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Abstract. Rail is subject to repeated load cycles and wear. These load cycles can induce fa-
tigue and rail failure. As rail failure is less predictable, wear is the desirable failure mode
and factors influencing rail failure are carefully managed by railroads. In North America,
static wheel loads are limited to a nominal maximum of 159 KN; however, wheel treads can
develop rolling contact fatigue resulting in so-called high impact wheels (HIW) that, before
removal, can introduce high impact loads on the rail in excess of 700 KN.

Transportation Technology Center Inc. (TTCI) was tasked by the Association of American

Railroads (AAR) to determine the effect of HIW on rail failure and ascertain whether more

striffgent removal criteria should be applied.

TTCI conducted extended high frequency strain measurements at a WILD site and related the

med¥ured strains to the dynamic impact loads by the WILD site. These measurements sup-

ported analytical models developed to simulate defect growth and rail failure.

Results of the analysis suggest that HIW have a minimal effect on rail failure because of:
High attenuation of the bending wave under impact due to the high damping in the
track.

The low probability of repeated HIW cycles on specific elements within the rail.

This paper describes the measurement and analysis process as well as the development of the

models and the interpretation of resulting data and conclusions drawn.
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1 INTRODUCTION

Rail is subject to fatigue and wear. Fatigue failure is unpredictable so wear is the desired
rail replacement mode. Factors influencing rail life are carefully managed by North American
railroads including the loads to which the rail is subjected. Nominal static axle loads are lim-
ited to 32t (159kN wheel load); however high impact wheels (HIW) can occur, resulting gen-
erally from rolling contact fatigue of the wheel tread. HIW are difficult to predict and are
detected at wheel load impact detectors (WILD) and generally removed from service at a
HIW load 400kN. Outliers, may, however, remain in service for a limited time.

The possible role of HIW in rail fracture together with the 400kN limit and potential re-
strictions on outliers is being questioned by the railroads. This paper reports on an investiga-
tion into the effect of HIW on fracture from transverse defects (TD) and, by implication,
fracture from defects in the running surface of the rail. Investigations continue into the effect
of HIW on fracture from under-head and base defects.

2 RAIL STRESSES
Rail is subject to three main stress regimes that can be of similar magnitude:

e Vertical and lateral stresses associated with wheel loads and the bending of the rail as
a continuous beam on resilient supports.

e Thermal stresses. Continuously welded rail is laid at a so-called neutral temperature
associated with climatic conditions and a compromise made between compressive
stresses under high ambient temperatures that could result in track buckling and low
ambient temperatures resulting in tensile stresses and the potential for rail breaks.

e Residual compressive and tensile stresses due to rail straightening after heat treatment
during manufacture and residual compressive stresses due to wheel / rail rolling con-
tact.

2.1 Stresses due to wheel loads

The rail forms a continuous beam on resilient foundations. Wheel loads result in bending
directly under the wheel and so-called reverse bending both in advance of, and behind the
wheel (Figure 1).

Revearse
Bending

Indirect Load

Figure 1. Direct loading and indirect loading (reverse bending) of the rail resulting from a single wheel load on a
rail supported by an elastic foundation.

The rail is subjected, typically, to 5 nominal reverse bending cycles as each coupled pairs
of wheels in typical railway bogies pass a point on the rail. Figure 2 shows a typical resulting
bending moments in the rail due to nominal wheel loads.
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Bending Moment

Figure 2. Typical bending moment distribution produced by four wheels across the ends of two coupled wagons.

Moments due to direct loading are a function of the wheel load; that is:

Moments due to reverse bending are:
e  Mgc (reverse bending between bogies in a wagon)
e Mg, (reverse bending between wheels in a bogie)
e Mzgy (reverse bending between coupled wagons)

These moments are a function of both the magnitude and proximity of adjacent wheel
loads. The maximum reverse bending moment resulting in tension in the rail head (the driver
of transverse defects in the head) occurs typically between cars (Figure 2).

As each coupled truck pair passes a point in the rail, alternating stress cycles are generated,
ranging from tension through compression. These cycles are associated with rail fatigue (and
crack growth if there is a defect).

The objective of this investigation was to determine the role of intermittent HIW on rail
stresses and whether, possibly in combination with thermal and residual stresses (2.2 and 2.3
below), HIW can lead to premature rail fracture.

2.2 Thermal Stresses

Rail is laid at a neutral temperature (RNT) determined by the climate of the region of the
track. Temperature differences between the RNT and ambient generate rail thermal stresses,
oy, are assumed to be uniformly distributed through the rail section and approximately equal
to:

Ot S EQAT e e e e e e e e e e e e e e e e s (2)
where:
AT = temperature difference: ambient and RNT.
E = Young’s Modulus for steel.

a = Coefficient of thermal expansion for steel.
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2.3 Residual Stresses

Residual stresses can result from both initial manufacture (roller straightening) and in-service
cold rolling due to repeated wheel loads. Roller straightening induces tension in the rail head
and base (Figure 3) [1]. Repeated wheel loads can induce residual compression in the running
surface of the rail (Figure 4) [4]. This leaves, generally, a region of tensile residual stress in
the centre of the rail head.
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Figure 3. Measured residual stresses in the rail section due to roller straightening.
Gage
Corner

Axial residual stress
contours (kal)

Figure 4. Axial residual stresses in the rail head due to roller straightening & service wheel loads.

3 STRESSES AT A POINT IN THE RAIL

3.1 Fatigue

In rail assumed to have no measurable macro-defects, rail fatigue is determined by the magni-
tude of the stress amplitude, S,, where:

Sa = (Smax - Smin) / 2
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Figure 5 defines Spax and Spin: and implies that rail fatigue is driven mainly by alternating
stresses resulting from wheel loads and not by static thermal & residual stresses.
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Figure 5. Variable stress amplitude, S, due to wheel loads is the driver of fatigue in a rail with no measurable
defects.

3.2 Crack growth and fracture from a defect
When a defect is present in a rail, crack growth and ultimate fracture is driven by the stress at

the crack tip and close vicinity. These tresses are driven by the combination of bending as
well as thermal and residual stresses, Figure 6.
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Figure 6. A combination of stresses due to wheel loads, and thermal and residual stresses is the driver of crack
growth and fracture in a rail with a pre-existing defect

Fracture may occur when the stress intensity fracture (K;) exceeds the critical stress inten-
sity factor, or fracture toughness, Kjc. This is expressed as:

[0t Or + O] (1) 7 €= KiC <0 ceeeeee e 4)

Equation 4 is quoted in different forms in fracture mechanics literature (Kuna 2010) where:
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Kjc = Critical stress intensity factor, or fracture toughness of the rail material
o: = Thermal stress

or = Residual stress

oy = Stress from wheel loads

a = Defect/ crack size

g = Factor describing the crack geometry

The basis for equation 4 may also be used to express crack growth rate.
Equation 4 suggests that crack growth and fracture occurs at a location where [o; + ©; + Gy]
are maximized in combination with g and defect size, a.

4 SERVICE TESTS

Wheel loads and associated rail stresses were measured at a typical WILD site on 97 km/h (60
mph) track with 67.5 kg/m (136RD) rail on concrete sleepers and Pandrol fasteners. A WILD
site comprises three instrumented crib groups on each rail. Strain gages were placed between
two instrumented crib groups as Figure 7 indicates. Gages were placed to measure longitudi-
nal strains. Strains at the under-head locations (gage and field side) were monitored individu-

ally (Figure 8). Strain gages on the rail base were connected on a common circuit, producing
an averaged strain signal.

8T WILD Site

Figure 7. Gages placed between two instrumented groups
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Figure 8. Strain gage locations over a crib

Strains were measured at an acquisition rate of 10K Hz and filtered at a frequency of 3
KHz. The WILD site vendor then provided dynamic wheel load data and the crib locations
associated with each wheel load. TTCI then identified the loads (static and dynamic) bearing
on the TTCI instrumented cribs. Wheel loads, W, and corresponding direct and indirect load-
ing strains were then merged to produce strain profiles per wheel load.

3067



Harry Tournay and Semih Kalay

Tests were conducted in:

— Summer when the track modulus was relatively soft (7—14 MPa). More than 17,000 wheel-
set passes were monitored; however, a limited number of HIW were measured as HIW are
more prevalent in winter.

— Winter when the track modulus was at least 3 times harder (estimated from very approxi-
mate deflection measurements to be > 40 MPa). The ballast and formation was observed to
be frozen with minimal rail vertical deflection. More than 96,000 wheelset passes were
monitored in an attempt to capture as many and an increased number of HIW were meas-
ured.

Figure 9 shows the measured wheel load spectra.

Measured wheel load distributions were bi-modal, reflecting empty and loaded wagons,
typical for North American WILD sites. The data also reflected the increased incidence of
HIW in winter (typically > 200kN).

Measured stresses never exceeded approximately 90 MPa. Figure 10 shows an example of
the summer and winter stress spectrum measured on the top of the base of the rail.
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Figure 9. Summer and winter wheel load spectra at WILD site
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Figure 10. Example of rail stresses under the load spectrum indicated in Figure 9
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It was concluded that the frequency and magnitude of the stresses due to HIW will not re-
duce the fatigue life of the rail beyond that attributed to nominal wheel loads.

Further observations from the service data suggest that the rail stresses under indirect load
(reverse bending) reach a plateau beyond a wheel load of approximately 180kN (Figure 11).

0

g N, Bending Stresses
= .under Indirect Load
w -10 . 'v"".'-n-
] 2 :
g - o
n
2 20 o~ % Limif] il Stresses ",
[=2]
o
2
<
% -35
3
o
‘T Reverse
4 Bending :
- 7
Direct Load Indirect Load + Measured
mFEA Golobal Model
.70 @ FEA Sub-model
0 100 200 300 400 500 600

Wheel Load (kN)

Figure 11. Measured stresses under indirect loading reach a maximum at a load of approximately 180kN

Stresses do not increase as predicted by the theory of a continuous beam on elastic founda-
tion or the assumed bi-linear stiffness and hydraulic damping model in the track model used
in the finite element analysis (FEA) of rail stresses (see data points associated with FEA glob-
al and sub-model in Figure 11).

Examination of the stress-time histories suggests that the root cause for this “plateauing ef-
fect” is the attenuation of the bending stresses.

Figure 12 shows the rail stresses under the impacting wheel at the time of impact. The in-
fluence if the impacting wheel is evident in relation to the stress peaks attributable to the
“nominal” wheel loads.

12
7 10 Rail stresses at time
< 3 & point of impact
g ¢ (Direct Load)
S
54
§ 2
Q0
= -2
& 4

428 429 43 431 432 433 435 436 437 4338
Time (s)

Figure 12. Rail stresses at point and time of impact of a HIW

Figure 13 shows the rail stresses at a point approximately 0.6 m away from the point of
impact.
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Figure 13. Rail stresses at time of impact shown in Figure 10, but approximately 0.6 m away from the point of
impact

Two effects are apparent from Figures 10 and 11:
— The bending in the rail due to the impact load is almost completely attenuated.

— The little bending that is evident in the rail does not coincide with a peak bending due to a
nominal wheel load. This is due to the difference in speed of the propagated bending wave
due to the impact load and the speed of the wheels of the train producing the nominal
wheel loads.

The significant conclusion to be drawn from these measurements is that the rail at the test
site “sees” a HIW load in reverse bending very much as it “sees” a nominal wheel load. Con-
sequently, transverse defects in the rail head that are subject to tensile stresses under reverse
bending should not experience higher growth rates or fracture than that due to nominal wheel
loads.

This finding may be generally true for rail on concrete ties in North America. However, it
needs to be verified for the many different track types in North America and suggests the need
for the development of a more complex track model to simulate HIW loads. This model prob-
ably needs to simulate at least sub-tie and rail pad stiffness and damping.

5 FRACTURE MECHANICS ANALYSES

Notwithstanding the findings on the limitations of the track model used, two fracture me-

chanics analyses were conducted using:

— A rail-specific fracture mechanics program called RailGrow. (Reference Section 5,
Acknowledgements).

— A Finite Element Analysis of a penny-shaped crack simulating a transverse defect in the
rail head.

5.1 RailGrow Analysis

RailGrow is a fracture mechanics program that can simulate the growth rate of, amongst
others, a transverse defect in a rail subject to bending stresses from wheel service load spectra,
thermal stress spectra and assumed residual stress distributions in the rail head. Track modu-
lus, rail sectional properties, and rail material are input together with fracture mechanics prop-
erties, defect size, shape, and position. Crack growth is predicted to failure under wheel and
thermal overload conditions. The rail is assumed to be a continuous beam on elastic founda-
tion, which was found to be over-predictive of the effect of HIW loads as discussed in Section
4.
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Using RailGrow, a transverse defect was “grown” in the rail head under a specific load re-
gime. At every 0.0254 mm of crack growth, the rail was subjected to a single HIW and a
thermal overload. Critical crack sizes under the final fracture load applied in the laboratory
were compared with a number of published laboratory test results, [gwemezie et al. 1993 (ex-
ample: Figure 14).

Inital Defect Size-4.9%
Critical Crack Size: 17.1% Criticel Crack Size: 18.31%

Figure 14. RailGrow simulated crack growth to failure “calibrated” against laboratory a test of fracture of a rail
with pre-existing transverse defect under thermal and impact loads

The RailGrow model was then used to grow transverse defect cracks to critical sizes under
different thermal and HIW overload conditions. Figure 15 shows the results of this analysis.
The relationship between critical crack size of a transverse defect and the level of prevailing
HIW is “flat” and is more a function of the temperature of the rail below the neutral laying
temperature.

30
Critical Crack Size vs HIW Loads

(RailGrow)
25

— 10°C below neutral temperature .

20
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15

Note:

10 | No crack growth to
failure for at neutral
laying temperature

Critical Crack Size (Percent of Head Area)

350 400 450 500 550 600 650 700
HIW Load (kN)

Figure 15. Critical crack size versus overload conditions predicted using RailGrow

5.2 Finite Element Analysis

Two basic finite element models of the rail were built:

— A so-called “global model” representing an approximately 25 m long section of rail subject
to four point loads representing the wheel loading that Figure 2 depicts; one wheel simulat-
ing the HIW load, the other three point loads simulating nominal wheel loads.
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— A shorter sub-model directly under the impacting wheel and including a section of rail un-
der reverse bending. This model used boundary conditions developed from the global
model with a segment of wheel being used to apply the HIW load.

The finite element model of the rail was supported at a typical tie spacing using a model
that Figure 16 shows:

Figure 16. Track Model

The stiffness under each tie was modelled using a bi-linear spring / damper system in com-
pression with different properties under uplift conditions.

A penny-shaped crack simulating a transverse defect was introduced in the sub-model
(Figure 17) and crack tip stresses and KI values (crack tip energy in the axial tension mode)
were determined for increasing HIW loads and rail; temperatures were below the rail neutral
temperature.

As with the RailGrow analysis, the propensity for failure is “flat” with HIW load and more
a function of the temperature below the rail neutral temperature (Figure 18).

Figure 17. Example of mesh and output from the analysis of a penny-shaped crack in the rail head

Consequently, fracture mechanics analyses show no relationship between HIW and the
fracture of rail from typical transverse defects in the rail head; this, even given that the frac-
ture mechanics models over- predict the stresses in the rail head under reverse bending.

CONCLUSIONS

TTCI has conducted extensive tests and analyses to determine the effect of HIW loads on rail
failure from transverse defects in the head of the rail.

Measured stress maxima associated with HIW loads in revenue service were found to be
too low and infrequent to reduce rail fatigue life and that any fracture must be initiated from
pre-existing defects, for example, transverse defects.

Fracture from transverse defects in the rail head can only be activated by the reverse bend-
ing mode in the rail. This mode occurs both in advance and behind the wheel.
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Figure 18. Plot of the energy at the tip of a penny-shaped crack in the rail head versus HIW load and temperature
below the rail neutral laying temperature

Tests show that on track constructed of concrete sleepers on rail pads and secured with rail
clips, the reverse bending mode is attenuated under dynamic wheel loads higher than 20kN. In
other words, the rail “sees” a HIW load as any other service loaded wheel load of up to 20kN.

Two fracture mechanics models or approaches have been developed. These models have
been shown not to simulate the attenuation measured in test and, consequently, will over-
predict the effect of HIW loads. Both models show no effect of HIW on rail failure from
transverse defects in the rail head.

Consequently, TTCI has found no evidence of an effect of HIW on rail failure from HIW.
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