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ABSTRACT. The study proposes and compares two procedures to identify the
crack tip location in PVC Sent samples under a uniaxial tensile test based on
the image processing method.

An IDS camera captures several photos of the PVC surface as part of the
image analysis procedure. All relevant data on crack initiation and propagation
is collected and assessed using Image] software using image processing
methods for detecting cracks.

However, the second procedure involves a developed algorithm detecting the
discontinuity using digital image correlation (DIC) measurement. Although,
because of the experimental conditions, the acquisition of images by the digital
camera is never perfect. This noise comes from several sources, including the
digital camera, image distortion due to lens magnification or lens angle, the
shape and size of the pattern, and electronic noise; ... This article discusses
image enhancement methods to overcome these objectionable characteristics
using and comparing several filters: Gaussian, median, and Unsharp Mask
filters. The performance of the Gaussian filter is better than the Median and
Unsharp mask filters. This research demonstrates that DIC is an effective
technique for monitoring deformation and understanding the failure
mechanism with the best-suited filter.
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INTRODUCTION

behavior of materials and structures [1]—[3] as long as the initiation and propagation of cracks frequently impact the

usability of engineering structures and components during their lifetime.[4], [5]. on the one hand, this is due to the
singularity of the mechanical fields at the crack tip and, on the other hand, to the problems heightened by detecting the
crack tip location and propagation.[6], [7]. An overview of the literature in this area reveals that numerous investigations
have been conducted to identify cracks in different types of materials. Various techniques can determine the crack tip
position and propagation, assisted by a camera, X-ray diffraction, ultrasonic, and laser-based methods.[8]-[10]. Crack
identification based on image processing techniques is advantageous for providing an accurate quantitative result over
traditional methods.|[11]
In this context, Rasband[12] has developed the open-source software Image] based on the image analysis method often
used in our field to perform image segmentation to isolate and measure the crack. [13], [14]. Cinar et al. proposed a new
phase congruence-based crack detection method (PC-CD) to segment and identify cracks, including length, path, and
opening displacement profile.[15]. Amongst these image processing methods, the DIC technique has been proposed by
Sutton and Chu [16]-[19] as a non-contact optical method to measure the kinematic fields. This technique allows the
investigation of crack tip position and propagation from full-field displacements.[20].
To introduce DIC to a large scientific community, Blaber et al. developed a freely available open-source 2D subset-based
digital image correlation software (Ncorr).[21], [22]. Using the field displacement data (Us and Uy) obtained from Ncorr,
Harilal et al. converted the non-linear least square problem into a sequence of linear least square problems. They proposed
a new algorithm to predict the position of the crack tip[23]. Besides, using the same program, a new algorithm was developed
by Marae-Djouda to locate the crack tip in SENT specimens, with the hypothesis that, in the vicinity of the crack, the
deformation peaks at its maximum at the crack tip.[24]—[26]. When a camera or other imaging system acquires an image,
The vision system it is destined for is usually not directly able to use. Poor contrast, random intensity variations, or variations
in illumination can all generate disturbance in an image, which must be dealt with in the initial steps of visual processing.
[27], [28] The displacements and deformations computed by DIC are also affected by noise, which is affected by dark noise,
photon noise, and read noise.[29], [30] Thus, the filtering method is used to enhance and denoise the image.
In the image processing field, various approaches have been introduced for image filtering [31]. These approaches can be
classified into three families: Spatial domain filtering, frequency domain filtering, and hybrid approaches [31].
This paper aims to identify the crack location of PVC Single edge notched tensile (SENT) specimens under a uniaxial tensile
test using a digital image process. The article is structured as follows: the first part briefly described the experimental device
and experimental procedure proposing a method of measuring. The second part is dedicated to results, in the first time, we
determined the crack tip location using the open-source platform (Image] /FIJI) software [32], applying the image processing
methods for detecting cracks. Then, an algorithm was developed based on DIC for the exported strain field analysis using
the Ncorr program to evaluate the crack tip position. Finally, to overcome the limitation caused by the noise in digital
images, an image process method is proposed based on filtering images before applying the DIC method using several
filters.

T he detection of the crack tip location appears to be a vital issue in the communities involved in predicting the

EXPERIMENTAL AND METHODS

Preparation of tensile specimens

T he Single Edge Notched Tensile has been used to localize the crack tip using DIC. The structure dimension of the
samples is accorded to the ASTM D638 standard. Five specimens have been prepared to carry out the tensile test.
The SENT specimens were made from plates fabricated by the compression molding process, laser-cut, then

manually pre-cracked by 1mm with a razor blade, with dimensions 100x20x2 mm?3, Fig. 1. Besides, the speckle patterns were

created by spraying commercial black paint on each SENT's face in the order of a millimeter. The randomer this pattern is,

the more influential the DIC method is.
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Figure 1: (a) PVC samples with depicted Region Of Interest ROI (b) Dimensions of PVC samples.

Tensile Test

A uniaxial tensile test was performed using a tensile test machine MTS with the maximum 30 kN load capacity and
1020mm/min test speed. The crosshead speed was set as 10 mm/min. The tensile test was registered using an IDS camera
UI-3880CP with a full resolution of 3088 x 2076 Pixel and 2.4 um for pixel size. The experimental field was illuminated by
bar light essential 15 blue LEDs +/- 25° with a polatizer to ensure the conditions for capturing images during the tests. The
camera's manufacturer set and provided the light so that a uniform intensity was achieved over the specimen's entire
lluminated surface. The experimental setup for the tensile test and the stress-strain curve is shown in Fig. 2.
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Figure 2: (a)Tensile testing system; (b) DIC system; (b.1) LED Light source; (c)MTS testing machine; (d.1) dumbbell specimen before
deformation; (d.2) dumbbell specimen after rupture; () Load strain curve.

Digital image correlation
For this method to be relevant, a random pattern is essential over the specimen area. To mathematically identify this pattern,
the intensity of each pixel in the reference image and the deformed image must be plotted and then calculated as the

displacement vector.
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To extract the field of displacement and deformation. In our study, a developed open-source software based on a 2D subset
(Ncort) is used to export the displacement and deformation fields.

In Ncorr, the subsets are primarily a continuous circular group of points on integer pixel positions in the reference
configuration. The transformation of the coordinates of these points from the reference to the current configuration is a
first-order linear transformation:
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where X and yrq are the x and y coordinates of an initial reference subset point, Xrefe and yrefe are the coordinates of the

center of the initial reference subset.
Necorr is using Green-Lagrangian constraints, with the following three displacement gradients generated:
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Determine the Filter images using
crack length using Gaussian, Median and
Image] Unsharp mask filters

Determine the full field
[— at the crack tip using
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Determine the crack tip
L— position using the developed
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Figure 3: The flowchart of the proposed measuring method.

Identification of crack length

Accurate crack tip position estimation is problematic for fracture mechanics researchers, particulatly in the case of materials
made of polymers Measuring fracture propagation is challenging in such materials due to extreme necking at the crack tip
and considerable plastic deformation.
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In this study, two procedures are provided and assessed to detect crack tip location based on image processing methods.
The first one is determined by visual identification using Image]. The second one uses a developed algorithm applying DIC
to the exported strain field analysis. The flowchart of the proposed measuring method is illustrated in Fig. 3.

Filter noise

DIC images are affected by noise whose sources are different. The noise is due to the camera sensor, the structure of the
speckle pattern when the preparation, or the non-uniform illumination; in addition, it can be related to software parameters
such as the size of the strain window, facet, and step size. In general, the noise still presents in the recorded DIC images,
which can affect the quality of the information extraction (i.e., Displacement).

For this reason, a filtering step is essential to remove this noise and, consequently, determine the crack tip position with
accuracy.

The DIC process is generally divided into four main steps: Image acquisition, Displacement tracking, Strain analysis, and
Data mining. And basically, the smoothing is applied before calculating the strain field because strains implicate
differentiation sensitive to noise. In this work, we interfere in the first step by filtering the images before processing them,
and we compare the performance of three spatial domain filters for noise removal. This family of filters exploits correlation
among the pixels/patches in the noisy image, and the noise removal is realized by an appropriate set of operations on the
image matfix.

The first filter is the Gaussian filter; it is a linear filter that exploits the two-dimensional Gaussian function as the mask
weight value. The Gaussian function provides a larger weight to the center of the mask, and the weights get attenuated when
the distance from the central pixel increases.

The median filter is a nonlinear filter developed to provide a filtered image with less blurring effect. The median filter moves
through the image pixel by pixel, replacing each value with the median value of neighboring pixels.

The Unsharp Mask employs a blurred, or "unsharp," negative image to create a mask of the original image to enhance the
details. The contrast is then increased, and an image that is less blurry than the original is produced by combining the
unsharp mask with the original positive image.

Figure 4: Sequence of images following crack length(a) 8-bit grayscale images acquired during the test; (b) processed images.
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RESULTS

Ldentification of crack tip location - Procedurel: Image]
n IDS camera captures several photos of the PVC surface as part of the image analysis procedure. All relevant data
on crack initiation and propagation are collected. However, the brightness and reflection of light could not always
be consistent. Additionally, surfaces include uneven polish and other noises. To correctly detect the cracks and
assess their propagation, it is necessary to analyze the digital images of the surface obtained to remove all of the light
variation and noise.
The image processing methods for detecting cracks involve the following steps using the Image] software: at first, raw 8-bit
grey-level image capture of the desired area of PVC surface, then subtracting the background for uniform brightness,
applying Gaussian filter for smoothness, and finally thresholding to track the cracks. Fig. 4 shows the sequence of images
to measure the crack length.
After measuring the crack length for all of the processed pictures using Image], the crack length with the corresponding
time can be plotted in Fig. 6. a.
The graph shows that the crack initially spreads stationary with a linear shape until taking a parabolic form. Then the crack's
growth becomes increasingly out of control, ultimately leading to failure.

Identification of crack tip location — Procedure 2: DIC

To track the crack's growth. The speckled samples, which are centered in the vicinity of the notch tips, ate observed using
an IDS camera. The numerical data is analyzed using the Ncorr software.

This study proposes an algorithm to monitor crack tip location by utilizing the measured axial deformation near the crack.
According to the (x,y) Cartesian frame, considering the crack propagates from right to left, the first zone of discontinuities
which is in the area of the fracture process is detected, mains the free zone of deformation expressed by Ncorr by zero
value. Therefore, the algorithm developed assumed to find the first zero value in the deformation field after defining the
ROL. The main algorithm is described in Fig. 5.

I 1+1
08¢ ) Ll Define the ROI

\4

Extract the
strain terms

Find the first 0
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Figure 5: (a) Crack tip location algorithm; (b)Axial strain field at t=33,8s; (c) Axial Strain matrix.
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Figure 6: (a) crack length as a function of time using Image] and the developed algorithm; (b) Difference between the two graphs

As seen in the graph above, the crack propagation data was obtained using both methods. At the start of the test, there was
no detectable crack propagation. Due to the small displacement range because of the elastic zone, both techniques have
uncertainty during the initial stages. In this zone (from 28s to 32,5s), the crack did not cause discontinuities in the measured
strain fields due to small displacement. It was found that the first method detected smaller crack lengths than the strain
field-based method, despite these low displacement levels. However, the curves do not line up, as seen in Fig. 6. b, which
allows us to consider that the measurements in DIC are intrinsically noisy. This noise has numerous factors and affects the
detection of discontinuities.

To overcome this limitation, an image process method is proposed based on filtering images before applying the DIC
method.

@) (®) ©
Figure 7: Visual comparisons of denoising results on PVC sample (a) Original (b) Gaussian filter (c) Median filter (d) Unsharp mask
filter.

Comparison of filtering methods

Three filters are applied to remove noise in the DIC images; Fig. 7 summarizes the denoising comparative outcomes for the
various filtering techniques. Furthermore, to generate singularity characterizing data from the displacement field, the Ncorr
program was used. Fig. 7 gives the deformation field data around the crack tip to illustrate a direct comparison between the
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different filters. We can see in the Fig. 9 that the discontinuity and the crack demonstrate a high level of agreement with the
Gaussian filter than with the Median filter, where the details of the crack edges are challenging to detect correctly, maybe
because the median filter computes each output sample as the median value of the input samples inside the window; the
outcome is the median value following the sorted of the input values considering that the edges take zero value. On the
other hand, crack detection is almost absent using the Unsharp Mask filter; since the final image is clearer, the subject
concept may be less accurately represented.
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Figure 8: Crack tip location from axial strain field using DIC (a) Original (b) Gaussian filter (c) Median filter (d) Unsharp mask filter
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Figure 9: Sequence of images following crack length from axial strain field using DIC (a) Median filter (b) Unsharp mask filter.

Fig. 8 shows excellent compatibility between the visual detection of the crack using Image] and the developed algorithm
after processing the images using the Gaussian filter. Thus, the applied filter allows tracking the damage in the first
propagation zone and removing the limitation due to the noise.

DIC is an effective technique for understanding the failure mechanism with the best-suited filter in terms of simplicity, low
cost, and gain time which this method takes less time than the visual method.
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Figure 8: (a) crack length as a function of time using Image] and the developed algorithm with Gaussian filter; (b) Difference between
the two graphs.

CONCLUSION

digital image process proposing two procedures for an accurate crack length. The first procedure proposes an image

processing method for detecting cracks to remove all of the light variation and noise to detect the cracks using
Image] software correctly.
Moreover, the second procedure introduces a new algorithm detecting the crack tip position based on the discontinuity area
by utilizing the measured axial deformation exported from the Ncorr program using DIC. However, the noise of the digital
images disturbs the DIC measurements near the crack tip, introducing errors at low displacement levels. An image process
method is proposed based on filtering images before applying the DIC method using Gaussian, Median, and Unsharp mask
filters to overcome this limitation. The principal finding shows excellent compatibility between the visual detection of the
crack using Image] and the developed algorithm after processing the images using the Gaussian filter. The performance of
the Gaussian filter is better than the Median and Unsharp mask filters. Thus, the Gaussian filter allows tracking the damage
in the first propagation zone and suppressing the limitation due to the noise. The crack tip position is detected quickly and
accurately using the second proposed method, suppressing the problem with the noise distribution.

T o investigate the crack tip position, PVC SENT specimens were used. An experimental approach is based on the
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