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PREFACE

This report was prepared as part of a research program sponsored
by the Federal Railroad Administration, Office of Research and Develop-
ment, contract DOT;TSC—1149. The program is being managed by the
Department of Transportation, Transportation Systems Center, Dr. Andrew
Kish, teéhnical monitqr. The research effort is éimed at créating a
basis for the ratiocnal design, construction, and maintenance of railroad
tfécks.

The present report is written mainly for the practicing railroad
engineer. It explains the phenomenon of thermal buckling of straight
tracks, shows how to analyse it, and describes measures for preventing
it. The report is the outcome of a study which was initiated by
A. D. Kerr in the critical survey "Lateral Buckling of Railroad Tracks
due to Constrained Thermal Expansions" (Princeton University/FRA Report
75-5M-8, Sepf. 1975), and which led to the development of a new analyéis
presented in "An Analysig of Thermal Track Buckling in the Lateral Plane"
(Report No, FRA-O#&D—?G—QBS Sept. 1976). |

The author wishes to thank Stuart B. Bassler and W. Alex Dallis,Jdr.,
students and undergraduate research assistants at Princeton University,

for performing the numerical evaluations presented in this report.
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1. INTRODUCTION

A railroad track consists of two parallél metal rails attached to
closely spaced cross-ties which are embedded in a crushed-stone layer
called the ballast. In a conventional track the rail ends are joined
by bars and bolts which form an expandable Jjoint.

Expandable rail joints weaken the track structurally, they
increase the maintenance cost of tracks and rolling stock, and they
increase the power consumption of a running train. Therefore, it is only
natural that since the early dayé of railroad track construction there
was a desire to eliminate many of the joints by increasing the length of
the rails; with elimination of all joints {i.e. with tﬂe use of ‘continuously
welded rails) as a final goal.

A successful technique to weld rails (the Thermit method) was intro-
duced at the turn of the century. The main reason why continuously welded
rails were not installed at this early stage was the belief that, due
tc the elimination of the expansion Joints, high axial compression forces
would buila up during the hot summer days and buckle the track.

The possibility of buck;ing of jointless tracks due to constrained
thermal expansions was discussed, as early as 1902, by A. Haarmann [l].l)
However, except for a few analytical attempts, this problem did not get
the full attention of railroad research engineers until about thirty vyears
later. Based on the experience gained since then with longer rails, and
supperted by findings of track buckling tests and results of related track

analyses, thousands of miles of continuously welded rails were installed

Numbers in brackets refer to references listed at the end of this report.



since World War IT in the U.S8.A. and abroad. However, this develop-
ment has increased the occurrence of track buckling due to constrained

thermal expansions.
Examples of buckled tracks, jointed as well as welded, are shown

in FPig. 1. 1In 1927, A. Wihrl [2] reported that cases of buckling of
conventional tracks came to his attention, although he could not find
references to it in the literature. A detailed description of three
derailments caused by buckled céntinucusly welded tracks, which took
place during hot summer days in 1969 in England, was presented in 1970
by C. F. Rose [3]. Descriptions of train derailments in the U. S.,
caused by thermal track buckling, are contained in various accident
reports of the Office of Safety-Federal Railrocad Administration (FRA).

Since the early nineteen thirties, many track stability
aralvses and results of track buckling tests were published. 1In spite
of this extensive effort by many investigators and railroad research
institutes, to date no generally accepted analysis is available for
computing the buckling temperature of a railroad track ([4] p. 104).

A critical survey of the analyses of thermal track buckling and
of related tests was recently presented by A. D. Kerr [5]. fThis
survey revealed that the majority of the published calculaticons are
not suitable for analyzing thermal track buckling problems, because
they are bésed on formulations which do not describe correctly the
physical problem under consideration. Those few analyses which are
conceptually on the right path, exhibit analytical shortcomings with

an unknown effect on the final results.



(About 1970, Courtesy Prof. J. Eisenmenn, Munich, Germany)

F‘IG. 1 BUCKLED RAILROAD TRACKS



To eliminate some of these shortcomings, in 1976 A, D. Kerr pre-

sented an
[6]. The
high. 1In

evaluated

obtained results were plotted as graphs.

Section 4

improved énalysis for track buckling in the lateral plane
mathematical level of this analysis is, however, relatively
order to simplify its utilization, the final results were

numerically for a wide range of track parameters and the

of this report.

The purpose of the present report is to discuss the occurrence of

axial forces in the rails due to changes in rail temperature, to discuss

thermal buckling of straight tracks, to present a simple method for

the analysis of thermal buckling, and tc summarize some of the measures

developed by various railroads for its prevention.

These results are presented in



2. THE DISTRIBUTION OF RAIL COMPRESSION FORCES
CAUSED BY A UNIFORM TEMPERATURE INCREASE

As is well known, when a straight unconstrained rail of length
L is subjected to a uniform temperature rise To' its length inc¢reases

by
AL=QLTOI (2.1)

where a is the coefficient of linear thermal expansion. If this
elongation is prevented, as is the case in a long straight jointless

track, a compression force
Ny = EAa T4 (2.2)

builds up in the rails, as shown in Fig. 2. 1In eq. (2.2), E is Young's
modulus of the rail material and A is the cross-section area of the

two rails in a track.

A graphical presentation of the above'equation, for E = 2.lX106

2 6 .2 -5 . . .
kg/cm” (29.87x10° 1b/in“) and a = 1.15x10 1/C°, is shown in Fig. 3.
For example, for a railroad track with 132 1lb. rails and a uniform
temperature increase in the rails of 50°C (90°F), the axial compression
. ' 1) .
force induced in both rails is P = 202 tonnes (222 tons) { This force

may be sufficient to buckle the track. Note also that, for the same

temperature increase, the axial force induced in a track increases with

increasing rail weight (because of increasing area A), but the stress

remains the same.

It should also be noted that,although during uniform heating (or
cooling) of an infinitely long CwWr the axial forces in the rails vary,

the rails do not move axially.

l)l\Iote:'l,OOO kg = 1 tonne; 2,000 1b = 1 ton; and 1 tonne = 1.1023 tons.

The term kg means kilogram force.
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FIG.2 AXIAL FORCE DISTRIBUTION IN THE RAILS
OF A STRAIGHT JOINTLESS TRACK

a0 r

T

.60

Loor

20T

 C

tonnes

Axial force in both.rails, N,

FIG. 3 RAIL TEMPERATURE INCREASE VS. AXIAL FORCE IN RAILS.

6

300 tons



For the understanding of track buckling it is alsc necessary to
establish the distribution of axial forces in a rail of finite length Lr‘
that is part of a4 track. When ;he ends of the rails are prevented
from moving axially, the situation is the same as with very long rails.
Namely, the axial force Ny is constant throughout the track secfion for
a given temperature increase, and the rails do not move axially. Next
consider the case when #he rail ends are npt_constrained axially. If
it is assumed that the axial resistance‘between the rail-tie structure
and the ballast is constantl), say r,, then the axial force distribution
in the rails (which are well anchored to the cross-ties) caused by a

temperature increase T, 1is as shown in Fig. 4.

The end regions, where the axial force increases from zero to N,
are referred to in the literature as the rail "breathing" regions.,.
The distribution of the axial forces in these regions is determined
from the free body diagram shown in Fig. 5. Equilibrium of forces in

the axial direction yields

N(x) = rox . {2.3)

Thus, N varies linearly. The length of the breathing region is deter-
mined from the condition that at x=b, the axial force is N = N,. Sub-

stituting this condition into eg.{2.3)yields
b = Nt/r0 . (2.4)

Note that b depends on r, and also on the magnitude of Ny, hence on

the temperature increase T,, as indicated (by a dashed line) in Fig. 4.

) . . .
Tests for the determination of the axial resistance r, will be
described in Section 5.
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As example, consider a track of length L = B0O meters (2,625 ft)
with continuously welded 132 1lb rails:, At both ends the track
is free to expand axially. Assume that the rails are subjected
to a temperature increase T, = 50°C. As shown before, the correspond-
ing axial compression force is N, = 202 tonnes (222 tons). With r, =
800 kg/m (538 lb/ft), it follows from eq.(2.4)that the corresponding
b is 252 meters (828 ft). Thus, for the problem under consideration,

the distribution of the axial forces will be as shown in Fig. 4,with

b = 252 meters (828 ft) and L* = 296 meters (970 ft).

From Fig. 4 it follows that for any rail length L larger than 2b,
the largest axial force takes place in the L* regién and is equai to Ng.
Therefore, in the above track example, whether the rail length is 800
meters or 8,000 meters,the largest axial compréssion force due to
T, = 50°C will be the samé, namely N, = 202 tonnes. It is essential to
realize this situation whenconsidering the possibility of track buckling
and when assessing ﬁhe need to include exéansion jeoints in CW R's .

From Fig. 4 it also follows that, in order to limit the largest
compression force in a track rail, for an anticipated temperature in-
crease T, the rail length L has to be smaller than the corresponding 2b.

It should also be noted that the axial movements caused Ey tempera-
ture variations are confined to the "breathing" regions. Thus, the
inner parf of the rail strand of length L' neither expands nor contracts.
In the example discussed above (Ty=50°C), the rail ends will move by
the same amount whether the rail length is 800 or 8,000 meters,

The corresponding displacement of each rail end is

rob2 uTOb (EAaTo)2

Y% T 2En ~ 2 2r _EA : (2.5)

where A is area of both rails. Thus, for a temperature increase T = 25°C(77°F)
6 -

the end displacement is 1.8 cm—{0,7 in).



3. RESULTS COF THERMAL TRACK BUCKLING TESTS

In the early track buckling tests by 0. Ammann and C. v. Gruenewaldt
[7] and by J. Nemcsek [8] hydraulic jacks were utilized to induce com-
pression forces in the rails of a track. As shown by A. D. Kerr in
References [5] and (9], this is generally not a suitable method for
simulating thermal compression forcés {(in particular during buckling)
and hence the results obtained in (7] and [8] are of questionable value
for the determination of track buckling tem;ératures.

In later track buckling tests (since about 1934) conducted by
various railroads, the axial forces were induced By heating the rails.
Their test set-ups consisted of a track section whose movements were
constrained at both ends by two heavy concrete piers [10, 11, 12] or
by locomotives which were placed on both ends of fhe test section
[13,14,15].In all these tests the heated track section buckled
laterally like heated tracks in the field, as shown in. Fig. 1.

A survey of these tests and a discussion of the obtained test results
is presented in Reference [5]. Typical buckling modes observed in

those tests are shown in Fig. 6. Certain results of these tests,

necessary for the understanding of thermal track buckling, are described
below.

Results of a series of track buckling tests conducted for the
Federal German Railways (DB) were reported by F. Birmann ahd F. Raab
[10] in 1960. The test facility was located at the Technical Univefsity
of Karlsruhe. The track section was 46.50 meters {153 ft) long and
was confined at both ends by reinforced concrete blocks (624 tOnnes each) .
as shown in Fig. 7. The axial compression force in the rails was induced

by electric resistance heating. A total of 21 tests were conducted.

10



(a) Nearly antisymmetrical buckling mode [7].

(b) Nearly symmetrical buckling mode [12].

FIG. & BUCKLING MODES OBSERVED IN TESTS

11



PIG. 7 THE TRACK BUCKLING FACILITY AT KARLSRUHE [10]

(a) K-type fastener ‘ (b) Cut-spike fastener

FIG. 8 RAIL-TIE FASTENERS USED IN TEST TRACKS
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The wooden cross-tie track K49 (Hh) was used in 12 tests. This track
consisted of S49 rails attached to wooden cross-ties by means
of K-fasteners, as shown in Fig. 8a. The tie spacing was 62.5 cm
(21.5 in). Té simplify comparisons, the essential properties of the
rails usedare listed in Appendix A. Note that the lateral stiffness of
the S49 rail fI = 320 cn® =7.66 in?) is less than the stiffness of the
115 1b rail.

In all tests [10], the track buckled laterally. The buckiing
modes exhibited 2, 3, or 4 noticeable half-waves. It was observed
that a typical half-wave was aboﬁt 5 to 6 meters (16 to 20 ft) long
and the largest amplitudé of lateral displacement was about 25 centi-
meters (10 in).

For the twelve track tests with wooden ties, K49(Hh), buckling
took place for temperature increases 65 ©OC < 'I‘o < 140 °c. The measured
axial compression forces (in both rails) ranged from 177 tonnes (195
tons) to 340 tonnes (375 tons).

Birmann and Raab[10]observed that the straight tracks, whiéh did
not exhibit noticeable imperfectiohs, buckled at much higher temperature
increases than those tracks with noticeable lateral imperfections.

They also observed that buckling of "straight" tracks occurred suddenly,
with a loud bang, whereas-the imperfect tracks buckled gradually and
guietly. This response characteristic is very important and has to

be £aken into consideration whenchoosing the analytical formulation

for lateral track buckling [6]. This feature will be discussed

further in Sectiocon 4.

13



Birmann and Raab [10] also observed that by using different
fasteners in some tests, the éorresponding buckling load differed by
as much as 25%. a

A very extensive series of track buckling tests was conducted at
the Central Railroad Research Institute (CNII) in the USSR. A descrip-
tion of these tests and a discussion of the obtained results is contained
in a book by E. M. Bromberg {12] published in 1966. The test stand for
straight tracks was 100 meters (328 ft) long. The track section was
mounted between two concrete piers. The compression force in the track
was induced by electric resistance heating.

The tested tracks consisted of jointless P50 or P65 rails on wooden
or reinforced concrete ties using a variety of fasteners. Many of the
tests were conducted with weakly compacted ballast in order to simulate
£he conditons of newly constructedror renovated tracks. In all tests
the tracks buckled in the horizontal plane, exhibiting 3, 4, or 5 half-
waves of the type shown in Fig. 6.

In order to simplify comparisons with U. 2. tracks, the essential
properties of the tested rail sizes are given in Appendix A. HNote that
the P50 rail is about 16% less stiff laterally than the 115 1b rail

(i = 9,05 in4 versus 10.8 in4) and that the P65 rail is slightly less

4

Stiff than the 132 1b rail (I = 13.7 in® versus 14.6 in%).

During tests in which the temperature was continuocusly increased,
it was observed that up to an increase, say Tl’ there were no noticeable
displacements. For Tb> Ty the track started to deform laterally. The
rate of deformation increased with incrgasing Tb_ At a temperature in-

crease T = T2, the track buckled. The corresponding load displacement
o

14
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graph is shown in Fig. 9(a). It is similar to the one observed by
Birmann and Raab ([10], Fig. 16).

Dﬁring a number of these tests it was observed that when a track
was heated by a temperatﬁre increase Ty < ?O< T>, at wﬁich lateral dis-
placements occurred, and subsequently the rail temperature was lowered
té TD< Ty, the lateral displacements did not vanish,as shown in Fig. 9(b).
Pointing out that an actual track is usually exposed during the summer
to hot days followed By coél nights, Bromberg'suggested that the re-

'Sulting temperature variations (T,z T,) may caﬁse an accumulation cf
undesirable permanent lateral track deforhations, for temperature in-
crggses which do not cause actual track buckling.

Citing the need for improved ride quality and for reduced track
maintenance, Bromberg suggested that the admissible temperature in-

crease be smaller than T (thus qj< Tl), as a desirable criterion for

1
the design of welded tracks. In order not to restrict unduly the ad-
missible temperature increase 'I‘o {beyond neutral), Bromberg modified
this criterion to
¥)< T ' (3.1)

where T; is the temperature increase which causes a lateral displace-
ment of 0.2 mm for a straight track (as shown in Fig. 9%a) and 0.4 mm
for a curved frabk. For additional comments on this approach to track
stability, refer to Reference [4] (Part II, §3).

Of special interest for U. S. tracks.are the test_results obtained
on track sections with P50 rails, wooden ties (1840 per km, thus center-
to-center tie spacing of 54.3 cm = 21.4 in), and cut-spike fasteners

of the type shown in Fig. 8b. Results for two of these tests are given

in Table 1.

15
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TABLE 1: TEST RESULTS FOR P50 TRACK SECTIONS WITH WOODEN TIES AND
CUT-SPIKE FASTENERS (Ref. [12] p. 29)

{ i
| i . .
i Temperature -increase | Corresponding Deflected shape
' Test in °c (°F) i axial force in lateral plane
| No. [in tonnes (tons) o
" * (dimensions in meters)
Tl T2 Nl N i
2

52 73 170 238 £ M rm§ et

15 : |;;Ij ;?]
5

(94) (131) | (187) (262) 0 05 o ¢

!

59 69 1 193 225 I L
17 ! ‘ 0.0 an
»
(106) (124) ¢V (212) (248) aezs e .

! R l
(Note: N; = EAGTI and N2 = EAaTz, where A is area of both rails)
According to Ref. [12], the above results fall within the range re-
corded in the tests with the same track section but with K4 fasteners

(N] = 150 to 196 tonnes, and Np = 200 to 240 tonnes).

The K4 fastener (of the type shown in Fig. 7a) is generally con--
sidered to be a more rigid fastener than the cut-spike fastener. There-
fore, one would expect the buckling temperatures to be higher for the
track with K4 fasteners. One reason why this is not the case for the
abové test results éould be that the cut-spike track sections were
specially prepared for these tests and were not exposed to the rolling
stock prior to buckling. BAs it is well known, moving trains have
a tendency to loosen the connection between the cut-spike and the ties,
which results in a reduction of the fastener rigidity also with respect
to the vertical axis. This suggests that for an actual track with
cut-spike fasteners, the buckliné temperatures Qill be lower than those
shown‘in Table 1 (assuming that the lateral resistance of the ballast

and the other track properties remain essentially unchanged) .

17



For additional test results the reader is referred to References
[10-15]. For a discussion of some of these test results refer to [5].
The effect of test track Iength, on the obtained results, is

analysed and discussed in a recent paper by Kerr [16].
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4. ANALYSIS OF THERMAI. TRACK BUCKLING
A critical survey of the analyses of thermal buckling of straight
tracks was presented in 1975 by Kerr [5]. This survey revealed that

the majority of the proposed analyses are conceptually incorrect and

hence unsuited for analyzing thermal track buckling problems.

One error made by several authors was the assumption that the
railroad track may bé represented by an elastic beam which is éontinu—
ously attached to a lineaerinkler foundation before and during buckling.
Another shortcoming was the failure by a number of authers to take into
consideration the drop of thé axial force in the buckled region.

| Thosé few analyses which are conceptually on the right path exhibit
analytical shortcomings , with an:unknown effect on the final results.
To eliminate some of these shortcomings, in 1976 Kerr bresented a new
improved analysis for thermal buckling of straight tracks (6].

The developed analysié is based on the observation that the buckling
mode of a long straight traék takes place usually in the lateral plane
and that it consists of a buckled region which exhibits relatively large
lateral deformations and two adjoining regions which appear to deform
onlylaxially,‘as shown in Fiq. 10; In the buckled region, a part of
the constrained thermal expansions is released, which results in a
reduction of the axial force. 1In the adjoining regions, because of the
ballast resistance to axial displacements of the rail-tie structure,
the constrained thermal expansions vary, and so does the axial forée.

In this analysis, the rail-tie structure was replaced by an equi -
valent beam of uniform cross-section consisting of the two separaté rails

each deforming axially and in bending. This assumption, which neglects

i
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the torsicnal rigidity of the fasteners, appears justified for the tracks
currently used in the USA. When the fastener rigidity is not negligible,
the resulting “safe‘temepra;ure ihcrease“ is higher. Thus, the correspond-
ing results obtained in Reference [6] are on thé safe side.

The lateral rasistance .exerted by the ballaston the rail-tie structure
(due to lateral displacements) consists of the friction forces between the
ballast and the bottom surface and the two long sides of the ties, as well as
of the pressure the ballast exerts against the front surface ofwthe ties,
as shown in Fig. 1l(a). For the developed analysis it was assumed that the
resulting lateral resistance is Po = const {per unit length of track axis).
The justification for this assumption is suggested in Reference (17].

The axtial resistance exerted by the ballast on the rail-tie structure
(due to axial displacements) consists of the resistance between the ballast
and the bottom surface of the ties, and the pressure on the vertical tie
suffaces exerted by the ballast in the cribs, as shown in Fig. il(b). For
the developed analysis it was assumed that the‘resulting axial resistance
is ry = const (per unit length of track axis).

Furthermore, it was assumed that both track rails are subjected to
a uniform temperature incréase Tor above installation (neutral) temperature,
and that prior and during buckling the response of the rail-tie structure
is elastic,

Typical equilibrium branches for a perfectly straight track, based
on the above assumptions, are shown in Fig. 12. Note that each point
on the equilibrium branch corresponds to an esquilibrium configuration

of the track: Branch I corresponds to the straight unbuckled. equilibrium

states and branch II to the. laterally deformed configurations.

1)} The effect of this assumption is determined in a forthcominq
report "An improved analysis for thermal track buckling" by
A. D. Kerr, '
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According to Fig. 12, when the track is subjected to a temﬁerature
increase T, < Ty there exists only the straight equilibrium configuration.
For such a T,, when the track is pushed sideways at a point it will
return to its original straight position once the lateral load is removed
(assuming that the track response i§ elastic). Note, however, that to
a temperature increase T, > Ty there correspond three states of equilibrium:
The (stable) straight state (E),the {unstable) configuration (:) on branch
AL, and the (stable) configuration (E) on branch LB [9]. ‘Thus, when the
straight track buckles at a temperature increase‘To > Ty it will move
to the laterally deformed equilibrium configuration (:) on branch LB.

From the above discussion it may be concluded that a temperature

increase for a straight track is safe against buckling when
To < Ty & (4.1)

Because railroad tracks are usually not "perfectly" stréight, it is
necessary to know the effect of geomet;ic imperfections on the track re-
sponse. The corresponding equilibrium branches [9,17] for relatively small
lateral track imperfections are shown schematically, as dashed lines, in
Fig. 13. ©Note that the TL—value for each of these branches is very close .
to the Tr-value of the perfectly straight track. Hence, the criterion stated

in (4.1), with a Tp-value for a "straight" track, is also valid for a track

with small lateral imperfections.

It should be noted, that when the geometrically imperfect railsc
are heated and T, reaches the value Tey s the track will buckle
sideways and will édopt an equilibriwn configuration on branch LB. The
buckling phenomenon itself is dynmamic in nature, and hence is not included in

these graphs (which show equilibrium curves). Note that with increasing

imperfections TCr' and hence Vmax' decrease. . It may'be shown that the
energy release also decreases, These findings agree with observations made

by Birmann and Raab 1], as described in Section 3.
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A buckling analysis of a railroad track subjected to thermal com-
pression forces consists of two parts: (1) the determination of all
equilibrium states and (2) the inspection of the determined equilibrium
states to establish which are stable and which are not. The above
discussion suggests that the safe temperature increase for preventing
track buckling may be determined solely from the post-buckling equilibrium
branches. This concept was adopted in Reference [6] and is used in the
following.

To insure an anlytical formulation that is mechanically reasonable
and matheﬁatically consistent, the equilibrium equations for the rail-tie
structure were derived by utilizing the nonlinear theory of elasticity
and the principle of virtual displacements. To avoid the difficulties
enccuntered by other investigators, when matching track regions which are
governed by different differential equations and whose matching points
are not fixed a priori along the track axis, use was made of variational
'calculus for variable matching points [18].

The typical buckling modes shown in Fig. 6 suggested the analysis of
antisymmetrical and symmetrical buckling shapes. The analyses for the
shapes, shown in Fig. 14, are contained jn Reference [6]. In the following,
only the results of their mmerical evaluation are presented and discussed.

As example, the results of the numerical evaluation for a 132 1b
track with ro=1000 kg/m(672_lb/ft) and p0=900 kg/m (605 1b/ft) are shown
in Fig. 15. The solid liﬁe corresponds to the antisymmetrical S-shape
(Mode II in Reference [6]). The dashed line correspoﬁds to the symmetrical

deformation shape (Mode III in Reference [6]).
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According to Fig. 15, for the above track and the S-shape, the safe
temperature increase is T, = 43.5°C (78°F). Note also that if the track
should buckle for a temperature increase T, = 50°C, then it will come to
rest at the equilibrium configuration (@) on branch LB with the largest
lateral deflection Viax - 32 em(12.5 in). The corresponding axial com-
pression forces are: In the straight equilibrium configuration(:)Nt=EAuTO=
202 tonnes, in the stable equilibrium configuration(:]Nt = B0 tonnes.
Thus, for a rail temperature increase of TO = 50°C, the axial track force
drops, due to buckling, to less than a half of its original value. For
T, = 60°C the thermal force N, = 242 toﬁnes drops to &5 tonnes; about a
quarter of its original value. This finding contradicts the‘assertions
made by various authors that thg drop of the axial force is negligible.

According to Fig. 15, for a given track, also the magnitude of vmax

depends upon the temperature increase To at which buckling will take place.

To show this point, the corresponding values are presented in Table 2,

TABLE 2. DEPENDENCE OF vy, and N, ON T, FOR THE 132 1b TRACK

T oC 43.5 45 50 60 70 80

Vmax cm 15 22 32 48 63 78

Ny tonnes 175 181 202 242 282 323 ]
N,  tonnes 115 96 80 65 57 52

Ne % of N, 66% |  53% 40% 27% 20% 16%

Note that wvpax and ﬁt depend also on the track parameters, especially the

resistances r, and Po-
Comparing the equilibrium branches in Fig. 15, it follows that the 'I‘L
values, for the symmetrical and antisymmetrical deformation modes, are almost

the same, whereas the Voax value for the symmetrical mode is larger (about 50%).
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Note alsoc that, for the range of temperature increases shown, the drop of

the axial force due to buckling is about the same for both modes of

deformation. For example, for To 50°C the axial force in the straight

state {according toc Fig. 2) is_Nt = 202 tonnes whereas the corresponding

ﬁ; values for the stable deformed state(:)ére'about-so tonnes each.
The antisymmetrical and symmetrical track shapes which correspond to

the temperature increase TO = 50°C are shown in Fia. 14.

In order to establish the effect of rail section and ballast
condition on the post-buckling track response, especially on the
safe temperature increase T, - the solutions presented in Reference

[6] were numerically evaluated for the standard rail steel constants

1

2.1 % 10% kg/em? = 3x10 1b/in2,
5

td
I}

(4.2)

1.15 x 10 ~ 1/¢°,

Q
I

and a range of track parameters. The graphs for the often utilized 132 1b
rails and the S-shape of deformation are shown in Fig. 16 and FigT 17.
The effect of rail size and of the tie-ballast resistances rO and P on
the safe temperature increase TL were calculated and are summarized in
Fig. 18.

The graphs ip Fig. 18 were obtained for the antisymmetrical S-shape
of deformation. \Thelcorresponding graphslfor the symmetrical deformation
shape were found to be very close to those of the S-shape. Therefore, for
engineering purposes, the graphs in'Fig. 78 may btz considered valid for

both modes of deformation,

29



100

80
&
< 6op
'_‘0
40
20k
0 | 1 1 | |
0 20 40 60 80 100
Vmax f'n cm
300k [ 132 16 rait
r, =500 kg/m(336 Ib/ft)
, \ — 21200 kg/m {800 Ib/ft)
g 200
$
g
=
100
O | ] ] | J
0 20 40 60 80 100
Vinax in cm

FIG. 16 EQUILIBRIUM BRANCHES FOR 132 1b TRACK FOR VARIOUS VALUES OF RAIL-TIE
BALLAST RESISTANCE.

30

LN



0 ] | 1 | ]
o 20 40 60 80 100
“f'nax ncm
JOOF 132 b rail
r, <1000 kg/m (672 1b/f1)
| \ — o =1200 kg/m(800 ib/ft)
N = ° 900
| - - 600
" 200*
;2 == %
8 1)
£
T
100
) | ] | | |
(o) 20 40 60 80 100

FIG. 17 EQUILIBRIUM BRANCHES FOR 132 1b TRACK FOR VARIOUS VALUES OF RAIL-TIE
BALLAST RESISTANCE. '

31



SYALAWVEY ¥OWYL NO & HSYAMONI SMAIVMHAWAL VS 40 IONIANZAIA 8T *5Id

©d ssoueystsax Texsze]

33/q1 000T oos Q09 oov . coz

w/6y

cos

000T A

u/6y 00sT=Cx

oT

1074

0t

ov

0s

09

0z

0g

ov

0s

09

oL

08

06

GOT

0Tt

Tm ‘aseaxout aanyeradural a2Jes

32

o



5. THE TRACK PARAMETERS NEEDED FOR THE PRESENTED ANALYSIS
The graphs in Figé. 14 to 18 are based on the E and ﬁ values for
rail steel, given in (4.2). The use of these graphs for apalyzing
track buckling requires also the knowledge of the track parameters A, I,
Por Yo- A&s pqintea out in the previous section, A and I are thé geometric
properties of the rail cross-section; A is the cross-sectional‘area of both

rails and I = 21, is the moment of inertia of both rails with respect to
their vertical controidal axes. These values are listed for various rail
types and sizes in Appendix A. Note, however; that if the rails of a track
tc be analysed are excessivelv worn, then the listed A.and I values have
to be reduced accordingly.

The meaning of r, and P, was also defined in the previous section.
These parameters are determined by means of field and/or laboratory tests,
in which a rigidized track panel is moved axially or laterally by an increasing
force and then the corresponding load-displacement values are recorded, as
shown in Fig. 1l. I, ©r p, is the resistance value for which fhe cor-

responding curve levels off.

When choosing the length of the track test panel, note that the r ., p,

~

values to be determined be such that the analytically obtained values (TL, Nt’

v etc.) be as close as possible to the actual quantities in the field.

max’
To achieve this objective the length of the test panel has to be sufficiently
long, say lC meters (32 feet). L

The use of only one tie, for the determination of I, Or P, appears
ﬁo be inadmissible. The reasons are similar to those presented in Reference [19]
Section 3, in connection with the.determination of the track medulus in the

vertical plane. Namely, in tests of this type one tie responds differently

in the ballast base than do the closely spaced ties of a long panel.
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Furthermore, because of the granular character of the ballast, the loading
of one tie at different locations will,necessarily,show a wide scatter in
the obtained data.

Detailed descriptions of tests and of obtained test results were presented
by Birmann [20], [21], Birmann and Raab [10], the Permanent Way Society of
Japan [22], Bartlett [11], Prud'homme [23], I. A. Reiner [24) and others. A
survey of results obtained.by many investigators was presented in 1965 by
J. W. Klaren and J. C. Loach [25] (Chapter 3) and more recently by P. Dogneton
[26].‘ According‘to the conducted tests;

(1) The resistance values depend upon the type of ties and ballast, as well
as ﬁpon the tie spacing.

(2) The resistance valges increase withvincreasing weight of the rail-tie
structuré {they are also higher for the vertically loaded track).

(3) The resistance values incresse, up to a point, with increasing tonnage
passed over the track (because of ballast compactiocn)

(4) 7Track renovation work,whi;h involves ballast disturbance {also by shovel
packing or tamping), reduces the resistance values.

(5) The resistance values depend on climatic factors, such as humidity and
temperature. (e.g. frozen versus wet ballast and subgrade)

‘Results of tests, which demonstrate some of the above points, are shown in

Figures 19 and 20.

For example, according to Birmann [20,21)], depending on the track con-
ditiens, for a wroden tie track rp ranges from 400kg/m (270 lb/ft) to 1800
kg/m (1200 1lb/ft) and ¢, ranges from 400 kg/m (270 1lb/ft) to 1500 kg/m

(1000 1b/ft).
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6. EXAMPLES

The purpose of this section is to show how the graphs presented in
Section 4 can be used for analyzing thermal track buckling of tangent
tracks.

'Problem 1. For an existing tangent track, determine the range of
temperature increases above neutral which will not
cause buckling.

To analyze this problem first‘determine experimentally (Qr estimate)
the anticipated resistance values p, and r,. For the present example
assume that for an undisturbed track these values were found to be

1000 kg/m (672 1lb/ft)

i}

I
el

Pq 1200 kg/m (800 1lb/ft)
Then, according to Fig.'18, for a track with 132 1lb rails a safe temper-
ature increase is T, = 48.50°C = 87.50F.

When utilizing the above result, it should be noted that TLI:'48.50C
is not the temperature increase at which the above track will usually
buckle out, but rather the value which defines a range of safe temperature
increases. In other words, as long as T, < Ty the tangent track under
consideration is safe against lateral buckling. The temperature increase
which causes buckling is usually higher than T;- As discussed in Section
4, it depends on geometric imperfections (and dynamic inputs); namely, the
larger the imperfections the smaller the temperature increase which causes
buckling. In this connection note that, according to the test results

presented in Section 3, the temperature increases at which the equivalent

test tracks buckled out were larger than 48.5°C.
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When analyzing tracks, it should also be taken into consideration
that, according to field observations, heated tracks have a tendency to
buckle shortly after completion of track maintenance work, which involved
pallast disturbance. The main reason for this is the resﬁlting re-
duction of the ballast resistance values rs and po, as described in
Section 5. In order to determine the corresponding TL temperature, the
reduced values of r, and Po have to be used. Assuming that the experi-

mentally determined‘values,‘for a freshly tamped track, are

r, = 500 kg/m; Py = 600 kg/m
then, according to Fig. 18, T, = 33.5°C{60°F). Thus, a drop of 15°C
(about a third of 48.5°C).
Next consider the case when the repair work is local, extending for example
over only 15 meters {about S0 ft) of the track. It is reasonable to ex-
pect that if the heatéa track will buckle out laterally,.it will do so in
tﬂis region. For the corresponding analysis only theblateral resistance
po is reduced, since‘acccrding to the made assumptions the main effect

of the axial resistance r, is in the rather long adjoining regions, and

they are not affected by the repair work. Assuming that for this case
.= 1000 kg/m ; Po = 600 kg/m

the graphs in Fig. 18 yield Ty, = 37%. Thus, a drop of only 11.5%.
The above numerical examples, in addition to showing how easily T,
may be determined by using Fig. 18, also demonstrate the effect of track

maintenance work on the safe temperature increase.



Problem 2. For a tangent track,determine the installation (neutral)
temperature in order to prevent track buckling by tem-
peratwre inereases and rail breaks by temperature drops.

The installation temperature of a ﬁointless track depends on the
temperature variations in the territory the rails are to be laid.

A method for choosing the installation temperature is shown in Fig, 21.

In this p;ocedure, first determine from local records the highest and the

lowest ambient temperatures which occurred in the particular territory

during the past several decades. Then, introduce on a temperature scale
the highest temperature expected in the rails (= highest recorded ambient
temperature in region + temperature increase in rails above ambient) and
the lowest temperature expected in the rails (= lowest recorded ambient
temperature). Next, introduce on the temperature scale the TL interval

determined analytically (for the track under consideration) and then a

T¢ intexrval, as shown in Fig. 21(a). The overlap region of the T;, and

T¢ intervals is the range of safe installation temperatures.

The T, value is tﬁe safe temperature drop which will not cause rail
breaks during the low winter temperatures. This value depends on the
metallurgy of the rails and of the welds, taking into consideration
also their fatigue strength at low temperatures. For a method to deter-
mine the T, value, used in the USSR, refer to [27].

As a numerical example, consider a territory where the highest and
the lowest recorded ambient temperatﬁres are +110°F and -30°F, respectively.
Then; the highest temperature expected in the rails is 110°+359=145°F,

where 35°F is the assumed increase of rail temperature above ambient.

The lowest temperature expected in the rails is -30°F. 1If for a 132 1b
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track the analysis yields TL = 65°F and the T¢ value was found to be

120°F, then, according to Fig. 21(b), the rail installation temperature
should be chosen from the range of 80° to 90°F.

When the T. and Tf¢ intervals do not overlap, the situation is more

L

complicated. This may occur in the problem discussed above when, for
example, the lowest recorded temperature is -50°F and T = 90°F, as
shown in Fig. 22(a).

One way to proceed in this situation, especially in signal territory,
is to install the rails at SGOF in order to prevent the occurrence of
‘track buckling, relying on the signalling'system to detect rail breaks.

Another approach, utilized in the USSR [27], is shown in Fig. 22(b).
This system requires two temperature adjustments per year; one in the
spring and the other in the fall. Note thét in Fig. 22(b) it was assumed
that a range of installation temperatures is 10°F. Therefore the shown
temperature scheme is safe if after the spring adjustment the rail tem-
perature does not drop below 0°F, and after the fall adjustment the rail

does not exceed 95°F.
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7. MEASURES FOR PREVENTING THERMAL BUCKLING OF TANGENT TRACKS

From the discussion presented in the previous sections it
may be concluded that in order to reduce the possibility of track
buckling

(I} the track compression force should be as small as
possible (without causing rail breaks during the winter),lahd

(IT) the rigidity of the track structure (which consists
of the rail-tie structure and the ballast) should be as high as possible.

Aim {I) may be achieved by installing and maintaining the rails
at a neutral temperature, as determined previously in Problem 2. This
method for determining the temperature, utilized by the railroads of
the USSR [27]), appears to be more appropriate thah the method used by
various European railroads which stipulate "that the rails should be
free from stress within temperature limits near the meagn of the
extremes experienced" ([25] p.17 and Fig. 1).

Another measure fbr achieving aim (I} is to reduce tﬁe high
rail temperatures by painting the rails white. According the Klaren
and Loach ([25] p.60) tests were conducted in Holland in which the
temperatures of whitewashed and regqular rails in service were compared.
It was found that on a hot sunny day the temperatures of the whitewashed
rails were 5° to 7°CX9O to lZ.SOF) lower than those of the unpainted
rails. Although, presently, the painting of rails does not appear to
be practical, this approach may be usefull in special situations.

Aim(II)may be achieved by increasing the rigidity of the
rail—tie‘structure and by increasing the ballast resistances ro and po.
To increase the rigidity of the rail-tie structure, many railroads
abroad are using stiffer fasteners, such as the K-type and the spring

clip fasteners. To achieve a high X, value, the crib between the ties
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have to be filled with well compacted ballast. Also heavier (concrete) and
deeper ties increase thé axial track resistance ro' Higher Py values ma?

be achieved by increasing the ballast shoulder width, by raising the hallast
éhoulder, by increasing tie weight and cross sectional area, by using safety
caps (which increase the tie area laterally) as shown‘in Fig. 23, and by com-
pacting the ballast. Test results which demonstrate the effect of these

measures on p, were presented by Dogneton [26].

To prevent track bucgling, many railroads abroad found it necessary
to increase the width oftheballasﬁ shoulder. For example, for tangent
tracks, the DB and the railrocads of the USSR increased the width to 35cm
(14 inches). The standard pragtice on US railroads 1s to use a shoulder
width of 6 inches [28]. Presently, it appears that the most economical and
simplest way to reduce the occurance of track buckling on US track is to
increase the shoulder width,’say to 15 inches on tangent tracks. It is
reasonable to expect that this increased shoulder width will also reduce track
degradation, and thus maintenance.

Track maintenance pratices should be such as not to violate the aims
listed in (I) and (II). For example, they should not affect the effective
neutral temperature of the rails, nor should they lower the ballast resistances
excessively; during or before periods of large temperature increases, In
this connection note that scome railroads (for: example, the SNCF} do not
schedule track renovation work duriné the summer months whereas others (for
example, the DB) allow it only for‘small specified temperature increases above
neutral. It appears that renovation of a track is admissible when the highest

expected rail temperature increase, above neutral, is lower than TL,

1 R : . .
)The optimal width of the ballast shoulder, for preventing track buckling

and reducing track maintenance, should be determined from tests.
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FIG. 23 MEASURES FOR INCREASING LATERAL RESISTANCE
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RAIL PROPERTIES

APPENDIX A:
Moment of inertia Distance Height
with respect to of centroid of
centroid axis from base rail
Rail Welght Area horizontal vertical
type -
kg/m cm2 cm4 cm4 cm cm
(1b/yd) (in?) {in™) (in) (in) (in)
50. 35 64.19 2040 6.98 15.2
100 RE (101.5) (9.95) (49.0) (2.75) (5,98)
56.89 72.58 2,731 - 450 7.57 15.2
115 RE (114.7) | (11.25) (65.6) (10.8) {2.98) (5.98)
58.93 75.16 2,972 454 7.92 15.2
119 RE (118.8) (11.65) (71.4) (10.9) (3.12) (5.98)
65.53 83.55 3,671 607 B.12 17.8
132 RE (132.1) | (12.95) {88.,2) (14.6) (3.20) (7.0L)
67.56 86.12 3,950 &l2 8.51 17.8
136 RE " {136.2) {13.35) {94.9) (14.7) (3.35) (7.01)
69.75 89.03 4,029 6l6 8.56 17.8
140 RE {140.06) (13.8) {96.8) (14.8) (3.37) (7.01)
51.51 | €5.8 2,037 377 7.09 15.2
P 50 (103.83)] (10.20} (48.94) (9.05) (2.79) -(5.98)
64.93 82.8 3,573 572 8.17 18.0
P 65 (130.89)| (12.83) (85.84) (13.74) (3.22) (7.09)
75.1 95.8 . | 4,597 771 8.41 19.2
P 75 {151.39) (14.85) (110.44) (18.52) (3.31 (7.56)
49.43 62.97 1,819 320 7,29 14.9
S 49 (992.65) (9.76) (43.70Y (7.69) (2.87) (5.87)
54,54 69.48 2,073 359 7.50 15.4
S 54 (109.95)| (10.77) (49.80) {(8.63) (2.95) (6.06)
64.70 82.70 3,252 604 8.06 17.2
s 64 (130.42)] (12.82) [(78.13) (14.51) (3.17) (6.77)
54.40 69.34 2,346 418 7.49 15.9
{uzc 54 [102-66) | (10.74) 1(56.36) (10.04) (2.95) (6.26)
60. 34 76.86 3,055 513 8.09 17.2
UIC 60  (121.64)| (11.91) | (73.40) (12.32) (3.19) (6.77)

{The P50, P65, and P75 data are those of 1961)
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APPENDIX B :

REPORT OF INVENTIONS

The work involved the pregentation of an improved analysis for
predicting the safe temperature increase in the continuously welded rails
of a railroad track, in order to prevent thermal track buckling, and a
discussion of preventive measures. After a review of the work performed
under this phase of the contract, it was determined that no discovery, or
invention has been made, however the work did result in a better under-

standing of the determination of safe installation temperatures for

continuously welded rail.
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