCE

Longitudinal resistance 1s the resistance experienced by
rails as they move in the longitudinal direction. Usually rail
anchors are tight, and ties also‘move along Qith‘the rails. The
resistance offered by the ballast to ties will then be the longi-
tudinal resistance, In some situations, the anchors may be loose
or missing, resulting in rail slippage over the ties, and hence,

results in reduced resistance,
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The mathematical fepresantation of the longitudinal resist-
ance 1s generally of the ftorm f(u) = fo tanh uu [e]. Here, ﬁo ig
the constant value reached for large‘lonqitudinai displace-

ment, u, and w 1§ a stitfness parameter.

There are no simple ways of determining the longitudinal
resistance Of tracks 1n service, In the buckling experiment,
advantage can be taken of the rail force levels indicated by the
strain gauges., The longitudinal equilibrium‘equation in the zone

adjacent to the buckled zone can be shown as (Figure 14)

o8
i

= t{u) ‘ (v)

O]

X

For large u, f{u) belng ifo, the rail f@rcé gradiént is a direct
measure oi Lo. The following methods are used to determine this

gradient.

Method 1

1f we conslder the prebuckling longitudinal displacements,
the largest movement occurs at the ends of the test section due
to tinite stif{fness at the ends. For the tangent track (Fiqure
10), | '

£, ='z(sc7-ssg)/25 = 49.4 1b/in (1600 kg/m)

Similariy, tor the curved track (Figure 1l1), SG6 and SG8 vaides
indicate:

O

£, = 2(5G =8Gg)/25 = 71.5 1b/in (1280 kg/m)

Method 2
In thig method, we consider the post-buckling lonqitudiﬁal
movement of the rails. The largest movement occurs near the ends

of the buckled zone. From Figure lO} for the tangent track:

fo = 2(564—SG2)/25 = 49.2 1b/in (880 kg/m)
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For the curved track (Figure 11):

fu = 2(SG6—SGB)/25 = 102.8 lb/in (1840 kg/m)

The two methods vielded significantly different results,
which can be attributed to the variable nature of the track. The
resistance may also be dependent ¢on the direction of movement.

It is also nonlinear with respect to the longitudinal movement,

4.5 END STIFFNESS

The end stiffness at the junction between the heated test
rail and the unheated cold rail cutside the test zone is an
important parameter in the analysis of finite tracks, Figures 12
and 13 show the relationship between SG, and U, for the tangent

S 1
and the curved tracks, respectively.

In the tests, the longitudinal transducers were connectéd
late (after the de-stressing operations) when there were'alfeady
some movement due to the temperature increase. The data plotted
in Figures 12 and 13 were not corrected for the initial displace-
ment. It is believed that with this correction, the graph would
intercept the férce axis nearer the origin, The graph 1s linear-

ized and the stiffness works out to be
6 . 7

k = 1.12 x 10" 1lb/in (2 x 10 kg/m)
both for the tangent and curved tracks.,
4,0 SUMMARY

1. A summary of the track parameters determined by the
foregoing analyses 1s presented 1in Table 1 for both the tangent
and the curved tracks. The final resistance values given are the

average values obtained from Methods 1 and 2. This averaging

must be done to accommodate the wvariable nature of the track

characteristics.
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2. The track, even after tamping, showed a lateral
resistance of 54 1b/in and 83 lb/in for the tangent and curve,

respectively.,

3. The longitudinal resistance of the track is high {70 - 87
lb/1in) even when every other tie is box anchored. The resistance

seems to be unequal in the two directions,

4, The apparent flexural rigidity EI of the tfack 1s about
20 percent higher than the usually assumed value, o

5. The end stiffness obtained between the cold and hot junc-
tions 1s about 1.12 X 106 lb/in. This seems reasonable, when
cbmpared with previous data obtained at the Chattanooga, TN,
buckling test site (Appendix 2). British Rail test track with
end concrete blocks had a stiffness of one order of magnitude

higher [14].
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5. GENERAL THEORY

In order to analyze and interpret the results of the buckling
tests, a general theory accounting for the finite track ienqth, the
finite stiffness and the prebuckling longitpdiﬁal movements is
given below. ” 7

The initial”(prébuckliné) displacement is sketched in
Figure 14. It can:beiébown that the end effect is feit up to a:

distance, QS, where

When buckling occurs there will be a drop in the rail force in the
buckled zone. This will result in some longltudlnal movement of a
part of the adjoining regiocn towards the buckle. The force will
be redistributed as shown in Figure 14. 1It.is ¢lear that the peak
of the force curve occurs -at the point of zero longitudinal dis-

placement.

5.1 EQUATIONS FOR THE BREATHING ZONE

It is convenient to lelde the ad301n1ng zone 1nto two regions:
L < x < %l, and Ql < x < L. Let Ul and U2 be the net longitudinal
displacements in the two regions after buck};ng.' The differential

equations are:

2
' fOX ‘
Ul = - fO/EA hence U1 = f > ER + Clx + C2 {2)
ey fox2
U2 = +-fO/EA hence U2 =+ > TR + C3X + C4 {3)

It has been shown in an earlier work [6], that, u, the displace-
ment in the buckled zone |[x| < L can be expressed in terms of P

and w, the lateral displacement. Also,
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P .
L] -_— - = R oo, ! .
“lx=r, T T Ea * o7 . o - (4)
_ _ PL o .
u x=1, = ~ Ea + oTL - 2 - : . ) \ (5)
where

Lf 2 :
Z = S . 1 ¥
JQ 3 + w W dx | (6)

For an assumed value of L, P is determined from the transcendental
equations as shown later. There are now six unknowns in the prob-

lem: €y, C,, Cy, C 2, and T, the temperature. These‘are deter-

37 74 71
mined from the following continuity and end conditions:
Uy x;ﬂ =0 - S . ~ —' ‘ {7.1)
1
U2 s = | | | { o — . (7:2}
1 S ,
U, u. (7.3)
1. T 2L, -
x—ﬂlr x—Ll
Uy = uf (7.4)
wl’sz x=L .
- '
U o= U : , , . : ~ C , {
1 $=1 %=L | | (7.5)
P + f (22,-%-L) = kU,| (7.6)
e} 1 2 =1

Equations 7.1-7.3 répresent the continuity between region 1 and

region 2. Equatidns 7.4‘and 7.5 representrthe Continuity between
the buckled zone and region 1. Equation 7.6 gives the end stiff-
ness condition. After some lengthy algebra, it can be shown: that

the final eguation for the determination of Rl is given by:
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) 3 . 4AE 2 A%
2(e,/0) 7 + [3 + T!T] (L,72)° + [-1 + (E)

2AE
- L+ L/ o+ AE2 (% + Z)] (Rl/ﬁ)

f L
o

_ 2 _ ;
[(L/R) + AEZ/(fOQZ)] =0 (8)

It is not difficult to show that the foregoing cubic equation has
only one positive rocot for Rl < &, The final equation for the

temperature T, is given by:

2 —
pooh B 2 (9
2EAQl ARG Rla ‘ o

1

For the special case where the end stiffness, k, approaches infi-
nity, Ql approaches ¢ and equation 9 reduces to the previously
derived equation for finite tracks [153). The equation for

curved track is similar (with appropriate changes in 2},

5.2 EQUATIONS FOR BUCKLED ZONE (TANGENT TRACK)

The following equations are derived under the usual assump-
tions for the buckles zone, i.e., the lateral resistance F(w}) =
Fo’ constant, and the longitudinal resistance fO = 0 (see Refer-
ence 6). Both Shape I and Shape I1I modes (see Figure 15) will be
considered for tangent track because of the mode transformation taking
place from I to III, as explained later. The track, at the instant
of buckling, was in Shape I although the final post-buckled shape

was ITII.

The initial track imperfection is assumed to be sinusoidal:

wo(x) = do cos (%%T) » (10)
0 .

40



y B : 5
i . 2Lo_—~.l 1 - W‘__ 2Ll_;lW
k = _— o ———
SHAPE I
TANGENT TRACK

SHAPE T
CURVED TRACK

FTCG. 15 - BUCKLING MODE SHAPES

41



SHAPE I

The differential eqguation is:

EIw'''" +Pw'' =-F_ -Pw_"'
: o] o)

The boundary conditions are as follows:

at x =0 w' =w'''" =0

at x =+ L w=w'"=w'' =0

Let

{1

w(x) z: Am cOSs (2%?)

1,3,5

F (x) = 2. a ' cos (E%?)
S5...

° 1,3,
- mmx
w o= 2: b_ cos | =
o} 1,95 m ( 2L)

By Fourier analysis

mﬂLO
WGO(L/LO) cos 5T, for Lo < L

2 2 2
(L - LO m )

mé _m cos (ELL) sin (Eﬂ)
o} o 2
. f (m2 L

O N N
|
=
)
SN

also
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'(11.1)

{11.2)

(12)

(12.1)

(12.2)

(12.3)

(12.4)

(12.5)



- la + P b

]

The complete solution is obtained by stipulating'that

{12.6)

wl

- - - mn . mTy _ -
x=T, _ > ‘Am(ZL) sin ( 5 ) 0 (12.7)

1,3,5... .
which gives

3 mn L |
4T L o o . mT
- o sin BT _ BW(OO/LO)COS ( 5T ) sin (7?)

- EIm 7 2 5

m'L2 ' ‘
;> | L -
' L — - =9 (13)

(e

Equation 13 determines B8, the smallest root of which occurs between

(r/2)% and (3n/2)2.

Here B = §L2/EI | (13.1)

The value of Z required in the temperature equation (9) 1is

calculated from:

L
Z =./. — + w'wo‘ dx, which after integration by parts becomes:
o

It
—
E
3
=

w 2 bt . '
S A PP,
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SHAPE III

In computing the post-buckling respcnse (determined by Shape
III), it is convenient tb neglect the initial imperfectiéns, as the
latter are very small compared to the former and do not signifi-
cantly influence the response beyond the safe temperature. |

The differential equation is

EI w'''' + Pw'' = = Fix) {15)

From Figure 15, it is clear that

F(x) =+ F_ for - Ly <|x|<L

1
(15.1)

- F_for L, < |x| <L
o .

1

The boundary conditions are the same as Shape I, equations li.i

and 11.2, In addition, there is the reguirement that
wily) =0 (15.2)
Writing w and F(x) as
o
w - m7nX
(x) 1 ;E; Ap cos ( L ) (16)
ad .
F(x) = 2: a_ cos (%}5) (16.1)
1,3,5

we find that

a = 4Fo 2 si mrt) _ N Ll | , . (16.2)
m o s1n > 51 ) .

where t = (LlfL) and

S S N VR SRR Y- (16.3)
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The boundary conditions together with equation 15.2 results in two
transcendental equations for the determination of t and P. This
work has been done before [6] and it has been found that

pL>

t = 0.385 and R = BT = 57 (17)

M

The expression for Z 1is:
L = m 2 2
& = z) > (TL) Az (18)
1,3,5...

5.3 EQUATIONS FOR BUCKLED ZONE (CURVED TRACK)

Initial misalignments are again assumed to be 'sinusoidal':

né
w (8) = $, cos (2¢O) , for |6] < b ‘(19)

where 60 is the amplitude or the offset and ZR ¢o = 2LO is the
length over which the misalignment occurs. For symmetric

buckling mode (see Fig. 15} the differential equation is:

Pw

ELU M- F +E -8 (20)
R R © R '
Let w = §: A cos %;E - (21)
1,3,5...
P P - mm 8
F -3 |={F. - — > a_ cos [—&— - (21.1)
o) R 0 R2) 1,3.5.. m ( 2¢)
and
5 = G D0 by cos () | (21.2)
R R 1,3,5



The value of a, is the same as in equation 12.3 whereas
: ¢
o .
2 mm 8
= £ cos -
P cbf Yo (2¢)d0
C

78 (¢/0_) cos | ———
O o 2¢
7 2 2 S (21.3)
(cp - % m) |

Also,

_ L=, 2

(F - P/R) a_ + (P/R7) b ]
A = _[ o 7 D 1 (21.4)
: P @) B (_)

24 \20 2 \20) | ‘ ‘

The complete solution is obtained if it is stipulated that-

[
-

w[ =0
g=0¢
that 1is,
>, A nsin (I—“—”)= 0 (21.9)
m 2
1,3,5
which determines P or 3, as before. The expression for Z in

equation (9) is:

b 2 wow . _
Z =.f WYy 20 d6, which after integration by parts becomes:
(= R 2R R
o} +2 w W
= f s+t — 3~ 20 ds
i} 2R R
_\2 A b ¢
— = 2¢) E + mn- 1 2 m :
= Z l:(m__—'iTR SlN( P ) Am (R) 164 Am - ?Rz :, (21.86)
1,3,5... .
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The maximum deflection'is

e o | N o (21.7)

5.4 NUMERICAL SCHEME

P

All the relevant theoretical equations are easiiy programmable
and are operational at TsC. A summary of the numerical scheme for
the tangent track Shape I mode lS given here. The scheme for the

curved track 1s srmllar

(l) ‘Select,L varying from 3 to 15 meters in small incre;

ments, such as 0.25m

(2) -Determine B; for each I, from the transcendental Eq. 13,

- using Newton Raphson: method of iteration. Determine T

“from’ Eq 13,1
(3) Compute a_ from Eq. 12.3, b_ from Eq. 12.4 or 12.5

- (4). Compute Am from Eg. 12.6 and Wiax f?Qm*Eq~~12‘;,f-
(5) Compute Z from Eqg.-14

(6) Determine‘i&l from Eq. 8. Accept the p051t1ve root

' R ‘ ! =
g, < 21 <. . o If 21 » L set ll ,.R

(7) © Compute T from Eq. 9

(8) Plot T vs w and P vs w
' max ‘ . -max

Parametric studies have been carried out using the foregoing
theory and the results will be presented in the forms of graphs

and charts in a forthcoming publication [16].
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6. TANGENT TRACK ANALYSES

The rail and the tangent track parameters summarized in
Table 1 will be used in the general theory given in Section 5.
The numerical results obtained from the theory will be compared

with the test data recorded,.

6.1 TEMPERATURE DEFLECTION RESPONSE 7

The theoretical buckling‘temperature (above neutral) was
computed to be 136°F. The test value is slightly higher at 146°F
indicating fairly good agrecement. The buckled mode was the Shape
III type. The maximum deflection obtained from Shape III theory
15 also in reésonable agreement with test value. Additional post-
buckling measurements taken after the track buckled and as the
heating continued, are also shown in Figufe 16; which confirm the
Shape. III theoretical predictions. The theoretical safe tempera-
ture increase, AT_. 1is 780F. It has not been possible to check

S
this value from the test conducted.

It should be noted that Shépe I analysis was used to predict
the buckling temperature, while Shape III analysis was used for
the final mode shape. This is justified because the track
started to buckle in Shape I (due to éhape I imperfection),
although its final shape was that of mode III. The transfor-
mation of the mode shape from I-to IIT during buckling appears to
be a common characteristic of the tangent track. The same phe-
nomenon was noticed in the recent British Rail buckling tests in

which a high-speed camera recorded the mode change.

6.2 RAIL FORCE-DEFLECTION RESPONSE .

The theoretical rail compressive force values, as obtained in
Shape I and III analyses, and the test results are plotted
agalinst the maximum central track deflection in Figure 17,

Again, the teét results agree better with Shape I theory before
buckling and with Shape III theory after buckling, which further
supports the contention that the moede change took place during

buckling.
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It is 1nteresting that the compressive force In the buckled
zone 1s reduced by 80 percent after buckling. The force in the
two ralils before buckling was 616,000 1lbs (280 metric tons);
after buckling it fell to i32,000 1bs {60 metric tons), thus
considerable strain energy in the track was released because of

buckling.

6.3 BUCKLED WAVE SHAPE

Figure 18 shows the measured lateral deflectioné versus the
theoretically predicted wave shapes. The experimental curve 1s
not entirely symmetrical. The theoretical maximum deflection is
slightly less than the tesp'result. The thecretical and the

observed wavelengths are in good agreement.

6.4 RAIL FORCE VARIATION _

The longitudinal raill force buildup with temperature, as
indicated by the strain gauges, has been plotted in Figure 19.
The variation of the force along the track just before and just
after buckling 1is also shown. In Figﬁre 20, a com?érison has
been made between the theoretical and the test results., The

agreement is satisfactory.

It must be noted -that the compressive force levels before
buckling, as recorded at SG3 and SG4 locations, follow the law
P = AEaT, showing that there was no longitudinal movement of the

track at this place. From SG4 to SG. (the end of the test sec-~

tion), the compressive force, beforegbuckling, drops off almost
linearly and 1s no longer determined by the simple relation

P = EAaT. This is in agreement with the general theory presented
in Section 5, and 1s an important characteristic of finite tracks
with finite end stiffness. 1t should be pointed out that in the
case of the infinite track, constant force levels would exist

before buckling, for uniformly heated rails,.

The prebuckling forces 1in the central zone (as recorded by

SG2 and SGI) are slightly less than that at SG3. This can be
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explained by the fact that the track relieves some of its com-
pressive force due to the growth of imperfection with temperature

increase.

As can be seen in Figure 19, the after-buckling reading SG1

at the center showed a force level that 15 higher than SG., and

2
8§G3. It is believed that SG, reading became spuriocus after

buckling because the rail yiélded plastically at the

center. Calculations, not presented here, indicated that the
combined bending and the direct stress indeed exceeded the yield
stress on one side of each rail base. The stréin gauge was, of
course, fixed on the web. Its reading was nevertheless in error,
as the neutral axis must have been shifted from the original
position and unsymmetrical bending effects could not be compen-

sated by the strain gauge set.

It is believed that the correct .value of the force at the
center after buckling can be obtained by extrapolating the read-
1ngs ot SG2 and SGB'

6.5 LONGITUDINAL DISPLACEMENT VARIATION

In the test, only three longitudinal displacement transducers
were used. Two were located on one side ¢of the track (Ul and
U3). Ul was at the end and U3 was at about 183.7 ft, (56 m) away
from the center. The data from the transducers, taken before and
after buckling, are plotted in Figure 21. The theoretical curves

are also shown in the figure.

The limited test data agree with the theoretical predictions
reasonably. The expected maximum is around 1.57 in. {40 mm)
towards the center, occurring outside the buckling zone at about
65.6 ft. (20 m) from the center. Unfortunately, no transducer
was located here and this value could not be verified by the test

data.
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6.6 SUMMARY

1. A list of important results derived from the theory and
the corresponding test values: are presented~in Table 5., It may
be concluded that the overall agreement between the theory and

the experiment is good.

2., The prebuckling compressivé‘force distribution in a -
Einite track with finite stiffness is different from that of the
infinite track. In the latter, the force.ls constant along the

track, whereas 1in the former, it drops off at the ends.

3. A_symmétric imperfection produces a symmetric buckling
mode.ﬂ‘Based on other field tests, .in.general, Shape III Séems to
be the final mode for tangent track. Mode change ftom“Shape I to

Shape ITI can occur when the initial imperfection is of Shape I.
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TABLE 5 - SUMMARY OF COMPARISON BETWEEN
THEORETICAL AND EXPERIMENTAL
VALUES (TANGENT TRACK)

| THEORY ExL. |

BN TEFETUE INREASE ATp (%F) | 135.9

% PREBUCKLING CENTRAL ZONE | 336.6 308.4
§  FORCE* (KIPS) |

ENDS 230.6

I CENTRAL ZONE |  76.6 66.9

@ BUCKLING® (KIPS)| gnps _E 14G.6 123.4

§ BUCKLING LENGTHS L (FT.) F 47.6 49,5
| AND DISPLACEMENTS

, . Ly (FT.) 18,4 20,7

1 —

AN W1 (IN,) 205 | 224

L—_—lﬂ.l[...

2L HZ(INI)
§ PREBUCKLING LONG.
§ END DISPLACEMENT

| POSTBUCKLING LONG. .
§ END DISPLACEMENT 10N

8.7 - 5.5

Uy (IND

| PREBUCKLING LONG.
{  DISPLACEMENT **

I POSTRUCKLING LONG, o
b DISPLACENENT ** Ug(IN)

Uz(IN.)

*FORCE PER RAIL ~ ** 143.5 rT FROM U4
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7. CURVED TRACK ANALYSES
The curved test track results have also been compared to the
theoretical predictions with the parameters as given in Table 2.
only mode Shape I will be considered in the theory, as there was

no change of mode during bﬁbkling'as was found in the tangent

test.

7.1 TEMPERATURE-DEFLECTION RESPONSE

The theoretical and test results are presented in Fig-
ure 22, showing the theoretical buckling temperature increase to
be 119°F (66°C) and the. test value 115°F (63°C), indicating good
agreement. The theoretical safe temperature increase is 860F and
is higher than the value for the tangent track due to the higher

lateral and longitudinal resistance values in the curved track.

The theoretical deflection amplitude at the buckling tempera-
ture is 19.3 inches, whereas the experimental value was only 14.3
inches, hence the agreement in the post buckling portion of the
response curve 1s not as goodlfor the curved track, as it is for
the tangent track.

7.2 RAIL FORCE-DEFLECTION RESPONSE

The c0mpreésive force in the rail as obtained from theory is
shown plotted against the maximum central deflection in Figure 23
along with the actual test results. The theoretical buckling
force 1s about 114 kips (250 metric tons) per two rails and the
test value 1is 100 kips (220 tons). The experimental values
follow the trends predicted by the theory. 'After buckling, the
force level dropped to about 59 kips (130 tons), a 41% reduction
from the prebuckling level.

7.3 BUCKLED WAVE SHAPE ‘
The measured buckled wave shape is compared with the computed
theoretical shape in Figure 24. The theoretical and test buck-

ling lengths are in reasonable agreement, while the theoretical
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buckling deflections are higher than the experimental deflections
for the complete buckled zone. The agreement is not as good as

for the tangent track.

7.4 RAIL FORCE VARIATION

The force built up in the rail with increase in temperature,
as recorded by the strain gauges, is shown in PFigure 25. In
Figure 26, a comparilson between the theory and the experiment for
the forces just before and just after. buckling is'presented.

The force buildup at.,_SG4 location . 1is almost according to the
formulg P = AE«¢T1, up to the instant of buckling,. Hence, there
afe noftangential (Longlfudinal) movements of the track at this

the force drops off because of the end

point. From SG4 thSGg,
movement as expected in the theory. The force level indicated by
SGl before buckling;is smaller than SG4, since the former was

situated in thé'imperfecﬁion zone, which grew and relieved the
force slightly Vithjincrease in temperature. The force drop from
5G, to SG (end of the test section) is an important feature of

4 9 .
the finite track with a finite stiffness.

The plastié:yie¥ding of the rails at the center, as in the
tangent track, resulted in spurious readings of the central

strain gauge SG, after buckling. Again, it is believed that the

1 ,
correct value of the force at the center can be obtained by the

extrapolation of nearby strain gauge readings.

The overall agréement between the theory and the test regard-

ing the rail force levels 1s satisfactory.

7.5 TANGENTIAL DISPLACEMENT VARIATION
The tangential (loﬁgitudinal) displacement of the track was
monitored at three locations. O0Of these, two (Ul and U3} were on

one side of the track.
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The theoretical pre-and post-buckling distributions of the
displacement are shown in Figure 27. The results of U1 and U3
are in reasonable agreement with the theory. The maximum theore-
tical post buckling displacement is about 0.91 in, (23 mm)
towards the center of the buckle, occurring near the ends of . the

buckled zone,
7.6 SUMMARY

1. A summary of the important results from the theory and
the experiment 1s presented in Table 6. The overall agreement

between the theory and experiment is good.

2. A symmetric imperfection resulted into the Shape I Sym=-
metri¢ buckling mode. Unlike the tangent track, the curved track
did not change 1ts mode during buckling.

3. The test track was instrumented for monitoring prebuck-
ling radial (lateral) movement of the curved track., No signifi-
cant movement was found. However, breathing of curves (radially
inwards and ocutwards) with temperature fluctuations is reported

to be a common phenomenon 1in certain practical tracks.
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TABLE 6 - SUMMARY OF COMPARISON BETWEEN
THEORETICAL AND EXPERIMENTAL
VALUES (CURVED TRACK)

THEORY

§ BUCKLING TEMPERATURE INCREASE ATp (DE) 119,3

PREBUCKLING CENTRAL ZONE 262.2
FORCE® (KIPS)
ENDS 192.1

FORCE AFTER CENTRAL ZONE | 103.4
BUCKLING® (KIPS) —
ENDS | 159.5

BUCKLING LENGTHS §.
AND DISPLACEMENTS ¢

i N

L —= ? 19,3

23,9 1

PREBUCKLING LONG.

END DISPLACEMENT +0;31 B

POSTBUCKLING LONG. 1
END DISPLACEMENT -y - +0,20 1

PREBUCKLING LONG.

T Ol
DISPLACEMENT ** 0.04

POSTBUCKLING LONG. ]
DISPLACEMENT ** | -0

*FORCE PER RAIL e 1435 Er FROM Uy
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8. CONCLUSIONS

{1) The current theory for analysis of thermal buckling is
adequate-for explaining the mechanism of track buckling under
static conditions. The theory is in a highly developed state and

"should be useful to track maintenance and design engineers., It
15 now possible to study the effect of track imperfections,
éurvature, "finite" track (end restraints), missing ties, and

other relevant parameters,

(2) Successful buckling test concepts and methecdology have
been established. The "mobile heating" technique developed can
be used to facilitate rail heating tests on tracks in service.
Measurement and recording data on rall compressive force, temper-
atures, and displacement can be carried out automatically. - The
importance of adequate test section length was manifested'by the
non-uniform force build-up and test section end displacements,
resulting 1n the improvement of analytic predictions by including

pre-pbuckled displacements and end-restraint parameters.

(3) Both tangent and curved tracks tested on the Southern
exhibited relatively high buckling temperatures ({above neutfal),
in spite of initial imperfections. The curved track exhibited a
lower buckling temperature than the tangent, a less "explasive"

type of buckling, and a smaller wave shape and amplitude,

(4) To properly simulate infinite track situations, espe-
cially with regard to the rail longitudinal force distribution,
the heated length in the buckling tests will have to be greater
than 656 ft. (200 m). At low temperature, the force distribution
will be practically constant. As the temperature increases, the
ends move out and the end effects influence larger portions of
the te?t track. The force tapers off at the ends, the distri-
bution eventually becomes tfapeioidal at sufficiently high |

temperatures.
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9. RECOMMENDATIONS

(1) The track lateral resilstance, being the most important
parameter, should be determined as accurately as possible. A
simple and practical measurement technique is needéd. Existing
‘technigques such as single tie and panel tests are not suitable
for service tracks. An approach based on the equilibrium equa-
tion has been presented here. Further investigations are

required to establish the reliability of the technique.

(2) The present lateral pull rig is bulky and needs to be
improved for easier handling and operation, The use of a bull-
dozer, from which the present rig derives its reaction, mav not
. always be convenient and satisfactory as slipping may occur.
Improvements are alsc needed in the.rig for use in curved tracks

with superelevation.

(3) Dynamlc buckling tests on tracks with moving vehicles
are required. The buckling and the safe temperatures under
moving loads are suspected to be lower than the respective
"static values." The effect of "precession" waves in lifteoff and
consequent reduction in the lateral resistance should be studied,

as well as the influence of lateral loads.

{(4) For given track parameters, a design criterion for
assurance of safety againét buckling 1s needed. One approach can

be based on buckling temperature AT, and a reguired factor of

B
safety. Another approach can be based on the safe temperature

ATS. The first approach requires a knowledge of maximum
expected track imperfections, The second tends to be somewhat

conservative.

Design data should be prepared in the form of charts and
graphs giving both the buckling and the safe temperatures for a

range of track parameters.,
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(5) Only two fully instrumented static tests have been
conducted in the U.S5., whereas, the total number of buckling
tests conducted abrcad seems to be in excess of 1000. The major
portion of the work done onlthis subject 1in the U,S;‘has been
devoted to the research methodology rather than to data genéra-
tion. Since coqsidérable advances have_beén already made 1in the
theory, data generation caﬁ be made with the help of the theory
and only a limited number of additional tests (static and |
dynamic) need to be done to resolve the issues brought ocut in

this report.
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APPENDIX A
ADDITIONAL BUCKLING TESTS AT THE PLAINS, VA

The Southern Railway (SR) desired additional information on:
the buckling strength of curved tracks. Four additicnal tests
were conducted without instrumentation on the same or adjacent
track used 1in the twormajor tests described in this report. A
summary of the results obtained in the four tests is presented in
Table 7,

In comparison with. the curved track tests previously des-
cribed 1n this report which had a buckling temperature of
approximately llOOF, the SR test #1 had a much higher buckling
temperature (estimated at ZOOOF). This difﬁerencé may be
explained by the facts that the test track for the SR.test $#1:

(1) had no visible imperfection

(2) had a higher longitudinal resistance due to every tie

being box anchored

(3) was 1n the "as is" consolidated condition and was,

therefore, probably at a higher lateral resistance
(4) was shorter [1.e., 492 ft. (150 m) vs. 656 ft. (200 m)]

SR test #2 yielded lower bucklind temperature f{estimated at
136OF) than SR test #l1 for the following possible reasons:

(1) The test track was basically in a newly maintained
condition following restoration after the TSC test,

thus, having weakened resistance,
(2) The rails yielded plastically in the TSC test, and

although the track was re-aligned, a residual imper-

fection ("memory") would have been built up in the rail
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TABLE 7 - SUMMARY OF SR BUCKLING TESTS*
(CURVED TRACK)

ATy

BUCKLED

TEST S
NO. TRACK CONDITION ABSOLUTE |ESTIMATED|  SHAPE
1 | 14-16 IN, BALLAST SHOULDER; | 240°F 200°F 32
HEATED ZONE APPROX, 150 M.; e
FVERY TIE BOX ANCHORED DERY—-
2 REALIGNED, SURFACED, TAMPED,|{ 208°F -1 136°F
| AFTER TSC TEST; EVERY TIE | 27"
BOX ANCHORED; ‘NO NOTICEABLE ; e
END MOTION 4 e
3 | REALIGNED AFTER PREVIOUS S% | 185°F = | 113°F
TEST #2; BALLAST REMGVED |
FROM HIGH RAIL TIE ENDS; 10"
RESULTED IN PROGRESSIVE
BUCKLE 100°F 78°F o
4 | SANE TEST LOCATION AS 53 174°F 102°F
TEST #3; BUCKLED ZONE
REALIGNED TO- ABOUT 7°;
BALLAST SHOULDER BUILT UP: "
o S
IR VT U ™60

EXPLOSIVE BUCKLE; MODE SQAPE
MPLITUDE lO” '

*TRACK PARAMETERS NOT MEASURED,

TO INCORPORATE IMPERFECTION.

NO DELIRERATE ATTEMPT MADE

RADIUS OF CURVATURE = 350 M,
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and ballast. This would result in a lower buckling
temperature.

{3) The SR test #2 was performed on a longer test section
than SR test #1 [i.e., 656 ft. (200 m) vs. 492 ft,
(150 m)].

SR test #3 resulted in a progressive buckle (i.e., ATB did

not exist) as one would expect because of the combined actions of:

(1} built-in residual imperfection resulting from plastic
yielding in the TSC test and the SR test $#2, and

{2) reduced lateral resistance (shoulder was removed),

SR test #4 resulted in an explosive buckle, By reinstating
'the shoulder (18") with additional shoulder height above the tie
surface the lateral resistance was lncreased and ATg becomes
greater than ATS. Other than the nature of the buckle (i.e.,
progressive versus. explosive of SR test $3 versus SR test #4), no
other conclusion can be drawn.






APPENDIX B
PILOT TESTS AT CHATTANOQGA

In 1979, two pllot tests on track buckling were carried out
on a section of the Southern Railway's Yard in Cattanococga, TN,
Apparently, these were the first tests on track buckling -in the
U.S. railroad history. )

The main objectives 'of the test were:
{1) to demonstrate the feasibility of causing track buckling
by direct electric resistance heating of rails, the

current being derived from diesel-electric locomotives.

(2) to obtain a qualitative understanding of the buckling
mechanism, in particular, its sensitivity to track

imperfections.

{3) to assess instrumentation requirements for future tests

for guantitative studies.

Pricor to the'ﬁests,Ttwo GP38-2 locomotives were modified; the
same modification procedure was followed in the later tests at
The Plains, VA, as described in the document ([18). The locomo-
tives were stationed at one end of the test section, and a
locomotive and hopper cars at the other end, with the hope of
providing some restraints agailnst possible lengitudinal movements

at the end of the test section,

Test Site Description and Preparatiocn

The test -section selected was a 328-ft.-long (100 m}) CWR wooé
tie track located in the Southern Rallway Systems' Butts Yard in
Chattancoga., The test section contained 165 ties, slag ballast
with an approximate shoulder width of 8 in. on the weaker

(west rail) side, and 112 1b AREA rail. This section ran north-



south, bordered by a bridge on the north and a crossing at the

south end.

A week prior to testing, the ralls in the test section were
cut and de-stressed at 59°F, anchors were re-applied at every
other tie and four insulated joints were installed at the eﬁds.l
The test section could be described as nearly perfectly stréight
with a barely discernible "bulge" toward the west, with three
minor local misalignments (one.at each end and one in the
middle). |

Test Section Instrumentation and Deployment

Instrumentation -consisted of five lateral displacement frans-
ducers deployed in the central portion of tést section approxi-
mately 20 feet apart, four longitudinal displacement,transdﬁcers
(cne on each rail at both ends), and 10 resistance temperature
transducers (five on each rail) approximately 80 feet apart. All
data were continuously recorded on strip chart and analogqg tépe.
Center displacement and temperature were monitored and tabulated
via digital veoltmeter, In addition, stakes driven into the
ground and connected by taut string were utilized to record pre-
and post-buckling shapes. Other measurements included monitoring
vertical liftoff, relative longitudinal rail to tie motions, and

rail frequency 'response to axial load.

First Test (nominally straight track)

The first test.run commenced at 10:20 a.m. on December 18,
1979, at an ambient temperature of 32°F and at a rail tempefature
of about 40°F. Prior to test initiation, the loose spikes (on
approximately 50 ties) were driven in, 1In the center zone where
some rall uplift.- was observed, the ties were slightlyllifted'and

spiked down.,. .
Nothing noticeable was observed up to about a rail tempera-

ture of lSOQ. At about lBOOF, the end regions (about 60 feet
from each end) exhibited about 1/8" to 1/4" relative longitudinal

B-2



rail to tie displacement, the ends being about 1/4 in., At 260°F,
relative rail to tile displacements increased to about 1/2 in. At
BOBOF with a sudden violent bang, a sudden longitudinal shift
toward the north occurred 1n the central region with a simulta-
neous buckle at the north end of the test zone, The buckled
shape was of the Shape III type. The total heating time was

approxlimately one hour.

The buckle occurred directly in front 9f the end restraint
locomotive; the insuléted joints suffered some rotation‘ahd rails
under the locomotive a slight misalignmenﬁ. Approximate lengﬁh
of the buckle was 70 feet and approximate amplitudes of the first
and second wavés were 27 inches and 20 inches respectively. A longi-
tudinal shift of about 1 inch and 2 inches at 130 ft; and 100 ft. trom
the joinf, respectively, could be observed after the buckle, The
estimated axial force induced in the rails prior to buckling was.
about 262 tons per rail. The location of the anticipated buckle
was not known & priori; its occurrence near the end restraint
locomotive suggests that the laterally weakest portion of the
track was 1n that zone. It 1s possible that the installed
joints, coupled with some vertical uplift induced by the end
restraint dead.weight, and the presence of a slight lateral

misalignment caused this local weakening.

Second Test (imperfect track)

The buckled sectlon in test #1 was "repaired" by pushing the
track back into the straight shape, In order to prevent buckling
from re-occurring in this.weakened zone during the second test, two 39"
rail segments were spiked adjacent to existing rails to pro-
vide additional strength. Additionally, two backhoe veh¥cies
were positioned against the rails during the second test to

provide added lateral restraint.
To 1nduce the buckle in a prescribed location during the

second test, a track lateral misalignment of 2-1¥/2 in. ever a length

of 56 ft. was induced. The second test commencedi at 3200 p.m.;
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the rails had already cooled down to 69°F. At the rail tempera-
ture of 172°F (heating time of about 25 minutes), the track
buckled ocut at the 2-1/2" misalignment in an asymmetrical mode

shape III with a maximum amplitude of 14".

Conclusions

The feollowing conclusions are drawn from the two tests.

(1) "Two locomotives are capable of deveioping\the power
required (7,000 amperes at about 50 volts) for track'buckling; an
average heating rate of about SOF/min. was maintained throqgh the

test.

“(2) A nearly "perfect™ track (very slight lateral imperfec-
tions) required a very high temperature change to induce buckling
(of the order of 245°F). |

(3) The influence of an artificially induced 2.5 inches of
lateral misalignment over a chord length of 56 feet resulted in a
more than‘SOkpefcént'redUCtion in the buckling temperature as
compared to the "perfect" track.

- ,* ,

(4) The locomotives and the hopper car could not provideée
enough restraint against longitudinal movements of the rail at
the ends. The test length, 328 ft. (100 m), might not be

sufficient.



APPENDIX C

PHOTOGRAPHS OF THE PLAINS, VA, TRACK BUCKLING TESTS
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PHOTO. 1 - CURVED TEST SITE
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PHOTC. 2 - TANGENT TEST SITE
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PHOTO. 3 - INITIAL MISALIGNMENT SETTING AND
LATERAL RESISTANCE MEASUREMENT

PHOTO. 4 - LOCOMOTIVE/ RAIL HEATING



PHOTO. 5 - STRAIN GAUGE SET-UP

PHOTO. 6 - APPARATUS FOR SETTING INITIAL
IMPERFECTION AND MEASUREMENT
OF LATERAL RESISTANCE
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PHOTO. 7 - BUCKLED WAVE SHAPE III (TANGENT TRACK)

PHOTO. 8 - BALLAST DISTURBANCE FROM BUCKLED SHAPE
(TANGENT TRACK)



PHOTO. 9 - -BUCKLED WAVE SHAPE I (CURVED TRACK)

N

'PHOTO. 10- BUCKLED WAVE SHAPE FROM CURVED TEST
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