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-1, INTRODUCTION
+++ ‘A'railroad- track consists of two parallel 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 joint.

Expandable rail joints weakén the track structurally, they
increasé thg‘maintenance'cost_of tracks'aﬁd rolliné stock, and they
incréase the power‘consumption of a running train. Therefore, it is only
naturél that since the early déys 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 the use of‘bontinuously

‘welded rails) as a final goal.

" A sucéessful technique to weld rails (the Thermit methbd)-was intro-
duced at the turn of the century. The main reason why continuoﬁsly welded
rails were not installed at this early stage was the belief that, due
to the elimination of the éxpansioh joints, high axial coméression forces
would build up during thé hot éummer days and buéklg the track.

The pbssiﬁiiity of buckling of jointless tracks due to constrained
thermal exbansioné was discussed, as early as 1902, by A. Haarmann [l],l)A
However, except for a.few analytical attempts, this problem did not get
the full atfehtidn éf railroad research engineers untii'about thirty years
later. Based on the experienée gained since then with lQngér rails, and

supported by findings of track buckling tests and results of related track

analyses, thousands of miles of continuously welded rails were installed

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




since World War II in the U.S.A. and abroad: Howeéver, 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 Fig. l.w In‘l927; A. Wohrl [2]»reported that cases of buckling of
conventional tracks came to his attention, although.he cguld not find
references to it ;n the literature. A detailed description of three
derailmgnts causgdkby buckled céntinuously welded tracks, which' took o
place during h&t;shmmer days in 1969 in England, was presented in 1970
by C. F. Rose [3]. Descriptions of train derailments in the U. S.,
caused,ﬁy thermal,track buckling, are contained in various accident
reports of the Office of Safety-Federal Railroad Administration (fRA).

Since the early nineteen thirties, many track stabiiity
aralvses and_résults of track buckling tests were published. In spite
of this extensive effqrt by many invesfiéators and railrpad research
institutes, to daté no generally accepted analysis is available for
computing the buckling temperature of a railroad track ([4] p. lO4).A

A critical survey of the analyses of thermal track buckling and
~of related tests was recently presented by A. D. Kerr [5]. This
. survey révealed that the majority of the published calcuiations are
not suitable for analyzing thermal track buckling problems, because
vthey are based on formulatiqns whichddo not describe correctly the
physical érobiem under consideration. Those few analyses which are
conceptually on the right path, exhibit analytical shortcamings with

an unknown effect on the final results.
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To- eliminate some of these shortcomings, in 1976 A. D. Kerr pre-

[6]. The mathematical levei of this analysis is, however, relatively
high. In otrder to simplify its utilization, the final results were
evaluated numerically for a wide range of track parameters and the
obtained results were plotted as graphs. These results are presented in
Section 4 of this report.

The puréose of the present report is to discuss the occurrence of
axial forcesgjx£he rails due to changes.in réil témperature, to discuss
thermal buckling of straight tracks, to present a simple method for
the analysis of thermal buckling, and to summarize soﬁe of the measures

developed by various railroads for its prevention.
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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 Tor its length increases

by
AL = a L T, , ' T (2.1)

where o is the coefficient of linear thermal expansion. If this
elongation is prevented, as is the case in a long straigh£4jointless

track, a compression force

buildé 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.]_.><106

® 1b/in2) and @ = 1.15x107° 1/c°, is shown in Fig. 3.

kg/cm® (29.87x10
For-example, for a railroad track with 132 1b. rails and a uniform

~ temperature increase in the rails of 50°C (90°F), the axial compression
force induced in both rails is P = 202 tonnes (222 tons)l% 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

, . : ot (A haE -
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 CWR the axial forces in the rails vary,

the rails do not move axially.

l)Note: 1,000 kg = 1 tonne; 2,000 1b = 1 ton; and 1 tonne = 1.1023 tons.

" The term kg means kilogram force.
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For the understanding of track buckling it is also necessary to

establish the distribution of axial forces in a rail of finite length L,

that is part of a track. When the ends of the rails are prevented
from moving axially, the‘situafionhis the same as with very long rails.
Namely, the axial force Ny is constant throughout the track section for
a given temperaﬁurg inqrease,and the rails do not move axially. Next‘
coﬁsider the casé when the rail ends are not constfained axially. 1If
i£ is assumed that the axial resistance between the rail-tie structure

1 .
and the ballast is constant ), say r then the‘axial force distribution

ol
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)‘= XoX o ' v (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 eq.(2.3)yieldé
b = Nt/ro . (2.4)

Note that b depends on rgy. and also on the magnitude of Ni, hence on

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

1)

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

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 1arggr than 2b,
the largest axial force takes place in the L* regioﬁ and is equal‘to N |
Therefore, in the above track example, whether the rail leng;h is 800
meters or 8,000 meters,thé largest axial compression force dug to
T, = 50°C will be the same, namely N, = 202 tonnes. 'Itl;s essential to
realize this situation whenconsidering thie possibility of t;ack buckling
and when assessing the need to include expansion joints in CW R's.

From Fig. 4 it also follows that, in order‘to limit ﬁhe largest
compression force in a track rail, for an anticiéated temperature in-
creaée Ty the rail length L has to be smaller than the co;respppding 2b. "

It should also be noted that‘the axial movements caused~by tempera-
ture va;iationé are cénfined to thel"breathing" regions. ‘?huéi;the
inner part of the rail strand of length L* neither expandé né; cont;acts.
In the example discussed above (To=50°C), the rail ends will move by
the same amount whether the rail length is 800 or 8,000 meters.

The corresponding displacemgnt of each rail end is

r b2 oT b (ERAQT )2
(o] O (o]

’ Y% T 2ER T T2 ° 2r_EA ) (2.5)

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

the end displacement is 1.8 cm (0.7 in).

9



3._ RESULTS OF THERMAL TRACK BUCkLiNG TESTS

In the early track buckling tests by O. 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]'nnd‘[9], this is generally nnt a suitable method for
simulating the;mal’cnmpression forces (in particular during buckling)
and hence the results obtained in [7] and [8] are of questionable value
for the detefmination of track buckiing temperatureé.

In laterﬁnnnck 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 the 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 Railwéys (DB) were reported by F. Birmann and F. Raab
[10] in 1960. The test facility was located at the Technical University

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].

o
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(b) Nearly symmetrical buckling mode [12].

FIG. 6 BUCKLING MODES OBSERVED IN TESTS
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PIG. 7 THE TRACK BUCKLING FACILITY AT KARLSRUHE [10]

(é) 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 spaéing was 62.5 cm
(21.5 in). To simplify comparisons, the essential properties of the
rails usedare listed in Appendix A. Note that the 1ateral.stiffness of
the 849 rail (I = 320 cm4 =7.66 in4) is less than the stiffness of the
115 1b rail.

In ali tests [10], the track buckled laterally. The buckling
modes exhibited 2, 3, or 4 noticeable hélf—waves. It was observed
that a typical half-wave was about 5 to 6 meters (16 to 20 ft) long
and the largest amplitude 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 ©C < Ty < 140 ©C. The measured
axial compression forces (in both rails) ranged from 177 tonnes (195
téns) to 340 tonnes (375 tons).

Birmann and Raab]10] observed that the straight tracks, which did
not exhibit noticeable imperfections, buckled at much higher temperature
increases than those tracks with noticeable lateral impérfeq;idns.

They also observed that buckling of "straight” tracks occu??éd suddenly,
with a loud bang, whéreas the imperfect tracks buckled gradually.and
quietly. This response characteristic is very important and has to
be taken into consideration when choosing the analytical formulation

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

further in Section 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 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 traéks’has 100 meters (328 ft) long. The track sSection was
mounted between two concrete piers. The compressioﬁ force in tﬁe frack
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
tésts were conducted with weakly compaéted'ballast in order to simulate
the conditons of newly constructed or:renovqted tracks. In all tests
the tracks buckled in the horizontal plane, exhibiting 3,44, or ‘5 half-

waves of the ﬁype shown in Fig. 6.

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

(I = 9.05 in? versus 10.8 in4) and that the P65 rail is slightly less

stiff than thé 132 1b rail (I = 13.7 in4 versus 14.6 in4).

During tests in which the temperature was continuously increased,
it was observed that up to an increase, say Ty, there were no noticeéble
dispiacements. For Ib> Ty the track started to deform }ateraliy. The
lrate of defbfﬁation increased with incrgasing ?o‘ At a temperature in-

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

14



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

During a number of these tests it was observéd that when a track
was heated by a temperature increase Ty é qo< Ty, at which lateral dis-
placements occurred, and subsequently the rail temperatgre was lowered
to T,< Ty, the lateral displacements did not vanish,as shown in Fig. 9(b)
Pointing out that an actual track is usually exposed dgringAFhe summer
to hot days followed by cool nights, Bromberg suggespgd that'the’rej
sﬁlting temperature variations (Toz Tl) may cause an accgmpl?tion of
undesirable permanent lateral track deformations, for temperature inf'
creases which do not cause actual track buckling. .

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

(thus T < Tl), as a desirable criterion for

crease be smaller than T S

1
the design of welded tracks. 1In order not to restrict unduly the ad-
missible temperature increase‘TO (beyond neutral), Bromberg modified
this criterion to
T < T’l‘ , _ (3.1)

where TI is the temperature increase which causes a lateral displace—
ment of 0.2 mm for a straight track (gs.shown in Fig. 9a) apd 0.4'mm
for a curved track. For additional comments on tﬁis approach to track
stability, refer to Reference [4] (Part II, 8§3).

Of special interest for U. S. tracks are the test results obtéined
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 fasteﬂers

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

in Table 1.
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Cad

.TABLE. 1: TEST RESULTS FOR P50 TRACK SECTIONS WITH WOODEN TIES AND
CUT-SPIKE FASTENERS (Ref. .[12] p. 29) . '
Temperature increase Corresponding Deflected shape
Test in °c (°F) . axial force in lateral plane
No. in tonnes (tons)
* * : (dimensions in meters)
Tl T2 Nl N2

52 73 170 238 55 =lSnr=d o=fm
o » 805
T (94) ©(131) (187) (262) s w; EE_;o_m

59 69 193 225 QY N P
17 ] [aoa Eé[ Mﬁ_l
(106) (124) ¢ (212) (248) Qs Q30

Y

(Note: N; = EAaTI and N, = ERaT,, 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

(NI = 150 to 196 tonnes, and Ny = 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 fésteper{ There-
fore, one would expect the buckling tempgratures to be highef for the
track with K4 fésteners. One reason why this is not the case for the

above test results could be that the cut-spike track sections were

' specially prepared for these tests and were not exposed to the rolling

sﬁOﬁk' prior to buckling. As it is well known, ﬁgving tréiﬁs haVe

a tendency to loosen the conngction between the c@t—spiké and the ties,
which results in:a reductioh of the fastener rigidity als6=with respect
tdlthe Végﬁical axis. This suggests that for an actuai'txqé§>with
cut-spike fasten;rs, the buckling temperatures will be lower than those
shown in Table 1 (assuming that the lateral resistance of the ballast

and tﬁe other track properties remain essentially unchanged) .
0 ‘

17 ‘ i



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 length, on the obtained results, is

analysed and discussed in a recent paper by Kerr [16].
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4. ANALYSIS OF THERMAL TRACK BUCKLING
A critical survey of the analyses of thermal buckling'bf 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 buckiling problems.

One error made by several authors was the assumption that the

railroad track may be represented by an elastic beam which is continu-
~ously attached to a linear Winkler foundation before and during buckling.

Another shortcoming was the failure by a number of authors to take into

consideration the drop of the axial force iﬁ the buckled region.

Those few énalyses which are conceptually on the right path exhibit
analytical shortcomings ,with an unknown effeét on the final results.

To eliminate some of these shortcomings, in 1976 Kerr presented a new
improved analysis for thermal buckling of straight tracks (6].

The developed analysis is based on the observation that the buckling
mode of a iong straight track 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
only axially, as shown in Fig. 10. 1In the buckled region,.a part of
the constrained thermal expansions is released, which results in a
reduction of the axial force. In the adjoining régions, because of the
ballast resistance to axial displacements of the rail-tie structure,
the constrained fhermal expansions vary, énd so does the axial force,

In this analysis, the rail-tie structuré was replaced by an equi -

valent beam of uniform cross-section consisting of the two separate rails

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

19



" . buckled state
Top view '

undeformed state

adjoining region ""' ‘ ZZ

bﬁckled region

Ne s N

: (a)vAxialacpmpreqsion force before buckling

~

N ‘ - Ng Ny 4 Ne N N

JiREEnE= . O
B f . ’

S T 2

(AR 27,

(b) Axial compression force after buckling , ’
(Note that in an actual track a is several times larger than 1)

FIG. 10 DISTRIBUTION OF AXIAL COMPRESSION FORCES BEFORE AND AFTER BUCKLING
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~the torsional rigidity of the fasteners, appears justified for the tracks
currently used in the Usa. When_the fastener rigidity is not negligible,
the resulting "safe temeprature increase" is higher. Thus, the correspond-
ing results obtained in.Reference[6] are on the safe side.

The lateral resistance exerted by the ballaston the rail-tie struéture
(due to lateral displacements) consists of the friction forces bg;ween 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 of thg éies, |
as shown in Fig. ll(a). For the'developgd.analysis it was assumed thét the
resulting lateral resistance is p, = const (per unit length of track axis).
The justification fof this assumption is suggested in Reference [17].

The a@ial resistance exerted by the_baliast on the rail-tie structure
(due to axial displacements) coﬂsists of the resistance betweén the ballast .
and the bottom surface of the ties, ana the preséure on the vertical tie
surfaées exerted by the ballast in the cribs, as shown in Fig. 11(b). Eor
the develobed analysis it was assumed that the resulting akial'resistance
is r, = const (per unit‘length of track a#is)}

Furthermore, it was assumed that both.track réils afe{subjected to
" a uniform femperature increase Tor above installation (ne@tral):temperature,
and that prior and during buckling thevrQSponse o§ the rail-tie structure
is elastic. ’ |

Tféical equilibrium pranches for a perfeqt;y straight track, based
on the above assumptions, are shown in'figj 12. ©Note 'thatfgégh point
on the equilibrium branch corresponds to an equiiibriuﬁ 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 forthcomind
report "An improved analysis for thermal track buckling” b
A. D. Kerr. '
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According towf%gﬁ ;?'nwh?n»th? track is subjected to a teméerature,‘_

ECRIN

increase T, < Tp, there exist

’

SV9§1¥¢Fh¢ straight quiliprium configy;ation;
For such a T, whg?_the track is pushed sideways at a point it will ‘,
return to its qrig}nal straight éosition once the lateral load is removed
(assuming that thg»tragk response ié elastiq). Note, however( that to
a temperature incre§sevT6 > Ty, there correspond three states of equilib;ium:»~(_
The (stable) stra%ght state (:),the (unstable) configuration_(:)“on bran?yf~‘
AL, and the (stable) configuratioh (3) on branch LB [9]. Thus, when the
sfraight track buckles at a temperature increase T, > Ty, it Qill move
to the laterally deformed equilibrium configuration (:) on branch LB,

From the above discussion it may be concluded that a temperature
inerease for a straight track is safe against buckling when

To < T o . ' -(4.1)

Because railroad tracks are usually not "perfectly" str;ight;Ait is
necessary to know the effect of geometric imperfections on the. track re- o
sponse. The cofresponding equilibrium branches [9,17] for relatively sm§lL:
lateral track imperfections are shown schematically, as dasﬁed iineslvinyl,
Fig,., 13. Note that the TL;Value for each of these branches is very close
to the TL—value,of~the perfectly straight track. Hence, the criterion stated
in (4.1), with a Tr-value for a "straight™ tfack, is also valid for:altxgck_ o

with small lateral imperfections.

It should be ‘noted, that when the geometrically imperfect raiis
are heated and T, reaches the value T.,, the track will buckle
sideways and will adopt an equilibriwm configuration on branch LB. The.' "
buckling phenomenon itself is dynamic 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 [10], as described in Section 3.
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A buckling anaiysis of a railroad track subjécted to thermé} com—
pressibﬁ&fbrcészéonéists of two parts: (1) thé detéimination of all
equilibrium s&ates ana (2) thé'inspectidnrbf iﬁe}aeéérmined.edﬁilibrium
states to establish which are stable and which are not. The above
diséussj.on suggests that the ‘éaf‘e te-mjperat_ure inerease for preventing
track Buckling may be detéx‘minéd solei'l.ly-from.the post-buckling equilibrium
branches. fhis’cgncept was adopted in keference [6] and is used in the
following.

| To insurexan anlytical formulation that is mechanically reasonable
and mathematicaliy consiStént,ithe equilibrium equd%ions for the rail-tie
structure were derived by utilizing the nonlinear’theory of'eiasticity.
‘apd the pr;nbiplé of virtualldisplgceﬁenﬁg. To avoid the difficulties
encouﬁﬁefed by other investigaﬁors, when'matching trac# regions which are -
governedhby different differential'equations and whose matching points
are nqt‘fixed a priori along the track axis, use was made of variational
calculﬁé‘for variable»matching points [18].

The‘typical buckling modes shown in Fig, 6 suggested the analysis of
antisymmetficai and Symmetrical buckling shapes. The analyses for the
shapes, ?hown'ianig. 14,’a£e contained in Reference [6]. In the f0110wing;
only the results of their numerical evaluation are presented and discussed.

| As example, the results of the numerical evaluation for a 132 1b~
track»with,ro=1000 kg/m (672 1b/ft) and.§o=900 kg/m (605 1b/ft) are shown

in Fig. 15. .The}solid line corresponds to the antisymmetrical S-shape
(Mode II ih Reference [6]). The dashed line gorresponds to the symmetrical

deformation shape (Mode IIT in Reference [6]).
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Fig. 14 BUCKLED TRACK SHAPES OBTAINED FROM ANALYSIS FOR TO=JO°C (90°F)
FOR ro=11000kg/m and p_=900 kg/m.
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According to Fig. 15, for the above track and the S-shape,the safe

L < 43.5°C (78°F). Note also that if the track

temperature increase is T
should buékle fbr“;yfemperature.increase To = 50°C, theh it will come to
rest at the equilibriumAconfiguration(:)on branch LB’with-the largest
;ateralldéflecﬁi;; Voax = 32 ém(12.5 in). The corresponding axial com-
piession force; a?e:~’1n the sFraight equilibrium configuration(:)Nt=EAaTo=
202 tonnes, in'éhé l stable equilibrium’configuratiOn(:)Nt = 80 tonnes.
Thus, for a\raii temper;ture increase of.To = 50°C, the axial track force
dfops, due to buckling, to less than a half 6f its original value. For
Té = 60°C the thermal force N, = 242 tonnes drops to'65.tonnes; about a
guar;ei of its ofiéinal value. AThis'finding contradicts the assertions
ﬁade by various authors that the drop of the axial force is négligible.
According to Fig. 15, for a given track, &lso the magnitude of Vo ax

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

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

TABLE 2. -DEPENDENCE OF Vmax and ﬁt ON ‘I‘o, FOR THE 132 1b TRACK

T . oc 1 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
§£ % of N 668 '53% 40% 27% 20% 16%

ﬁote that vypax ahdsﬁt depend also on the ' track parameters, espéciélly the
resistances ¥, and p,.

| Coﬁparing~theFéquilibrium branches in Pig. 15, it follows that the TL
values, fof the symmetrical and antisymmetrical deformation modes, are almost

the same, whereas the Vnax value for the symmetrical mode is larger (aboﬁt 50%) .
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Note also that, for the range of temperature increases shqwn, the’drop of

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

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

state (according to Fig, 2) is Nt = 202 tonnes whereas thé correspOnding

ﬁt values for the stable deformed state (3 are about 80 tonnes each.

The antisymmetrical and symmetrical track shapes which correspond to

the temperature increase TO = 50°C are shown in Fig. 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 TL, the solutions presented in Reference

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

E

]

2.1 x 10° kg/em?® = 3x10° 1b/in°,

. (4.2)

@ =1.15 x 10°° 1/¢°,

-0

and a rénge pf track éarame&ers. The graphs for the often-utilized 132 1b
rails and the S-shape pf deformation are shown in Fig,-36 aﬁd'Fig. 17.
The effect of rail size and Qf the fie—ballast resistandgs‘ro énd Po.on
the safe temperature increase TL were calculated and are summarized in
Fig. 18.

Tﬁe graphs in Fig. 18 were obtained for the anfisymmetrical S~shape

of deformation. The corresponding graphs for the symmetriéal»déformation

shape were found to be very close to those of the S-shape. Therefore, for i,ﬂ

engineering purposes, the graphs in Fig. 18 may be congidered-walid for

both modes of deformation.
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5. THE TRACK PARAMETERS NEEDED FOR THE PRESENTED ANALYSIS

The graphs in Figé. 14 to 18 are based on the E aﬂd o values for
rail steel, given in (4.2).. The use of these graphs for analyzing
track buckling requires also the kndwledge of the track pérameters A, I,
po,.ré. As pointed out in thg previous section, A and I are the geémetric
properties of the rail crqss—Section; A is the cross-sectéonal'area of‘both-
rails and I =,21r-is the_ﬁoment~of‘inertia of both rail#i&ith respect to
their vertical'coﬁtroidal axes. These values are listed"forvvarious rail
types and sizesiin Appendix A. . -Note, however, that if the rails of a track-
to be analysed are excessiveiy"worn,;then‘the iisted A a%% I values have
to be reducéd accordingly.

The me;nipgiof r, and P, was also defingd in the previous section.
The&aparametéfs are determined by means of field and/oralabor;tory tests,
in which a rigidized track éanel is moved axially or laterally by ah increasing
force and tbén the corresponding 1oad;displacement vélﬁes are recordea, as

shown in Fig. 11. r, or p is the resistance value' for which the cor-

o o}

?esponding curve levels off.
When choosing the length of the track test panel, note that the Tyr Po

. ~
values to be determined be such that the analytically obtained values (TL, N, ,

Vimax’

etc.) be as close as pqssible to the actual quantities in the field.
To achieve this objective the length of the test panél has to be sufficiently
long, say]j)mete?é (32'feet); |

The use of onlf one tie, for the determination of r, or Por appears
to be inadmissible. The reasons are similar to those preéented in Reference [19]
Section 3; iﬁ connection with the determinétion of the track mbdulus 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)

(2)

(3)

(4)

(5)

The resistance vaiues depend upon the type of ties and ballast, as Weli
as upon the tie spacing. |

The resistance values increase with iﬁc;easing weigh£ of the rail-tie
structure (they are also higher for the vertically loaded tréck).

The resistance Qalues increase, up to a point, with increasing tonnage
passed over the track (because Qf ballast compaction)

Track repovation work, which involves ballast disturbance (also by shovel
packing or famping), reduces the resistance values.

The resistance ﬁalues 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-

ditions, for a wroden tie track ro ranges from 400kg/m (270 1lb/ft) to 1800

kg/m (1200 1b/ft) and bo ranges from 400 kg/m (270 lb/ft) to 1500 kg/m

(1000 1b/ft).
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6. EXAMPLES

The purpose of this section is to sﬂow how the graphs presented in
Section 4 canuse 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 (or estimate)
the anticipated resistance values po and_ro. For thé present example

assume that for an undisturbed track these values were found to be

r

o 1000 kg/m (672 1b/ft)

P, = 1200 kg/m. (800 1b/ft)

Theh, agcording to Fig. 18, fof a track with 132 1b rails a safe temper-

ature increase is T = 48.50°C = 87.5°F.

. When util}zing the above reéult, it should be noted that T = 48.5°C
is not the temperature increase at which the above track will usually
buckle out, but rather ﬁhe value which define; a range of safe temperature
increases.. In other words, as long as T, < Ty the tangent track qnder
consideration is safe'against lateral buckling; The temperature increase
which causes buckling is usually higher than T;- As discussed in Séction
4, it depends on geomeffic impeffections (and dynamic inbuts); namei?, the.
larger tﬁefimpeffections the smaller the temperatufé increase‘which causes
buckiing.>rln.this connectioﬁ 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
ballast disturbance. - The main reason for this is the resulting re-
duction of the ballast resistance values and Pgr as described in

Section 5. In order to determine the corresponding T, temperature, the

’

" reduced values of r. and Po have to be used. Assuming that the experi-

o

mentally determined values, for a freshly tamped track, are

r, = 500 kg/m;

o pO

= 600 kg/m
' then, according to Fig. 18, T = 33.56C(600F). Thus, a drop of 15°C-
(about a third of 48.5°C).
Next consider the case when the reéair work is 1ocal,'eXténding for example
over only 15 meters (about 50 f;) of the track. It is reasonable to ex-
pect that if the heated track will buckle out laterally, it'niil do so in

this region. For the corresponding analysis only the lateral resistance

p . 1s reduced, since according to the made assumptions the main effect

[0}

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

they are not affected by the repair work. Assuming that for this case

r6= 1000 kg/m ; o, = 600 kg/m

the graphs in Fig. 18 yield T}, = 37°%. Thus, a drop of only ll.SOCf

The above numerical examples, in addition to showing how easily Ty,
may be determined by using Fig. 18, also demonstrate the effect of track

maintenance work on the safe temperature increase.
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Problem 2. For a tangent track,determine the installation (neutral)
temperature in order to prevent track buckling by tem-
perature increases and rail breaks by temperature drops.

The installation temperature of a jointless 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 procedure, 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¢ interval, 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 the 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 fatiqgue 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 temperatures are +110°F and -30°F, respectively.
Then, the highest temperature expected in the rails is 110°+35°=145°F,
where 350°F is the assumed increase of rail temperature above ambient.

The lowest temperature expected in the rails is -30°F. If for a 132 1b
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FIG. 21 METHOD FOR ESTABLISHING THE INSTALLATION (NEUTRAL)

TEMPERATURE FOR A RAILROAD TRACK
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track the anai§;i5~yields TL = 65°F and the T¢ value was found toabé-z
120°F, then, acéording to Fig. 21(b), the rail installation femperatﬁre'
shoﬁld be chosen from the range of 80° to 90°F. |

When thé Ty, and T¢ intervals do not overlap, the situation is more
complicated.‘ Thié may ogcur in the problem.discussed above when, for
gxample, the lowest recorded temperature is -50°F and T = §0°F, as
shown ih Figtféﬁk;). |

One.Qéy‘éo pfdceed in this situation,, especially in signal territory,
is to install the rails at 80°F in order to prevent the oécurrence‘of
track buckligg, felying on the signailing system to detect rail breaks.

Another apéroach, utilized in the USSﬁ [27], is shown in Fig._22(5).
This sysfem fequires two temperétureﬂadjustments per year; one in the,l
springand.the other in the fall, Note that.in Fig. 22(b) it was' assumed
that a range of installation temperétures is lboF. The;efore,th; shown
temperature scheme is safe if after the spring adjustment the rail tem-

perature does not drop below OOE;and after the fall adjustment the rail

does not exceed 95°F.
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FIG. 22 DETERMINATION OF RAIL INSTALLATION TEMPERATURES
FOR EXTREME TEMPERATURE CONDITIONS
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7. MEASURES FOR PREVENTING THERMAL BUCKLING OF TANGENT TRACKS

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

, (1) the track compression force should be as small as

possible (without causing rail breaks during the winter), and

(11) tﬁe rigidity of the.track structure (which consists
6f the rail-tie structﬁre and the ballaét) should be as high as possibie.

Aim (I) may be achieved by installing and maintaining the rails
af‘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 than thé method used by
VariouS‘Eurqpean railroads which stipulate "that the rails should be
free from stress within temperature limits near the mean of the
extremes experience@" (125]. p.17 and\Fig. 1).

Another measure for achieviné aim (I) is to reduce the 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 éompared.
It was found that on a hot sunny day the teﬁpergtuxes of the whitewashed
rails were 5o to 7OCK9° to 12.5°F) lower than those of the unpaintea
rails. Although, presently, the painting>bf rails does nét appear fo
be practical, this approach may be usefull in special situations.

- Aim (II) may be achieved by increasing the rigidity of the
rail-tie structure ané 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 ro 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 the axial track resistance ry- _Higher Pq values may

be achieved by increasing the ballast shoulder width, by raising the ballast
shoulder, 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 po were presented by Dogneton [26].

To prevent track buckling, many railroads abroad found it necessary
to increase the width of the ballast shoulder. For example, for tangent
tracks, the DB and the railroads of the USSR increased the width to 35cm
(14 inches). The standard practice on US railroads is 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 wiath will also reduce track
degradation, and thus maintenance.l)

Track maintenance pratices should be such as not to violate the aims
listed in (I) and (II). For example, théy should not affect the effective
neutral temperature of the rails, nor should they lower the ballast resist;nces
excessively, during or before periods of large temperature increases, In
this connection note that some railroads (for example, the SNCF) do not
schedule track renovation work during 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 T

[

L

l)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 ILATERATL RESISTANCE
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APPENDIX A:  RAIL PROPERTIES
Moment of inertia Distance Height
with respect to of centroid of
centroid axis from base rail
Rail Weight Area horizontal vertical.
type :
kg/m cgz cm? 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 8.12 17.8
132 RE (132.1) |.(12.95) (88.2) (14.6) (3.20) (7.01)
67.56 | 86.12 3,950 612 '8.51 17.8
136 RE (136.2) | (13.35) (94.9) (14.7) (3.35) (7.01)
: 69.75 89.03 4,029 616 8.56 17.8
140 RE (140.6) | (13.8) (96.8) (14.8) (3.37) (7.01)
51.51 | 65.8 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 |.(99.65) | (9.76) (43.70) (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
UIC 54 109.66) | (10.74) |(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 presentation of an improved analysis foi
predicting the safe temperature increase in the continucusly 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 quer—

standing of the determination of safe installation temperatures for

continuously welded rail.
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