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Abstract. The present work demonstrates the application of the ultrasonic technique for the measurement of axial stresses
in a steel rail loaded by a transversal force at its center. A single steel rail was subjected to a three-point flexure test on
a universal testing machine. The maximum applied load did not exceed the elastic limit of the material. For each load
increase, the uniaxial stress along the rail was measured using the ultrasonic method and 4 areas in the rail were
evaluated. A simple numerical model was developed to compare the obtained results. The comparison between the
measured stresses by the ultrasonic method and the stresses obtained by numerical simulation showed a good agreement.
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1. INTRODUCTION

The constant demand for mass transportation in the railroad industry has encouraged several types of research in
different areas. For the instrumentation field, the development and innovation of measurement techniques have always
been of great interest, especially when they allow the prediction of the material's behavior.

One of the main concerns of the railroad sector is the Detail Fracture, a type of transverse fatigue-crack defect found
in rails (Orringer, 1986). When the wheel passes over the rail, cyclic stresses are developed inside the material. If the load
increases, the magnitude of the stresses may affect the failure propensity. Therefore, having an accurate system for stress
determination on the rail would be very important for any service life estimation (Reis, 2018).

This work attempts to show the application of the ultrasonic method for stresses measurement. An ultrasonic probe
was placed in a steel rail segment subjected to a static flexure test, a common laboratory test for mechanical
characterization of rails. The flexure test represents the vertical load of the pressure transmitted through the wheels to the
rail. This load produces tensile stresses on the base of the rail and compression along the railhead. When these stresses
occur cyclically, the nucleation and propagation of cracks due to fatigue are favored. For this work, the stress
measurements were performed in static regime at the laboratory; however, the system can be improved to be used on rails
in service.

As shown by Eagle and Bray (1976), longitudinal ultrasonic waves propagating along the stress axis showed a
significant variation in the wave velocity by the change of axial deformation for the railway steel. This phenomenon is
known as the acoustoelastic effect. The potential use of this effect has been used in several works in order to evaluated
applied and residual stress. In 1998, thermal stresses in continuously welded rails were monitoring using the ultrasonic
method (Szelazek, 1998), shear waves propagated in the rail height direction, and longitudinal subsurface waves
propagated along the rail were employed for the tests. The longitudinal waves showed highest sensitivity to stress, so it
was possible to evaluate forces in track sections with longitudinal stresses. Minicuci et al (2006) used longitudinal
critically refracted waves L. to evaluate stress variation in new railroad forged wheels, the measured stresses were
compared with stresses obtained through a finite element approach presenting consistent results. Gokhale (2008) proposed
a methodology using Rayleigh waves to determine the longitudinal stress in a rail specimen; he also compared analytical
models for longitudinal, shear, Rayleigh, and Lamb waves for stress measurements. Recent work (Ruano, 2017) used the
ultrasonic method to determine the residual stresses in a welded plate. A very similar procedure was used to perform the
experiments in the current work.

The main goal of this study is to demonstrate the application of L ultrasonic waves to measure the longitudinal stress
produced by a flexure load applied on the rail. The results are compared with the stresses found in an element finite model.
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The validation of this method could support the development of a nondestructive system for continuous stress measuring
along the tracks.

2. THEORETICAL BACKGROUND

For this section, the principle of the ultrasonic method is briefly shown and for the element finite simulation, the
proposed model will be described.

2.1 Ultrasonic method

The stress measurement using the ultrasonic method is based on the acoustoelastic effect, the linear relationship
between the wave velocity variation and the stress changes in the material. For this propose, longitudinal waves that
propagate parallel to the axial stress axis were used. These waves are known as critically refracted waves or L¢. The
ultrasonic wave is transmitted between two transducers: one for emission and the other one for reception. The transducers
are positioned at a fixed distance; thus, the wave velocity variation can be found through the measurement of the time-
of-flight (TOF) of the wave between them.

The acoustoelastic theory was initially formulated by Cauchy and has been extensively developed. For isotropic
materials, the stress can be calculated using the “Eq. (1)”, as published by Bray and Stanley (1996).

do=E(t-to)/ (L1 trer) ()

In the previous equation, o is the axial stress, E is the elasticity modulus, L1 is the acoustoelastic coefficient of the
longitudinal wave propagating along the axis of the axial stress, tr is the theoretical propagation time of the wave within
the tested material, to is the wave propagation time for the stress-free state, and t is the measured TOF.

The velocity of the ultrasonic wave is also influenced by other than stress factors: material chemical composition,
material texture, and temperature (Thompson et al, 1995). It was considered that the composition and texture of the
material remain constant for the same measuring position. Thus, it is necessary to consider the temperature influence on
the TOF variation. In addition, the calculated stresses are not punctual, they represent the stress variation along the
ultrasonic wave path.

2.2 Finite element model

A simple three-point flexure test was simulated using the finite element method or FEM. The FEM model consists in
a three-dimensional rail represented by 714070 Eight-Node Linear Hexahedral Solid Elements with size of 2 mm,
approximately. Concerning to the boundary conditions, a central surface was defined, which is free to translate only along
to the z direction. To represent the supports, the base rail nodes placed at 200 mm from the ends of the rail were restricted
to translate along the z direction. The load F was applied at the center of the rail on a line in the railhead. “Figure 1”
illustrates the central surface and the support points represented by P1 and P2. The simulation was performed in
ABAQUS® software.

200 mm ~pase 200 mm

Figure 1. Schematic representation of the FE model.
3. EXPERIMENTAL SETUP

The L. wave propagates parallel to the surface due to the oblique incidence of a longitudinal wave between two media.
According to Snell's law, an angle of 27 degrees on a PMMA wedge produces a L wave in the rail steel. The measurement
device is composed by an ultrasonic probe formed by transducers, wedges for L¢ wave generation, and a support plate
that keeps the set of transducers and wedges in a fixed distance; a USB pulser-receiver with 50MSPS A/D converter; and
a notebook (see “Fig 2”). The data processing was developed within LabView® platform.

A two meters long TR57 steel rail was placed in a universal testing machine for a common three-point flexure test.
The supports were placed at 200 mm from the ends and the load was applied at the center of the rail. The ultrasonic probe
was fixed to the rail at the measurement positions using magnets.
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The axial stress was measured on the head and on the base of the rail. For the head, two positions were selected: just
below the applied load on the lateral surface of the head (H1) and 300mm from the center of the rail on the same surface
(H2). The base of the rail was evaluated in a similar way, at the center (B1) and 300mm away (B2); in both cases, the
probe was aligned to the middle line of the rail base. “Figure 3” shows the probe position on the rail.

USB pulser-receiver
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Figure 2. Measurement device. (1) Transducer (2) PMMA wedges (3) Magnetics in the contact.
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Figure 3. Position of the probe on the rail.

With the probe fixed to the rail, the TOF of the wave was measured for the stress-free state. Without removing the
probe, the center load was applied, increasing in steps of 20 kN. For each load increase, the wave propagation time was
registered. To ensure only elastic deformation in the material, the maximum applied load was 200 kN. This procedure
was repeated at each measurement position. 5 MHz transducers were used for the measurements on the head and 2.25
MHz for the measurements on the base of the rail. The frequency of the transducer is related to the depth of the wave
penetration. The higher the frequency, the lower wave propagation depth. Previous studies (Fraga, 2007) revealed that
this depth is approximately equivalent to 1.8 times the wavelength, at most.

4. RESULTS AND DISCUSSION

Two types of results are present in this section. The influence of temperature on the wave TOF is evaluated to correct
the time measured in the experiment. Then, the calculated longitudinal stresses are presented and compared with those
obtained from the simulation based on finite element method.

4.1 Temperature influence on Lcr waves

For the evaluation of the wave velocity variation as a function of temperature, a calibration experiment was carried
out. A specimen of the rail was taken to a laboratory with temperature control. Thereby, using the same probe, the TOF
of the wave was recorded while the temperature changed, the results are shown in “Figure 4”. The relation between the
TOF and the temperature is practically linear, the slope of the straight line indicates that the travel time increases with a
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rate of 12.6 ns/°C. Using this parameter, the measured TOF in the experiment was corrected for a standard temperature
of 24 °C.
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Figure 4. TOF of the L, wave as a function of temperature.
4.2 Stress evaluation
The o1 stress measured experimentally is shown in “Tab. 1”. To find these values, an elastic modulus of 210 GPa
and an acoustoelastic constant of 2.45 were used (Eagle and Bray ,1976). To calculate the theoretical reference of the
propagation wave time (trf), the velocity of the longitudinal wave in steel of 5900 m/s was used. The distance between

the transducers was 94.5 mm.

Table 1. Stresses at the measured positions determined using L., waves.

Axial stress 611 [MPa]

Applied load

Head rail Base rail
[kN] H1 H2 Bl B2
20 -22.56 -11.70 16.22 21.27
40 -49.10 -20.48 33.80 43.83
60 -66.83 -29.17 62.88 54.63
80 -79.45 -39.76 82.77 61.35
100 -98.80 -55.78 100.71 69.84
120 -114.67 -80.40 136.67 72.69
140 -130.81 -98.09 143.43 92.44
160 -142.11 -109.89 180.64 109.00
180 -168.58 -118.91 194.65 114.97
200 -191.78 -128.08 214.57 131.42

s, 811
(Avg 75%)

+3.290e+02

+2.451e+02

+1.612¢+02

+7.727e+01
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-5.940e+02
-6.779e+02

Figure 5. Longitudinal stress distribution.
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The longitudinal stress distribution obtained by the finite element method is presented in “Figure 5”. In order to have
values closer to those determined experimentally, an average among all the nodes in the mesh that belong to the ultrasonic
path was considered. For this case, the path is the area defined by the distance between transducers and the penetration
depth of the wave. The penetration depth is 4.7 mm at the base of the rail, and it is 2.12 mm at the head of the rail.

The mean values are shown in “Tab. 2”. The stresses were obtained for each level of applied load in order to compare
them with the experimental results. The setup of the model is symmetrical; therefore, either side can be considered as the

lateral measurement position.

Table 2. Axial stress at the measured positions from the FEM simulation.

Applied load

Axial stress o11 [MPa

Head rail Base rail
[kN] H1 H2 B1 B2
20 -19.32 -13.13 21.65 13.39
40 -38.64 -26.25 43.31 26.79
60 -57.96 -39.38 64.96 40.18
80 -77.28 -52.51 86.62 53.57
100 -96.60 -65.63 108.27 66.96
120 -115.93 -78.76 129.93 80.36
140 -135.25 -91.88 151.58 93.75
160 -154.57 -105.01 173.24 107.14
180 -173.89 -118.14 194.89 120.53
200 -193.20 -131.26 216.55 133.93
Applied center load [KN] Applied center load [KIN]
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Figure 6. Experimental and simulation results comparison
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The results for the findings are showed in “Fig. 6”. From the experimental and the numerical simulations, we can see
that the obtained values are very consistent. The maximum difference found is approximately 15 MPa. Previous studies
with the ultrasonic method have reported a dispersion up to 5% of the yield limit (Andrino et al, 2007). Considering this
criterion, the difference between the measured and the simulated values could be admissible. It can also be noted that the
most dispersed results are those corresponding to the measurement of the base, which could be explained by the
difficulties involving the fixation of the probe.

5. CONCLUSIONS

The results obtained employing the ultrasonic method agreed with the stresses obtained with simulation based on
FEM. It is clearly appreciable that there is a variation of the wave time due to the change of the stress state inside the
material and it was possible to identify the regions subjected to traction and compression. It shows that the ultrasonic
technic is a potential tool to identify stress values, especially in elastic regimes.

Some differences between results could be explained by the fact that the ultrasonic path is volumetric, and we only
considered the area formed by the distance between transducers and the penetration depth, which it is clearly an
approximation. Another possible cause of the differences, especially at low stresses, is related to fixation of the probe. It
was placed at the region of greatest deformation, which could alter the distance between transducers.

Although there are some improvements to be applied to the measurement procedures and the ultrasonic technique
here employed, this work proved that the stress measurement with L. waves can be employed to evaluate stress in rails,
allowing the development of new equipment for inspection of tracks.
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