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Abstract

The study sets out with a network-wide analysis of the risk for track buckling that
concludes that track buckling relates to a few "weak points" along the track. To
identify these, a numerical model to predict track buckling resistance is developed. The
influences of key track parameters are evaluated and quantified using the innovative
concept of an equivalent temperature. This allows to quantify the large influence of
e.g., curves and hanging sleepers in terms of an equivalent increase in temperature.
Influence of less well-defined track parameters such as nearby fixed points or recent
track work is estimated through statistical assessment of track buckling reports.
Predicted influence generally agrees with empirical knowledge with some exceptions
that are discussed in the report. Developed models and produced results should be
valuable in identifying track sections at risk of track buckling and in assessing
effectiveness of mitigating actions.

1 Introduction

Track buckling is a phenomenon where the restricted thermal expansion of a rail
induces high compressive forces that causes the track structure to buckle. In jointed
tracks, track buckling is prevented by expansion joints that allow some (moderately
resisted) expansion. On the other hand, the buckling resistance is low once the thermal
expansion exceeds the width of the expansion joints, and the entire compressive force
must be carried by the track structure. In contrast, continuous welded tracks have no
expansion joints, but compensate with a (much) higher buckling resistance of the
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track. The extreme cases here are slab track constructions where the resistance to
track deflection is very high.

To clarify the importance of straightness and lateral stiffness of the track, consider a
perfectly straight 60E1 rail [1] that is completely translationally fixed at the fastenings
(sleeper spacing L = 65 cm). This will result in Euler buckling with a critical load of
m?El  m*-210-10°-5.12-107°
Py, = = > = 25.1 MN (D
L? 0.65

where E is the elasticity modulus, and / is the moment of inertia related to lateral
bending. This corresponds to a temperature of some

P, 25.1-10°
“EAa  210-10°-7.67-102-11-10°°
where A is the cross-sectional area and « the coefficient of thermal expansion. As
seen, track buckling is not an issue under such ideal conditions.

AT = 1418°C (2

In real tracks there is a limited resistance to lateral (and vertical) deflections [2]. There
are also initial geometrical deviations that cause track buckling to progress more as a
gradually increase in deflection than as a pure limit load phenomenon. For this reason,
it is vital to be aware of the employed definition of track buckling when analysing the
operational frequency. As an example, the Swedish infrastructure manager
Trafikverket classifies a local track geometry irregularity as a track buckling event if
there is a lateral track shift of at least 25 mm measured over 10 m, while — at the same
time — there are high compressive forces in the track due to heat [3].

In the literature, there are several studies devoted to track buckling. Extensive
overviews are presented in [4, 5] and references therein. There are also investigations
related to more specific effects. As examples, the influence of sleeper shape was
investigated in [6] using numerical simulations, and in [7] using both experiments and
simulations. In [8] the influence of ballast fouling was investigated through finite
element simulations that featured lateral track resistance for fouled ballast estimated
from discrete element simulations. Finite element analyses have also been employed
to study the effect of mixed timber and concrete sleepers [9].

The aim of the current study is to quantify the effect of local track conditions to the
buckling resistance of the track. This knowledge can be employed to identify track
sections with the highest risk of buckling and quantify effects of maintenance actions
that improve local track conditions. To this end, both numerical simulations, and
statistical analyses of operational track buckling events are employed. The
quantification of the severity of different conditions is based on the innovative concept
of an equivalent temperature, as described in section 3.2. Note that the focus is on the
track resistance to buckling. The situation will also be aggravated by operational
loading from vehicles entering the deformed track section [10]. This is however
outside the scope of the current study.
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2 Network-wide assessment of the risk of track buckling

To roughly assess the overall statistical risk of track buckling, correlation between
number of (verified) track buckling events, and the maximum (ambient) temperature
over a year was investigated. These data are presented in Figure 1.

The railway network managed by Trafikverket consists of about 14 200 kilometres of
track. Presume that the resistance of the track varies between these sections such that
if the ambient temperature exceeds a critical value T¢ a track buckle will form in that
kilometre section. Further presume that T is a statistical parameter that follows a
normal distribution with an average value . and a standard deviation oc. Selecting uc
and o to minimize the (root-square) deviation between predicted and actual number
of track buckles in Sweden yields uc = 70.8°C and o = 14.4°C. In other words —if this
analysis is to be trusted — a temperature in Sweden of 71°C would result in a track
buckle every second kilometre (since the risk of track buckling per kilometre is then
0.5). Predicted and occurring track buckles for all studied years are presented in Figure
1.

Year 08 | 09 10 | 11 12 | 13 14 15 16 | 17 | 18 | 19 | 20 | 21

Max 33 1 32 | 35| 34 | 32 | 31 35 33 | 33 | 28 | 35 | 35| 34| 35
temp

No of 82 | 64 | 51 65 | 27 | 56 | 115 | 47 63 18 | 198 | 55 | 63 | 53
buckles
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Figure 1 a) Maximum temperatures over the year (from annual and seasonal summaries at smhi.se)
and number of confirmed track buckling events (from Trafikverket’s annual summaries, see [11]).
b) Predicted and verified numbers of track buckles in Sweden 2008 to 2022.
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Figure 1 shows that the prediction is rough — a peak temperature of 35°C has led to
between 51 and 198 track buckling events, whereas the predicted number is 92. Still
some qualitative conclusions can be drawn: The average strength of the track (defined
here as the temperature that can be sustained over a one-kilometre section of the
track without resulting in a track buckle) is around 70°C. Consequently, track buckling
does not relate to an “average” track, but to “weak” points along the track. The
strength of the “weakest” points is in the predictive model quantified by uc and o.
Increasing uc by 5°C would decrease the predicted number of track buckles at 35°C
from 92 to 33. The same effect is obtained by reducing oc by 1.8°C. Increasing uc can
be obtained by increasing the stress-free temperature — the temperature at which
there are no thermally induced forces in the rail. This would have the side effect of
increasing the risk of rail breaks in the winter [12]. Decreasing o relates to reducing
influence of factors such as curves, poorly supported sleepers etc. To better
understand the influence of such factors, a much more refined analysis is required. To
this end numerical simulations will be employed.

3 Numerical analysis of track buckling

To analyse the influence of individual parameters on track buckling resistance, a
numerical model was constructed. The model includes a span of 100 sleepers with
fixed rail ends. Rail and sleepers are modelled as elastic beams. The fastenings
(including rail pads) and ballast resistance are modelled as springs. Since the buckling
resistance of the track is investigated, the loading consists only of heating and cooling
of the rail in addition to the gravitational loading. The numerical model is visualized in
Figure 2a.

rail  sleeper

rail-pad-fastener system

ballast
vertical

resistance 7 /%f% /Mw /g’ < y

restanee ballast | Jfﬁé&fg ¥

longitudinal
d resistance
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b

Figure 2 Track buckling model. a) Schematics of the numerical model for analysis of track stability.
b) Buckling mode of the nominal reference track configuration (top) and deformed shape of the
thermally loaded track (bottom).

The buckling analysis consists of two steps:

In the first step the buckling mode of the track structure is evaluated (see top picture
of Figure 2b) and normalized so that the largest initial displacement equals di.

In the second step, this irregularity is imposed on the nominal track geometry, and
post-buckling analysis following the Riks method [13] is carried out as the rail
temperature is gradually increased (bottom picture of Figure 2b).

If the track response is linear, and nominal and distorted track characteristics are the
same (except for the track irregularity employed as a scaled buckling mode), the
deformed shape will be identical between the two cases. The buckling mode is
symmetric with a sinusoidal deformation pattern (cf. buckling of a beam supported by
an elastic bed).

It could be argued that actual track geometry should be used as the initial irregularity.
However, for the current study of parametric influence this is not feasible since the
actual track geometry is the consequence of local variations in track stiffness and
resistance that would then need to be quantified and incorporated into the model.

3.1 Reference configuration
For the numerical simulations, a reference configuration is defined that features:

e Tangent track with an initial lateral irregularity of dir =5 mm, see Figure 2a.
The rather high value reflects the fact that track buckling occurs only in the
very worst track sections.

e Nominal 60E1 rails

e Track stiffness is estimated as kx = 0.49, k, = 1.9, k, = 35.7 [MN/m] in the
longitudinal, lateral, and vertical directions, respectively. In the Riks-analysis an
elastoplastic ballast element described in [14] is employed with stiffnesses kx =
3.5, ky=5.0, k; = 100 [MN/m].

e Fastenings with estimated stiffnesses kx = 5.25, k, = 26.3, k, = 100 [MN/m], kxy =
ky; = kv, = 16.6, [N/rad].

e Concrete sleepers, see [2]

Initial simulations were employed to ensure that the results (in terms of equivalent
temperatures, see section 3.2) were not significantly affected by boundary conditions
or mesh density.
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3.2 Equivalent temperature evaluation

To interpret simulation results, differences in temperature increases required to obtain
lateral deflections of 2.5 mm and 5 mm (in the following denoted AT,5 and ATs and
measured in degrees Celsius) between the studied cases and the reference case
(defined above) were introduced, see Figure 3. These measures represent the
equivalent temperature increase of the studied modifications. In other words, if a
reduced stiffness corresponds to ATso = 10°C, then a lateral displacement of 5 mm (in
addition to the initial irregularity) will be obtained in the reference configuration if the
temperature is 10°C higher than in the modified configuration.

0000 —— e T T T 12
----- Tenp-Un I}ar}g}'ng sleeper s
0_009 e — ;:Eﬁ:gﬁ i:;ual 10nm N T B At
I Temp-Um stiffness -25% 1717 -
r— 0.008 i~ Temp-Un yield j25$ "~ I S D o -
é . o 4
= 0.007
c | - '
© 0,008 it /—
ol i Alse T I
go'oos._‘__;____‘;___.,"___,
& 0.004 —
D - .
0.003 m
0.002 —
0.001 : —]
0000 ol L L i Ui il ililili

0 5 10 15 20 25 30 35 40 45 50
Temperature [°C]

Figure 3 Definition of the measures AT, s and ATs for the load case represented by the red curve. The
reference case is the black curve to the right. In the legend "yield" relates to the elastoplastic ballast
element employed in the Riks-analysis.

4 Influence of key parameters

Through numerical simulations, the influence — in terms of equivalent temperatures —
of some key parameters are investigated. The key parameters, and the investigated
magnitudes different from those of the reference case are

e Curve radius — 150, 250, 350, 500 and 800 m.
The curves feature the same magnitude of irregularities as the reference case.
e Hanging sleepers —1, 3 and 5 hanging sleepers.
These adjacent sleepers do not feature any lateral support.
e Lateral ballast stiffness — reductions in lateral ballast stiffness of 25% and 50%
Simulations showed (not surprisingly) that the lateral stiffness had much more
influence than the vertical stiffness.
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e Fastening stiffness — 50% and 75% overall decrease.
e |Initial track irregularity, dirr — 7 mm.
e 50E3 rail profile

The results of the parametric study are compiled in Figure 4. Note how a reduced
ballast stiffness (globally and locally) will result in a steeper temperature—displacement
relationship, as compared to the influence of a curve. The reason is that the curve
radius will initially introduce a lateral force component. However, as the rail is
displaced, this effect will gradually decrease. In contrast, the influence of a decreased
ballast resistance will remain constant throughout the buckling process.

0.0120

ballast lateral stiffness -25%
00110 === ballast lateral stiffness -50%
= curve 250m
0.0100 Curve 350m
0.0090

0.0050

0.0070

= reference case

Displacement [m)
o
°
z

=
2
=
g

0.0040 ~
0.0030 o
0,0020
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0,00008

ballast lateral stéfness -25%

“+* ballast lateral stéfness -50%
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"% curve 500m

0.0045

0.0040
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0.0035
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0.0025

0.0020

0.001
! ;’: 40, a5 50 55 &0, 65, o
Temperature [C]

Figure 4 Evaluated temperature—displacement responses for different magnitudes of key parameters.
Overview and zoom-in.

The results in terms of AT,.5 and ATs are compiled in Table 1.
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Table 1 Equivalent temperature increases AT, s and ATs o for the studied parameter variations.

Parameter variation AT,5[°C] | ATs0[°C]
Lateral ballast stiffness —25% 6 9
Lateral ballast stiffness -50% 13 19
Curve 250 m 19 20
Curve 350 m 15 15
Curve 500 m 12 11
Curve 800 m 7 7
Fastening stiffness —-50% 0.5 1
Fastening stiffness —75% 2 3
One hanging sleeper 3 5
Three hanging sleepers 16 25
Five hanging sleepers 25 38
Initial irregularity 7 mm, straight track 12 13
Initial irregularity 7 mm, 150m curve 5 3
50E3 rail, straight track -2 -2
50E3 rail, 150m curve 2 2

Note that the influence of initial irregularity size and of the 50E3 rail in 150 m curves is
in addition to the influence of the curve itself. Also note the slight decrease in
equivalent temperature for the 50E3 rail on straight track due to the lower axial load
resulting from the smaller cross-sectional area.

4.1 Estimations of the influence of hanging sleepers and curves

The results from the parametric study can be further analysed in a regression analysis.
For the influence of hanging sleepers, this yields an estimate of the equivalent
temperature increase as

AT =—0.6-N? +10-N —6 (1)

where N is the number of hanging sleepers. This estimate together with simulation
results, are presented in Figure 5a. Note that the curve is derived using both AT, s and
ATs results since buckling of a track containing initial irregularities is a gradual
phenomenon, which makes it difficult to say at which lateral deflection it has initiated.
For the case of hanging sleepers the temperature—deflection curve is steeper than for
the reference case, which makes the non-linearity more apparent.
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Figure 5 Simulated influence on equivalent temperature increases AT, s (x) and ATs, (0) of a) Hanging
sleepers and estimate according to (1). b) Curve radius and estimates according to (2) (red, dashed)
and (3) (blue).

The influence of a curve radii in the range 250 m to 800 m can be estimated as
AT = 3.4-105- R2—0.058:R + 32 (2)

Here R is the curve radius in meters. The estimation together with simulation results
are presented in Figure 5b.

For the influence of curve radii 150 to 250 m, a more conservative estimation is
AT =5.5-10"-R*-0.083-R + 38 (3)

as also presented in Figure 5b.
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4.2 Numerical predictions versus empirical estimations

The simulation results can be compared to regulations in [15], which define
(experienced based) reductions in critical rail temperatures for track buckling. The
comparison is presented in Table 2.

Table 2 Comparison of simulated equivalent temperature increases versus Network Rail reductions in
critical temperatures [15].

Configuration NR AT, s ATs,
Undisturbed (reference) 0 0 0

Unconsolidated (NR) vs overall stiffness 17 13 19
reduction of 50%

No ballast at sleeper ends (NR) vs lateral 17 6 9

stiffness reduction of 25%

No ballast at sleeper ends and sides (NR) vs 22 13 19
lateral stiffness reduction of 50%

3 (or more (NR)) hanging sleepers 22 16 25
Radius below 400 metres (NR) vs 500 meter 9 12 11
curve

The 25% and 50% ballast stiffness reductions are selected to reflect the fact that
approximately one third of the lateral resistance comes from the sleeper bottom side,
a second third from the sides and a last third against the shoulder when no vertical
load is applied, see [16]. In the case of a loaded sleeper, the bottom of the sleeper
should take more load, which motivates using values somewhat below 33% and 66%.

In general, the estimations based on simulation results show reasonable agreement
with the NR empirical estimations. The latter are on the safe side with the exception of
the influence of curves. It should however be noted that the simulations do not
consider any widening of ballast shoulders as is commonly mandated in curves.

5 Comparison to occurring track buckling

To evaluate the relevance of the numerical simulation results, reports on track
buckling on the Swedish network collected between April 2008 and September 2019?
were scrutinized. Track buckling in curves with radii between 250 meters and 800
meters with reported rail temperatures above 10°C were considered. The distribution
of curve radii for the 242 cases are presented in Figure 6a. Note the high proportion of
sharp curves.

The corresponding distribution of measured rail temperatures are presented in Figure
6b.

! Compiled by Emelie Rennie and Fredrik Andersson at Trafikverket
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Figure 6 a) Distribution of curve radii in the range 250 m < R < 800 m for reported track buckling.
b) Distribution of reported rail temperatures. Red lines indicate fitted normal distributions.

For the following analysis it is important to recall that if the track was completely
uniform, all track buckling events would occur at the same rail temperature — the
theoretical buckling load. Further, if influencing parameters not accounted for are
independent, random and sum up to the total track resistance, the measured rail
temperatures at buckling (i.e., when resistance is overcome) would follow a (nearly)
normal distribution.

In the studied case there are influencing factors that cause scatter and a deviation
from a normal distribution. The approach taken is to compensate for these factors and
assess the compensation by the decrease in scatter and the improved resemblance to
a normal distribution.

To estimate the scatter in rail temperatures, the coefficient of variation §,, = s, /x for
the sample of temperatures, x, is employed. Here, s, is the standard deviation and X is
the average. For the unmodified temperatures, 6, = 0.25.

To estimate the match towards a normal distribution, the Kolmogorov—Smirnov test as
implemented in MATLAB [17] is employed. It defines the p-value as the probability of
observing a test statistic as extreme as, or more extreme than, the observed value
under the null hypothesis that the data comes from a standard normal distribution.
Small values of p may indicate that the test data are not normally distributed.

5.1 Modifications for curve radius

The measured rail temperatures were modified for curvature according to equation (2)
(using equation (3) for curves with radii below 450 m did not significantly alter the
results). The corresponding modified rail temperature distribution is presented in
Figure 7a. The corresponding coefficient of variation is §,, = 0.20.
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Figure 7 Distribution of rail temperatures modified with respect to a) Curvature according to
equation 2, b) Curvature and other influencing parameters. The red lines indicate fitted normal
distributions.

5.2 Modifications for other parameters

In addition to curve radii, also reported track work, lack of ballast, a fixed point in the
vicinity of the track buckle, and wooden sleepers were accounted for. Temperature
modifications with increases in the span 0 °C to 7 °C (with a step of 1 °C) for each of
the influencing parameters were tested. A full analysis was carried out meaning all
combinations of influences were evaluated. The minimum &, =0.18 was obtained for
temperature modifications of

e Track work: +5°C
e Lack of ballast: +5°C
e Fixed point: +1°C
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e Wooden sleeper: +3°C

The distribution of modified temperatures is presented in Figure 7b.

5.3 Quality of compensation for the various influencing factors

In Table 3, quantities of the un-modified and modified (with respect to curvature, track
work, lack of ballast, fixed point and wooden sleepers) fitted normal distributions are
presented.

From comparing Figure 6b and Figure 7 and the characteristics in Table 3, it is clear
that the modification decreases the scatter in rail temperatures. It also makes the rail
temperature more normal distributed. As discussed above, a normal distribution is
what should be expected if all parameters that have a systematic influence are
correctly compensated for.

Table 3 Characteristics of modified and unmodified distributions of rail temperatures.

un-modified modified
average (¥) with 95% 33.2 343 354 54.1 55.4 56.6
confidence limits
standard deviation (s,) with 79 86 94 9.14 10.0 10.9
95% confidence limits
coefficient of variation (6,) 0.25 0.18
normalised average (x) with 097 1 1.03 0.98 1 1.02
95% confidence limits
normalised (s,) with 95% 092 1 1.10 092 1 1.10
confidence limits
p -value 0.42 0.77

6 Discussion

The influence of various parameters on decreased track buckling resistance has been
assessed through numerical simulations and statistical analyses of track buckling
reports. The numerical simulations quantify the influence of curves, hanging sleepers,
track irregularities etc. The influence is shown to be in line with empirical findings.

The presumption in the statistical analysis is that a correct compensation will
correspond to a normal distributed rail temperature at track buckling with a decreased
temperature scatter between buckling events. Here, scatter is quantified by the
coefficient of variation §,, which is not ideal since a uniform increase in average
temperatures (while keeping scatter constant) would itself lead to a lower §,.. On the
other hand, using the standard deviation s, would be even more misleading since it
would increase with uniformly increased temperatures.
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As seen from the presented results, the compensations improve the situation, but
does not fully compensate for all rail temperature variations. There are a number of
reasons why this will never be the case. Some of these are:

e The list of considered factors is not complete. Two important factors that vary
between buckling events and are not considered are track irregularities and
operational loading from passing train at the time of the track buckling event.
The influence on track irregularities has been assessed in the numerical
simulations and could be accounted for if data of the condition just before the
buckling event were known. The train load at the time of track buckling does
however not relate to the track resistance and is therefore considered out of
scope of the current investigation even if it will for sure affect the (magnitude
of) buckling.

e The amount of influence of some factors is not included. As an example, all
cases of track works are given the same temperature compensation.

e Actual rail temperatures are not measured at the exact time of rail buckling but
during the following inspection (or have been estimated).

Note also that the severity of the buckling event is not considered. Instead, the
evaluation treats all reported track buckling cases as equal.

With these reservations, it is interesting to see that there is a clear trend towards a
normal distribution as temperature modifications are applied. The relatively low
influence of wooden sleepers is somewhat surprising since tracks with continuously
welded rail on wooden sleepers with "heyback" fastenings are known to be
significantly over-represented regarding track buckling. A reason could be that for the
cases studied there are so many cases of wooden sleepers that the effect is not carried
through as an additional factor.

Similarly, the numerical simulations indicate a small influence of fastening stiffness,
which may be caused by the rather crude representation of fasteners by springs in the
simulation model. Such a representation does for example not account for play in a
worn "heyback" fastening, which could reduce the resistance significantly.

The predicted influence of a fixed point is also small. This may be surprising since more
than 50% of the track buckling events were reported to occur in the vicinity of a fixed
point. It should however be noted that any fixed point (switch and/or crossing, bridge,
road crossing, platform or other construction) closer than 100 meters from the track
buckling should be reported with no consideration of the distance [3].

The influence of track work has been investigated in the literature. A summary of the
existing literature [18] indicated a reduction in lateral ballast resistance of about 50%
directly after tamping and around 20% after a month. The estimated temperature
increase for track works, and for lack of ballast ( AT=5 °C) would each correspond to
some 20% reduction in lateral stiffness or one hanging sleeper (see Table 1), which
seems like a reasonable influence.
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7 Conclusions

A numerical model to simulate track buckling has been developed. The influence of key
track parameters on the track resistance has been evaluated and quantified using the
innovative concept of an equivalent temperature. Comparisons between the predicted
influence and empirical reduction factors show good agreement. A possible exception
is the influence of fastenings where the rather crude numerical modelling of these may
be the cause.

The influences of operational parameters difficult to include in the numerical
simulations have been estimated through modifications of measured rail temperatures
from track buckling reports. The assumption here is that the modification with the best
reflection of the influence would result in a narrow Gaussian distribution of track
buckling temperatures. The predicted influence matched empirical knowledge well
with the exception being wooden sleepers where it is believed that the common
occurrence of these in buckling events prevents their relative influence to be carried
through.

The developed analysis models and the evaluation results are believed to be valuable
tools in identifying track sections at risk of track buckling, and the effectiveness of
different mitigating actions.
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