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Abstract
A significant challenge for railway infrastructure managers is to know when and how to maintain rails.
Often, the critical missing information is the current health status, in particular information about rail
cracks. Therefore, a new method for rail crack detection is proposed. By utilizing a train-mounted
camera system, a single measurement train can monitor a large rail network. The system uses Digital
Image Correlation (DIC) to measure the strain fields due to rail bending caused by the measurement
train. Promising results are obtained under laboratory conditions. The identified cracks are correlated
to the actual crack network, characterized by serial-sectioning microscopy. Furthermore, finite element
simulations show the method’s high sensitivity to crack depths. Knowing the crack depths enable
infrastructure managers to optimize the rail maintenance.

1. Introduction

In 2012, the annual cost for railway infrastructure mainte-
nance and renewal across Europe was estimated to be between
15 and 25 billion Euros[7]. The cost of rail defects alone in
the 1990s was estimated at 2 billion Euros a year[3]. This
figure equates to about 6700e, on average, per kilometer in
Europe’s 300 000 km long railway network[13]. These costs
do not include the socio-economic costs associated with de-
lays due to unscheduled repairs. Today, many infrastructure
managers do not have sufficiently accurate descriptions of
the damage state in the rails. To mitigate this lack of infor-
mation, they need efficient and reliable condition monitoring
systems. Manual visual inspection is still commonly used,
but it requires highly trained personnel and is labor intensive.
Several methods for automated condition monitoring already
exist, with the most common Non-Destructive Testing (NDT)
methods being ultrasonic and eddy-current[22].

Ultrasonic testing can detect relatively large cracks at
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high inspection speeds. Speeds up to 100 km∕h have been
reported[8], noting that the accuracy decreases as the operat-
ing speed increases. As for the detectable defect size, Marais
and Mistry[14] were able to find cracks with a linear size
down to 5mm. Hence, ultrasonic testing is mostly applicable
to find deep cracks. However, these might be concealed by
surface cracks[3].

Eddy-current testing complements the ultrasonic testing
as it can detect surface defects. Rajamäki et al.[20] found a
penetration depth of 3mm to be the practical limit. However,
the resolution decays exponentially with depth. On the other
hand, at ideal laboratory conditions, cracks located deeper
have been identified, see e.g. Kishore et al.[10] who found
cracks at a 5mm depth. Similar to ultrasonic testing, high
inspection speeds (up to 70 km∕h) have been reported in the
literature[19].

In addition to the two most common methods described
above, several others have been investigated in the literature.
Amethod based onmagnetic flux leakage could identify artifi-
cial surface cracks but was less accurate for natural cracks[5].
The "alternating current field" method detects disturbances
of induced current in a thin layer close to the surface, caused
by surface defects. The method is less sensitive to the sensor-
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rail spacing compared to ultrasonic and eddy-current testing.
Furthermore, quite accurate crack sizes and inclinations can
be measured[22]. However, the inspection speed is low (2-
3 km∕h)[8]. Another approach is to use the thermoelastic
effect that causes a temperature change due to an applied
load. Greene et al.[6] showed that by using differential imag-
ing, the surface defects become visible. As an alternative to
applying a mechanical load, other heating sources, such as
eddy-current, have also been used[1].

While the various automated approaches discussed above
have many advantages, visual inspection by experienced staff
is still a common approach. Inspired by this, researchers have
investigated the use of surface image processing to detect
surface rail defects [4, 25, 27, 11]. However, this approach
has significant challenges in uncontrolled environments due
to, e.g., contaminants on the rail surface.

Digital Image Correlation (DIC) is often employed in
mechanical testing to calculate the strain fields. With this
method, a crack is detected by the strain concentration due to
it opening and thus before it can be observed on the unloaded
surface[9]. DIC can also be used to find cracks in concrete
structures, see Mohan and Poobal[17] for an overview. DIC
uses differences between two images to detect cracks. Jessop
et al.[9] used the difference between the undamaged and the
damaged states. In this paper, however, we consider the
difference between two images at different load levels. A
passing train subjects the rail to a varying bending moment.
The proposed system is mounted on the train and consists of
cameras at two positions. Hence, the system allows automatic
crack characterization along a railway line. Themethod is less
sensitive to surface contaminants than direct optical methods,
as the displacements are evaluated as opposed to the structure.
In fact, surface contaminants may even improve the contrast
and hence the resolution.

The purpose of this study is to investigate the feasibility
of this novel rail crack detection method. First, the methodol-
ogy for rail crack detection using DIC is described, followed
by the analysis and experimental setup used to verify the
methodology’s feasibility. Section 4 contains the results of
this verification using a field rail sample. Additionally, Sec-
tion 5 includes finite element simulations that show how the
surface strains measured with DIC are affected by different
crack morphologies. Finally, Section 6 discusses the present
findings, the remaining challenges, and potential future ex-
tensions of the proposed method.

2. Description of the proposed method

Rails, sleepers and the ground deflects as the train rolls
over, as illustrated in Figure 1. These results are calculated
for a freight train with a 25-ton axle load using the method-
ology described later, see Section 5.1. The rail deflections
give rise to bending moments in the rail. Figure 1 shows
that the bending moment in the middle of each wagon is ap-
proximately zero. Camera A can then take a reference image,
showing the rail surface without an applied bending moment.
When the train has moved so that Camera B is in Camera A’s
previous position, Camera B acquires an image of the same
area as Camera A’s reference image. This new image shows
the surface being affected by tensile strains due to a positive
rail bending moment. These tensile strains cause the cracks to
open, see Figure 2. The crack opening cause a displacement
jump over the crack mouth leading to an infinite strain. How-
ever, in DIC, the strain is calculated based on displacement
between points with a finite spacing. Therefore, the strain
illustrated in Figure 2 is not a Dirac delta function. If the
point spacing is small enough, a high strain concentration is
detected around the crack mouth. This strain concentration
is the proposed crack indicator.
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Figure 1: Rail deflection and bending moment due to a train passage. Camera A measures the undeformed rail surface while
Camera B measures the deformed surface.
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Figure 2: Illustration of the measured strain around a crack
mouth in a rail subjected to a positive bending moment

3. Experimental setup

The initial evaluation of the crack detection method con-
sists of two experimental parts. First, a rail sample is mounted
in a test rig, subjected to a bending moment, and analyzed us-
ing DIC. Second, the crack networks in the examined rail part
are characterized by serial sectioning. The investigated field

sample was taken from the Swedish mainline (Gothenburg-
Stockholm) and has sustained 11 years of traffic, correspond-
ing to approximately 165MGT. Further details, including its
chemical composition, are given in Meyer et al. [16].

3.1. Crack detection using DIC

Two rail field samples were connected by threaded rods,
as shown in Figure 3. Two hydraulically connected cylinders
load the samples in 4-point bending. This setup gives a con-
stant bending moment in the part of the rail located between
the cylinders. The hydraulic pressure was controlled by a
manual pump and measured by an electronic pressure sensor.

The commercial GOM system relies on a speckle pattern
to create a 3-dimensional surface. We applied this pattern by
first painting the railhead black, followed by adding a white
speckle. The objective lens tailored for the smallest available
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(a) Picture of DIC experiment

720mm

300mm210mm

(b) Schematic of bending fixture
Figure 3: DIC experimental setup with the yellow hydraulic
cylinders exerting a 4-point bending in the rail samples.

fields of view was chosen to improve the resolution. Stitch-
ing together eight different camera positions (2x4) increased
the covered portion of the rail. The strains were measured
for the unloaded reference state and two additional pressure
levels, corresponding to bending moments of approximately
7.5 kNm and 15 kNm.

Figure 4 shows that strain concentrations can be observed
at 7.5 kNm bending moment. However, the Signal to Noise
Ratio (SNR) is rather low. This ratio is improved for 15 kNm,
in Figure 4b, and the strain concentrations appear much
clearer. The results in Figure 1 only show a 3.8 kNm bending
moment. However, this moment can be increased to above
10 kNm following the optimization of train parameters in
Section 5.1.

3.2. Rail sectioning

The proposed crack detection method is based on surface
strains. To investigate how this method performs, detailed
information about the true crack network is required. To this
end, the analyzed section of the rail was extracted and char-
acterized using serial sectioning and microscopy, see Figure
5. The extracted sample was surface ground, followed by
polishing, in increments of approximately 0.25mm. From
the initial height, ℎ0 in Figure 5b, 9mmwas taken off starting
from the gauge corner. A 1mm wide, 0.25mm deep, refer-
ence line for positioning was milled on one side. This line is
shown in Figure 5b.

Using a 5X objective lens, resulting in a pixel size of
0.88 µm, 74mm along the rail was characterized. Multiple
image tiles were taken and merged into one image. For this
merging to work efficiently, a perfectly polished surface is
not favorable. For that reason, and from a time-efficiency
perspective, grinding marks are still clearly visible in Figure
6. A semi-automated procedure for generating binary images
was therefore adopted. Two image layers were created, where
the bottom layer contained the raw image. Large dark areas
in the bottom layer were filled to become fully black. In the
initially transparent top layer, a stylus was used to mark cracks
by a 10 pixel (8.8 µm) wide line. After that, we binarized the
bottom layer with a threshold of 3. The initial image had 255
grayscale levels, where 0 was black. Hence, only very dark
areas became black. Subsequently, Gaussian filtering (size
20.5 pixels), followed by a binarization (threshold 127), was
applied three times to smoothen the image. At this point, the
binarized bottom layer contained all large defects that could
be identified automatically. As a final step, the top layer, with
cracks marked by stylus, was projected onto the bottom layer.
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Figure 4: Surface strain distribution along the rail (horizontal in this figure), measured by
DIC.
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(b) Sample profile including reference mark (white line). The
gauge corner is on the left side.

Figure 5: The extracted sample used to characterize the crack
networks

4. Experimental results

4.1. DIC measurements

As described in Section 3.1, a bendingmoment of 15 kNm
was chosen to display clear results. The strain field in Fig-
ure 7 is visualized for that bending moment. The reference

(a) Original grayscale optical mi-
croscopy image

(b) Processed, binary, image

Figure 6: Example of conversion from optical microscopy im-
ages to binary images. The shown images are 1.5mm× 1.5mm.

mark, see Figure 5, is on the right side of the strain field. The
reference line in Figure 7 also shows the horizontal direc-
tion in the section images that is along the rail. Hence, it is
perpendicular to the reference mark shown in Figure 5b.

Two types of artifacts are observed in Figure 7. First,
the white areas are places where the stereo camera vision
could not identify the surface. One reason can be that it was
not possible to create a surface based on the reference image.
The other reason would be that the algorithm could not find
a correlation to the corresponding pattern in the reference
image. In either case, however, the white artifacts correspond
well with severe surface irregularities. The artifacts typically
occur at the crack mouths, as can be observed at reference
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Figure 7: DIC results viewed from above the microscopy sections. The black rectangle
shows the location of the reference mark, and axes correspond to the axes in Figure 8 with
dimensions in mm. The same strain scale as in Figure 4b is used.

mark "F" in Figure 7. Here, the artifact is located in the lower
part of the crack mouth, where the geometry is too irregular
to be accurately captured by the DIC system. In the upper
part, the strain concentration is visible.

The second artifact is the red and blue dots. They typi-
cally occur in pairs (see e.g. reference mark "B"). This result
implies that high strains of opposite signs are detected close
to each other, and the effect cancels out. As these appear
just at points and do not coalescence into bands, they can be
identified as non-physical artifacts. Two images were taken
at each load level when acquiring the DIC results. When
comparing these, the red and blue pairs do not remain con-
stant, as opposed to the images’ remaining features. Hence,
we conclude that these pairs are just random errors stemming
from the DIC image processing.

The DIC results provide two relevant sources of infor-
mation. Firstly, an accurate 3D-map of the rail surface is
obtained. This map describes the surface state and the degree
of spalling. Secondly, and the primary purpose of the present
study, is the strain field due to rail bending. As previously
discussed, some strain concentrations continue from regions
with high irregularity (e.g. at "F" and "E"). For the bands
denoted by "D", several bands almost coalesce into one very

long band. At "A" and "C" there are also pronounced bands
of high strain concentration. All of these results were the type
of patterns that was expected based on the simple illustration
in Figure 2.

4.2. Rail sectioning

While the spacing between each microscopy section was
0.25mm, due to space constraints, Figure 8 only includes
a few sections. On the right side, the side view of the sec-
tioned part’s profile is shown for clarity. Ground off material
is marked with a gray color. The vertical arrow indicates
the approximate maximum width of the sample’s surface.
The sections in Figure 8 were processed further to improve
crack visibility and reduce the manuscript’s file size1. The
full-sized images are available as supplemental material, see
MicroscopySections.zip. These binary images are
from the 14 first sections (down to z = 3.25mm). Thereafter,
the amount of new information was limited, and only the
sections at 5.0mm, 7.0mm, 9.0mm were binarized.

The first section, seen in Figure 8a, was made after a skim
pass in the surface grinder. Several cracks are transverse to

1First, the resolution was decreased by scaling the image downwith 80%.
Second, it was filtered by a Gaussian filter with size 1 before a threshold of
2 (grayscale 0-255, where 255 is white) was applied. Finally, the resolution
was again reduced by 50%.
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(e) Section microscopy at z = 3.00mm.
Figure 8: Sections showing the crack patterns with inverted colors compared to Figure 6.
All coordinates are in mm, the horizontal lines have 5mm spacing, the numbers next to
the positive and negative y-axes denote the respective axis’ length and the z-coordinate is
defined in Figure 5b.

the section, as expected from the DIC results. However, only
three of these remain transverse in the following two images,
see x = 4mm, x = 47mm, and x = 65mm in Figure 8b.
There are no such cracks in the section at z = 1.0mm in
Figure 8c. The severe surface irregularities are observable
in the first 2mm of depth. At z = 3mm, Figure 8e, there are
still rather large voids. Some seem to be subsurface defects,
while others, such as in the upper right corner, seem to be

surface defects (cf. Figure 8d). From Figure 8f (z = 5mm),
however, only thin cracks exist and the amount of cracks
is also decreasing. At z = 9mm (Figure 8h), only a few
cracks very close to the surface remain. In summary, the
maximum crack depth (measured normal to the surface) in
the investigated rail is approximately 3mm.

Meyer et al.: Preprint Page 7 of 16



In-field railhead crack detection

10203040506070x

11.2

15.8

y

(f) Section microscopy at z = 5.00mm.

10203040506070x

15.0

19.6

y

(g) Section microscopy at z = 7.00mm.

10203040506070x

20.1

22.6

y

(h) Section microscopy at z = 9.00mm.
Figure 8: (continued)
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5. Numerical evaluation

5.1. Simulation of rail bending

The proposedmethod relies on the bendingmoment in the
rail caused by the passing train. This initial study only consid-
ers slow-moving trains and, therefore, the analyzes are quasi-
static. The parameters for calculating the bending moments
are given in Table 1. Additionally, the code is available as sup-
plementary material (see rail_bending_model.zip).
The vehicle parameters are from the simulated freight train
in Nielsen et al.[18]. We simulate a standard 50E3 rail pro-
file as an Euler-Bernoulli beam, supported by sleepers with
0.65m spacing. An under-rail-pad is also included. Finally,
the ballast properties are taken from Li et al.[12], and a repre-
sentative support width of 0.5m was chosen for each sleeper.
Many of these stiffness parameters do not significantly influ-
ence the resulting moment, which is of interest in the present
study. The main factors influencing the moment distribution
are the wheel spacings and the wheel load.

Figure 1 gives the bending moment for a certain position
of the train relative to the sleepers. As the train moves for-
ward, the bending moment under the two camera positions
changes slightly. This effect is shown in Figure 9a. At Cam-
era A, the moment is rather constant and very close to zero.
However, at Camera B, the moment fluctuates when rolling
between two sleepers. To maximize the method’s sensitivity
for all positions, we must maximize the minimum moment
over such a cycle by adjusting the camera position, Lc (see
Figure 1 for definition of Lc). Figure 9b shows how the min-
imum moment varies with camera position. The maximum
moment is also included as a reference. The black dot marks
the minimum moment at the position of camera B that max-
imizes the minimum moment. For the parameters in Table
1, this bending moment is 3.8 kNm. The DIC method can
calculate the average surface strain and then also the bending

Table 1
Simulation parameters, see also Figure 1 for definitions of
lengths

Parameter Value

Elastic modulus of ground 150MPa
Poissons ratio of ground 0.3
Depth of ground under sleeper 2.0m
Ground thickness (plane strain) 0.5m
Sleeper dimension along track 0.25m
Sleeper spacing 0.65m
Spring stiffness of rail pad 120 kN∕mm
Rail elastic modulus 210GPa
Rail moment of inertia 2074 cm4

Total rail length (free ends) 65.0m
Wheel spacing, Lwh 1.8m
Bogie spacing, Lb 8.8m
Wagon spacing, Lwa 13.8m
Load from each wheel 122.6 kN

moment. Hence, a varying bending moment when rolling
does not pose an issue for the proposed method.

Figure 4 shows how the SNR increases with increasing
load. Therefore, it would be advantageous to increase the
bending moment of 3.8 kNm. With the parameters from Ta-
ble 1, the maximum and minimum bending moments seen
by the rail are 8.0 kNm and −21.1 kNm respectively. To cal-
culate this, 50 different train positions relative the sleepers
are considered. By adjusting the wheel positions of the train
the bending moment seen by the camera can be increased,
without increasing the load on the rail. Using Lwh = 1.0m,
Lb = 8.0m, and Lwa = 14.0m, the maximum and minimum
rail bending moments become 6.1 kNm and −20.3 kNm re-
spectively. However, the minimum bending moment seen by
camera B becomes 5.1 kNm.

There are several recommendations for determining the
maximum allowable rail bending stress[21]. Most are based
on the rail material’s yield strength, �y, and give the maxi-
mum bending stress, �b,max, as

�b,max =
�y − �T

(1 + A)(1 + B)(1 + C)(1 +D)
(1)

where �T is the thermal stress. The safety factors A, B, C ,
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(b) The maximum and minimum moment in rail beneath Camera B
depending on its distance, Lc, from the wheel.
Figure 9: Moment variation beneath cameras during rolling.
(a) shows the moment variation for the position of Camera B
indicated by the black circle in (b).

and D vary. Denoting s = (1 + A)(1 + B)(1 + C)(1 + D),
the different recommendations in Robnett et al.[21] yield s ∈
[1.81, 2.14]. Taking the yield stress for R260 of 534MPa[15]
and assuming a 30 °C temperature drop, the conservative
maximum bending stress �b,max become 228MPa. For the
rail foot of an 50E3 rail, this corresponds to a bending mo-
ment of −49 kNm. Hence, the wheel load can be doubled
without violating this limit. In this case, the minimum bend-
ing moment seen by camera B become 10.2 kNm, giving a

good SNR according to Figure 4.

5.2. Finite element modeling of cracks

rcrack

x
y

z

(a) Cracked location in rail

y z

x

y′

rcrack

rcrack

�crack

y′

z′
45°

(b) Dimensions of crack
Figure 10: Dimensions of the crack in the finite element model

In Figure 7, the heterogeneity in the surface strain due to
cracks was shown. The investigation of the crack network
in Figure 8 reveals a maximum crack depth of about 3mm.
However, the crack networks are intricate with many inter-
acting cracks. To better understand what the surface strains
can tell about the cracks, a study with a finite element model
of a cracked rail is performed in the present section.

To study the sensitivity of the crack detection method to
crack inclination, the crack angle, �crack , in Figure 10b, is
considered. Note that the coordinate system here is different
from the coordinate system used on the field sample. The
crack is further parameterized by the crack depth, rcrack . This
depth is also radius of the crack projection onto the yz-plane.
As shown in Figure 10a, the crack is located in the middle of
the gauge corner on the nominal rail profile. In the simula-
tions, the rail is subjected to a bending moment of 15 kNm,
but as the analysis is linear the results can be scaled to the
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Figure 11: Longitudinal strain for a 5mm, 45° inclined, crack.

desired bending moment.
Figure 11 shows the normal strain component along the

rail for a large, inclined, crack. The displacements are ampli-
fied 50 times to show the deformation. We apply the bending
moment to the left side and symmetry boundary conditions
on the right side. We are thus effectively considering two
symmetric cracks. The strain field is homogeneous up to
the symmetry boundary and, therefore, this has negligible
influence.

As was discussed in conjunction with Figure 2, the DIC
method uses a discrete set of points to calculate the strain.
With the system used in this study, the facet size was 19
pixels. This size corresponds to approximately 0.25mm. So
to calculate the strain, we created a grid with 0.25mm spacing
onto which the calculated displacements are interpolated.
The strain in each segment is then calculated as the numerical
derivative using this grid. Hence, the results are affected by
grid translations. However, this is the case when using DIC
as well.

Figure 12a shows the strain along the x-axis for two crack
angles with a crack depth of 2.5mm. For the more inclined
crack, the strain concentration is higher. This finding is con-
firmed for all studied crack depths, see Figure 12b. More
importantly, however, is that the surface strain correlates very
well with the crack depth. Although a 45° crack results in
larger strains, the influence of angle is much smaller than that
of the crack depth.

The DIC results in Figure 7 show a strain of about 0.5%

in the identified cracks. Although the strain over cracks are
dependent on the discretization, it can be compared with the
results in Figure 12 as these have an equivalent discretization.
By analyzing the crack networks in Figure 8, a maximum
depth of about 3mm was found. The results in Figure 12
predict a crack depth of approximately 1.5mm for this case.
However, these predictions assume an ideal elliptical crack
whose opening is perpendicular to the applied stress. The
investigated rail’s crack network is complicated with various
angles and interactions between cracks and surface irregu-
larities. However, the predicted strain levels are in the same
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Figure 12: FE-modeling results
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order of magnitude as the experimental results. These pre-
dictions are thus useful to understand how the surface strain
field can predict the crack severity. Still, when going from
the 3-dimensional crack network and representing that as a
2-dimensional strain field, a certain amount of information
will be lost.

6. Discussion

The discussion is split in three parts. First, the main
findings in the present study are elaborated. Second, solutions
to the challenges remaining before the method can be used in
industry are discussed. Finally, possible future enhancements
of the method are proposed.

6.1. Main findings

The proposed method utilizes the variation in rail bending
stresses inflicted by the measurement train. To assess the
feasibility of the proposed method, the bending stresses have
been calculated with the finite element method, using Euler-
Bernoulli beam elements, supported by sleepers on a flexible
ground. Using the more advanced Timoshenko beam theory
would affect the displacements but not the bending moment.
The local wheel and sleeper contact regions are introduced
as point loads. The sleeper width is 0.25m and the sleeper
spacing is 0.65m. Hence, the contact conditions between the
sleeper and the rail may influence the bending stresses. Due
to the large variability in these conditions in field, however,
it is out of scope for the present study to account for these
effects. The goal is to determine the order of magnitude
for bending stresses occurring in the rail. Furthermore, the
influence of train configurations were briefly discussed in
Section5.1. The bending moment under camera B could
be increased significantly without increasing the overall rail
loading.

The field sample used for crack characterization was taken

from a main line in the Swedish railway network, see Meyer
et al.[16] for further details. Stock and Pippan[24] produced
crack depths around 2mm in controlled laboratory conditions
after 105 wheel passages during accelerated testing (23 ton
wheel load). For field tests, they found a crack depth of
1.1mm after 125MGT in the R260 rail. Their result gave
slightly lower crack depths than the 3mm identified in the
present study. But the depth magnitudes are similar and show
that the rail sample have representative damage for the present
evaluation.

For the freight train parameters in Table 1 and the DIC
system used in the present work, the SNR is too low to detect
the cracks. However, as previously shown (see Section 5.1),
the bending moment can be increased to above 10 kNm by
adjusting the wheel positions in the measurement train and
increasing the wheel load. This change can be done without
exceeding standard rail bending moment limits. Addition-
ally, the available objective lenses for the DIC system had a
40 × 60mm field-of-view. Using a higher magnification can
further increase the SNR. However, the choice of bending
moment and magnification will depend on the type and size
of the defect to be detected. From a maintenance planning
perspective, it is advantageous with early warnings. But de-
tecting small defects that do not require any action is not
necessary.

6.2. Remaining challenges

6.2.1. Reliance on a speckle pattern

A crucial drawback with the DIC method as it has been
used in the present study is its reliance on a speckle pattern.
The pattern was painted on the rails in two stages, which is
not feasible when used for condition monitoring. However,
operational rail surfaces have a texture, as can be seen in
Figure 13. The commercial DIC system could not identify a
pattern based on this texture. Nevertheless, it might still be
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possible to identify displacements using specialized image
processing, potentially in combination with machine learning.
Furthermore, as previously discussed, contaminants on the
rail surface may introduce additional structure on the surface.
In some materials, such as cast iron, natural speckle patterns
has been successfully used[23].

1mm

Figure 13: Image of cracked rail surface

Another possible solution is to use a laser speckle pattern,
cf. the work by Zheng et al.[26]. Shining monochromatic
light on a non-smooth surface produces an interference pat-
tern. This pattern can be used to identify facets and thus to
calculate the deformations. However, it is sensitive to the
relative positions of the monochromatic light and the image
sensor. Furthermore, to the authors’ knowledge, stereo DIC
has yet to be developed with a laser speckle pattern.

The above solutions, to circumvent the application of
paint for generating sufficient contrast, require further re-
search. However, both methods have already been used in
the literature. Therefore, it is realistic to assume that methods
avoiding painted speckle patterns can be developed.

6.2.2. Interpretation of results

An efficient condition monitoring system depends on in-
terpretable results that eventually lead to decision making.

One advantage with the proposed method is that the results
are explicit in terms of individual cracks. This feature is in
contrast to other NDT methods that consider so-called "indi-
cations", cf. A388/A388M-19[2]. The more explicit damage
detection by the present method can enable differentiation
of defects, such as head checks and squats. In this work,
an initial study showed the method’s sensitivity to the crack
depth. However, more work is required to assess the severity
of the damage based on the DIC results. Both numerical
studies of different crack morphologies and field studies on
various defects should be conducted. Eventually, limit values
for various damage types are required for efficient integration
in maintenance planning.

6.2.3. Design of measurement system

As the DIC system is sensitive to vibrations, it must be
softly suspended to avoid transferring train vibrations. The
camera positions must also adapt to the train motion to cap-
ture the rail surface. For example, the center part of each
wagon (at Camera A) will move laterally during cornering.
Furthermore, the camera height must be constant to maintain
image focus. While this is a challenging engineering prob-
lem, it seems solvable by using established techniques. Even
so, these challenges may limit the maximum speed at which
the system can operate.

In the present study, the DIC system has a pixel density
of about 78 pixels∕mm. So if a width of 30mm is measured,
182 520 pixels∕mm are recorded. An 8-bit grayscale then
result in 183 kB∕mm (8 bits = 1B). However, a certain over-
lap between the images will be required to create a continu-
ous measurement. Assuming 200 kB∕mm, a train moving at
100 km∕h will produce about 5.6GB∕s. This requirement is
achievable with consumer-grade electronics, such as a Thun-
derbolt 3 cable (max speed 5GB∕s), by utilizing parallel
data transfer. A high-performance network communication
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standard, such as HDR InfiniBand, is commercially available
with five times higher transfer rates. Another concern is the
data amounts generated. Characterizing a railway line of
500 km would require 100 TB of data, which is also possible
with consumer electronics. However, it is not necessary to
permanently store the raw data. Once it has been processed,
the result can be compressed to a few risk parameters for
longer sections of the rail. Even if stereo DIC is used and
these figures are doubled, the data handling is straight for-
ward to parallelize. Furthermore, if a doubled magnification
is used to improve the sensitivity, the data speed and size
requirement is quadrupled. In such a case, the use of e.g.
HDR InfiniBand might be beneficial.

6.3. Future developments

The proposed system does not require additional actu-
ators, as in e.g. ultrasonic and eddy-current testing. It is
therefore suitable for combination with other measurement
techniques. For example, the large defects that ultrasonic
testing should detect may be obscured by surface defects. By
combining the proposed method with ultrasonic testing, such
surface defects may be characterized. Potential risk areas, in
which defects may be hidden from the ultrasonic measure-
ments, can then be identified. Furthermore, Rajamäki et al.
[20] suggest that eddy-current measurements should be com-
plemented by visual inspection methods. For that purpose,
the proposed method could be used as a high-fidelity visual
inspection system.

The current study only includes strains due to a positive
rail bending moment, compared to a zero moment reference
state. This method is the typical application of DIC in crack
detection. Most cracks in fatigue loaded samples are per-
pendicular to the surface and the applied loading direction.
Compressive loading will close these cracks. However, typ-
ical rail cracks are oriented at an angle when breaking the

surface. Therefore, examining the strain field of rails ex-
posed to large negative bending moments could increase the
method’s detection capabilities. This measurement can be
accomplished by using special lenses as illustrated in Figure
14. Additionally, the crack tip displacements during com-
pressive bending stresses can give further information about
the crack opening stress. This will be related to the thermal
stress in the rail, potentially giving indications of the risks
for sun-kinks during summer and rail fracture during winter.

Camera

Wheel

Rail

Figure 14: Custom lens (red) to capture the compressive strains
close to the wheel

7. Concluding remarks

To improve the knowledge of the current rail health sta-
tus of a railway network, we have proposed a new method
for efficient rail crack monitoring. The load from a mea-
surement train induces a strain field on the rail head surface
that is measured using Digital Image Correlation (DIC). For
bending moments within the safe limits for rail loading, a
sufficient signal-to-noise ratio is achieved allowing cracks to
be detected.

As opposed to currently used non-destructive tests, the
present method can explicitly describe the surface-breaking
cracks. Supplemented by finite element analyses, we have
demonstrated that the method is highly sensitive to crack
depth. Using serial sectioning, the 3-dimensional crack net-
works are characterized and the correlation to the surface
strain field is shown. With further research, additional crack
characteristics may be identified, such as differentiating be-
tween squats and head-checks. Finally, possible strategies for
industrial implementations are discussed. In conclusion the
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proposed method has the potential to improve rail condition
monitoring.
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