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A novel hybrid image processing method is proposed to obtain the crack tip location, crack propagation path, displacement, strain
fields, and plastic zone size of crack tip region under high-frequency resonant loading in this paper. An ordinary CCD camera is
used to collect a series of crack images on one side of the compact tension (CT) specimen; meanwhile, a high-speed digital camera
is used to acquire a series of digital speckle images of the other side of the specimen under the loading conditions at regular time
intervals. Digital image processing (DIP) method is used to determine the macroscopic crack position. Digital image correlation
(DIC) method is applied to obtain the displacement, strain fields, and plastic zone size of crack tip region.The characteristic digital
speckle images of one stress cycle are obtained by data fitting and image matching method. Accordingly, the displacement/strain
fields of crack tip region within one stress cycle and the displacement and strain amplitude fields with different crack lengths are
obtained and analyzed.The obtained results are compared with the measured results of ordinary methods and show a good match.
The success of this method will help to obtain better insight into and understanding of the fatigue and failure behavior of metal
material with mode I crack under high-frequency resonant loading.

1. Introduction

In general, fatigue failure is the major failure mode of the
metal mechanical parts. Fatigue cracks initiation and prop-
agation in the metal materials or structures occur when they
are subjected to alternating load and can result in material
fatigue failure. Many studies show that a large number of
fractures are closely related to the generation and propagation
of fatigue cracks [1–3]. Nowadays, the fatigue failure cannot
be completely studied by the effective theoretical method, so
the specific material fatigue crack growth (FCG) tests have
acquired considerable importance for studying the fracture
mechanism. They have great significance for improving the
reliability and service life of mechanical products [4, 5]. The
most common cracks generated in the practical engineering
structures belong to mode I cracks which are the most dan-
gerous crack type.TheFCG tests using theCT specimenswith
mode I precrack are often applied to study thematerial fatigue
characteristics.

Electromagnetic resonant FCG testing system is a test
device for determining the fatigue characteristics of themetal
materials and their components under high-frequency reso-
nant loading based on resonance principle. Due to its high
working frequency, low energy consumption, short testing
time, and good test waveform, it is widely used in mechanics
labs for material fatigue test. And it is also an indispensable
test device applied to test some performance of specimen or
component under resonance state [6–9]. In the test, specimen
vibrates at high speed under the high-frequency resonant
loading; the high-speed movement of specimen results in
the inertial effect and stress wave propagation effect [10–12],
whichmake the theoretical calculation of specimen deforma-
tion fields complicated. This paper presents a method based
on the combination of DIP, DIC, and digital high-speed pho-
tography techniques to measure the displacement, strain
fields, and further plastic zone size of crack tip region under
high-frequency resonant loading.
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DIC method is a noninterference and noncontact precise
optical measurement method developed in recent years to
measure the global displacement and strain fields of the
forced body based on digital image processing and numerical
computing [13–15]. In numerous literature actually the same
technique has been given different names, such as digital
speckle correlation method (DSCM) [13]. Compared with
the other optical techniques used for in-plane deformation
measurement, such as holographic interferometry [16],Moire
interferometry [17], and laser speckle photography [18, 19],
the DIC method has some special advantages which are sim-
ple experimental setup and specimen preparation, low re-
quirements in measurement environment, wide range of
measurement sensitivity and resolution, and automatic real-
time measurement and analysis. So, the DIC method is very
suitable formeasuring the specimen deformation fields under
cyclic loading.

At present, the DIC methods of static and quasi-static
material test have been more mature. And the DIC method
of high-speed photography for transient impact test has also
made some achievements in recent years [20, 21]. The high-
speed digital camera can be used for both thematerial fatigue
test and material impact test. Acquiring images in material
impact test is very simple. But for the material fatigue test,
acquiring images is more complicated, because the testing
time of fatigue test is very long and the test load changes
rapidly. In order to study the variation law of displacement
and strain fields of specimen in fatigue test, the digital speckle
images of specimen at the characteristic load values within
one stress cycle, such as the maximum, minimum, and aver-
age load values, must be obtained. The literatures [22, 23]
adopted the stroboscopic illuminationmethods implemented
by keeping the load, CCD, and stroboscopic light in strict
synchronization in the low-frequency fatigue test. But the
testing frequency of high-frequency resonant FCG test can
reach more the 100Hz; in this case, it is almost impossible to
keep load, CCD, and stroboscopic light in strict synchroniza-
tion. In this paper, first, a high-speed digital camera is used to
acquire a series of digital speckle images of the CT specimen
for a short period of time under high-frequency sinusoidal
alternating load at regular intervals; then DIC method is
applied to obtain the displacement, strain fields, and further
plastic zone size of crack tip region, and the characteristic
load points images of one stress cycle are obtained by least-
square sinusoidal fitting and image matching method.

At present, many researchers use DICmethod tomeasure
the deformation fields of crack tip and further study material
fracture characteristics and predict fatigue life [20–24]. The
measurement of fatigue crack tip deformation fields essen-
tially belongs to the measurement of dynamic discontinuous
deformation fields. There are two common methods used
to solve this problem: one is the extended DIC method
[25–27], and the other is the continuous DIC method [14]
which is very mature today. Using the former method to
measure the deformation fields of the crack tip under high-
frequency resonant loading, the algorithms are very complex
and the generated data is very huge, so it is difficult to meet
the requirements of online measurement of crack tip defor-
mation fields. In the latter method, the discontinuous regions

(cracks, defects, etc.) are eliminated first, and the displace-
ment and strain fields at the remaining crack tip region are
calculated by the continuous region DIC method. However,
the fatigue crack grows continuously, and the discontinuous
region (crack region) changes continuously. If youwant to use
this method in the FCG test, it is necessary to determine
the fatigue crack position first. So in this paper a novel
hybrid image processingmethod is proposed.TheDIPmeth-
od is used to determine the macrocrack path, length, and tip
position. The DIC method is applied to obtain the displace-
ment, strain fields, and plastic zone size of crack tip region
based on the results of DIP operation.TheDIPmethods used
to measure the crack tip position and crack propagation path
are direct, concise, and accurate [28–30] but cannot be used
to determine the displacement and strain fields at the crack
tip region. With the combination of DIP and DIC methods,
the macroscopic location of the crack and the microscopic
deformation fields at the crack tip region can be deter-
mined simply and accurately. The research results can be a
theoretical foundation for further research on the fatigue
crack propagation mechanism and the parameter measure-
mentmethod in the crack propagation under high-frequency
resonant loading.

2. Measuring System

2.1. Overview of the Method. The block diagram of the image
acquisition and processing is shown in Figure 1, including
the acquisition of specimen speckle images and correspond-
ing crack images, the detection of crack length and crack
tip position based on DIP method, the determination of
displacement and strain fields of crack tip region based on
DIC method, the determination of shape and size of plastic
zone at crack tip region based on the DIP operation results
and the DIC deformation fields data, the determination of
speckle images corresponding to characteristic load values
based on least-squares sinusoidal data fitting and image
matching method, the determination and analysis of crack
tip deformation fields at characteristic load values within one
stress cycle, and the determination of deformation amplitude
fields of crack tip region with different crack lengths.

2.2. Measuring System Components and Image Acquisition.
The system components shown in Figure 2 are an electro-
magnetic resonant high-frequency fatigue tester (PLG-100)
with the load controller, which performs the operations of
applying the sinusoidal alternating load to the CT specimen,
tracking the system natural frequency, and controlling the
test load, a high-speed digital camera, an ordinary CCD
camera, light sources, an image acquisition controller, and
a computer. The high-speed digital camera is the Phantom
V341 produced by VRI company with the frame rate range
from 800 to 61800 fps and the image resolution range from
256×84 to 2560×1600 pixels, meeting the requirements of
the measurement of displacement and strain fields at the
crack tip region of the CT specimen as shown in Figure 3.
The ordinary CCD camera is the large area array industrial
camera CameraLink 22M04 of Pantera produced by Canada
DALSA Company, with the resolution of 5344 × 4008 pixels,
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Figure 1: The block diagram of the proposed measuring method.
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Figure 2: The proposed measuring system of crack tip deformation fields under high-frequency resonant loading.

pixel size of 9𝜇m × 9𝜇m, and frame rate of 135fps. The lens
is the macro lens with megapixel which matches the camera
and the maximum magnification is 1.0. The calibration value
of this crack length measuring system is 0.00949mm/pixel.

Some resonant FCG tests with CT specimens of different
metal materials have been carried out on the experimental
setup as shown in Figure 2. The experimental results show
that the resonant frequency of the system is from 90 Hz
to 135 Hz in the stable crack propagation stage. Consider-
ing enough information extraction, data storage space, and
computer processing capacity, the frame rate of the high-
speed camera is set to 3180fps, and the corresponding CCD
image resolution is 1280×720 pixels. In this case, around
24∼35 speckle images are collected within one stress cycle.
Under the control of the image acquisition controller, the
high-speed camera acquires a series of digital speckle images
in a short period of time under high-frequency sinusoidal
loading at regular intervals. Meanwhile the ordinary CCD
camera collects corresponding crack image on the other side
of specimen and transfers it to the computer to determine
the crack position online. For most metal materials, the FCG
rate is not too fast even in the high-frequency FCG test, so
the crack length and crack tip position can remain stable
within the period of time. Figure 3 shows the geometry,
acquired crack image, and digital speckle image of the used
CT specimen.

2.3. Matching the Speckle Images of Specimen under High-
Frequency Resonant Loading. Uniaxial resonant fatigue test-
ing machine is a linear vibrating system with multiple
degrees of freedom (MDOF). According to the theory of
linear MDOF vibration system, the applied specimen in the
FCG test will undergo sinusoidal vibration with the same
frequency as the exciting force. In the stable FCG stage, the
displacement of any point in the crack tip elastic region is a
sinusoidal variable with the same frequency as the applied
load. The digital speckle images of specimen are collected,
and then their displacement fields of crack tip region are cal-
culated. A point in the crack tip elastic region is taken as the
feature point, and a series of displacement values of the fea-
ture point are extracted from the displacement fields and then
fitted by the least-square sinusoidal fitting method to obtain
the fitted sine curve. The main process is as follows.

N displacement values of the feature point Y(𝑖)(𝑖 = 1, 2, 3,. . . , 𝑛) are used for sine curve fitting. The fitting function is
given by

𝑔 (𝑡𝑖) = 𝐴 sin (2𝜋𝑓𝑡𝑖 + 𝜙) , (1)

where A is the amplitude, 𝜙 is the initial phase, and f is the
frequency as a known parameter which equals the exciting
force frequency.
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Figure 3: (a) Geometry of CT specimen. (b) Crack image of CT specimen. (c) Digital speckle image of CT specimen.

Based on the sampling frequency 𝑓v, sampling time 𝑡𝑖 =𝑖 ⋅ Δ𝑡 = 𝑖/𝑓v (𝑖 = 1, 2, . . . , n), and angular frequency 𝑤 =2𝜋𝑓/𝑓v, so (1) is expressed as discrete form

𝑔 (𝑖) = 𝐴 sin (𝑤𝑖 + 𝜙) . (2)

Equation (2) can be converted to

𝑔 (𝑖) = 𝑎 sin (𝑤𝑖) + 𝑏 cos (𝑤𝑖) , (3)

where 𝑎 = 𝐴cos(𝜙) and 𝑏 = 𝐴sin(𝜙).
The sum of squared errors is defined as the evaluation

function, as shown in

𝜉 = 𝑛−1∑
𝑖=0

[𝑌 (𝑖) − 𝑎 sin (𝑤𝑖) − 𝑏 cos (𝑤𝑖)]2 . (4)

Three matrices are constructed as

𝑀 = [[[
sin (𝑤) cos (𝑤). . . . . .
sin (𝑤𝑛) cos (𝑤𝑛)

]]]
,

𝑥 = [𝑎𝑏] ,

𝑦 = [[[
𝑌 (1). . .𝑌 (𝑛)

]]]
.

(5)

The solution of least-square of equation (4) is as follows:

𝑥 = (𝑀𝑇𝑀)−1 (𝑀𝑇𝑦) ,
𝐴 = √𝑎2 + 𝑏2,
𝜙 = arctan(−𝑏𝑎) .

(6)

After the least-squares sinusoidal fitting of the displace-
ment values of the feature point, the fitted displacement sine
curve and the corresponding speckle images are matched to
obtain the speckle images corresponding to the characteristic
load values within one stress cycle, such as the maximum,
minimum, and average load values.

3. Measuring Algorithms Based on
Image Processing Methods

3.1. DIP Measuring Algorithms. DIP measuring algorithms
include fatigue crack initiation point detection algorithm,
crack outline extraction algorithm, and fatigue crack path and
length determination algorithm.

3.1.1. Fatigue Crack Initiation Point Detection Algorithm. As
shown in Figure 3(a), the CT specimen precrack vertex,
which is the intersection point of two regular machined
edges, is the initiation point of the fatigue crack. First,
the precrack region is obtained by template matching, then
Harris corner extraction method is used to detect corners,
and the subpixel positions of the corners are determined as
shown in Figure 4, where the red dots represent the subpixel
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Figure 4: Subpixel positions of corners at the matched precrack
region.

positions of the corners at the matched precrack region, and
the rightmost red dot is the initiation point of the fatigue
crack.

3.1.2. Crack Outline Extraction Algorithm. This algorithm
has been applied to locate the subimages which contain
the crack according to the subimages grayscale standard
deviation(GSD) distribution and extract the crack outline
from the subimages using a maximum entropy threshold
segmentation method. The fatigue crack grows almost along
horizontal direction from the precrack vertex because of
the loading condition and precrack direction. Select the
narrow rectangle area including fatigue crack from the crack
initiation point to the right edge of the crack image as region
of interest (ROI) and then divide the ROI into two rows of
square subimages with same size as shown in Figure 5(a).The
lower row subimages contain the fatigue crack; the upper row
subimages only contain the background. Calculate the GSD
values of each subimage as shown in Figure 5(b), where the
GSD values of background subimages fluctuate slightly from
the fatigue crack initiation point to the right specimen edge.
However, the GSD values of crack subimages change rapidly,
the value of the subimage at the beginning position of the
crack is very big, and then the values become smaller until
becoming equal to the corresponding background subimage
GSD values. If GSD values of two corresponding subimages
in one column are approximately equal, that indicates the
fatigue crack does not reach this subimage region yet.

The subimageGSDvalue𝜎 can be calculated by (7), where𝑛 is the total number of image pixels, 𝑟𝑖 is the ith grey level,𝑖 = 0, 1, 2, . . ., L-1, 𝑛𝑖 is the number of pixels corresponding
to the grey level 𝑟𝑖, 𝑃(𝑟𝑖) = 𝑛𝑖 / n is the normalized grayscale
histogram, and𝑚 is the grayscale average value.

𝜎 = √𝐿−1∑
𝑖=0

(𝑟𝑖 − 𝑚)2 𝑝 (𝑟𝑖) = √∑𝐿−1𝑖=0 (𝑟𝑖 − 𝑚)2 𝑛𝑖∑𝐿−1𝑖=0 𝑛𝑖 (7)

A maximum entropy threshold segmentation method is
used to segment the first 9 subimages containing the crack to
obtain a crack binary image with noise. Then a clean crack
binary image as the crack outline is obtained by removing
small connected areas.

3.1.3. Fatigue Crack Path and Length Determination Algo-
rithm. For convenience in determining the crack path,
length, and crack tip position, a single pixel skeleton image
is extracted from the crack outline image by morphological
thinning algorithm and then the burrs of the crack skeleton
are removed. The crack skeleton represents the center line of
the crack and can be viewed as fatigue crack path. And then
the crack length and crack tip position can be determined
from the fatigue crack path. In this paper, two types of crack
length have been calculated, one is the straight-line length
from the crack initiation point to the crack tip, and another
one is the real crack length determined from the 8-direction
chain code of the fatigue crack path. Figure 6 shows the result
images in the process of crack extraction.

3.2. DIC Measurement Algorithms of Crack Tip Displacement
and Strain Fields. In order to determine the displacement
fields of crack tip region, two images of the CT specimen sur-
face coated with artificial speckle pattern are compared: one
is called reference image before deformation and the other is
called target image after deformation. In this experiment, the
reference image has been collected before loading, and the
target image has been collected during the FCG test in a short
period of time at regular intervals. In the reference image,
a red rectangle region (12mm×8mm) including a portion of
crack from the tip which has been determined in the target
image based on the proposed DIP method is chosen as ROI
to calculate the displacement and strain fields, where a yellow
strip (3mm×1mm) surrounding the crack is chosen as the
invalid region, as shown in Figure 7(a). Figure 7(b) is the
target image which contains fatigue crack.

In the ROI, a white rectangle region is selected as the
subset with the size of 39×39 pixels. Then in the target image,
the inverse compositional Gauss-Newtonmethod [31] is used
to determine the subpixel displacement, which searches for
the extreme point of correlation coefficient to locate the
corresponding subset in the target image. In the FCG test, the
applied specimen has deformation of translation, tensile, and
shear, so the first-order shape function

𝐶𝑍𝑁𝑆𝑆𝐷
= 𝑀∑
𝑥=−𝑀

𝑀∑
𝑦=−𝑀

[[[[
𝑓 (𝑥, 𝑦) − 𝑓𝑚√∑𝑀𝑥=−𝑀∑𝑀𝑦=−𝑀 [𝑓 (𝑥, 𝑦) − 𝑓𝑚]2

− 𝑔 (𝑥, 𝑦) − 𝑔𝑚
√∑𝑀𝑥=−𝑀∑𝑀𝑦=−𝑀 [𝑔 (𝑥, 𝑦) − 𝑔𝑚]2

]]]]

(8)

can be used to describe the shape of image subset after defor-
mation. In this paper, zero-normalized sum of squared dif-
ferences (ZNSSD) function [13] is selected as the correlation
function which is insensitive to fluctuation of illumination
source and has small error, as shown in (8), where 𝑓(𝑥, 𝑦)
is the grayscale value at the point (𝑥, 𝑦) in the subset of the
reference image; 𝑔(𝑥, 𝑦) is the grayscale value at the point
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Figure 5: (a) Division of subimages. (b) Distribution of the subimages grayscale standard deviation.

(𝑥, 𝑦) in the subset of the target image; 𝑓𝑚 and 𝑔𝑚 are the
average grayscale values of the subsets in the reference image
and the target image, respectively.

After the displacement field is obtained, the strain field
can be directly calculated by differentiation of the displace-
ment field data. In order to reduce the noise, the Green-
Lagrangian strain tensor is used to describe strain and local
least-squares fitting technique [31] is used to estimate the
strain. In this paper the open source software NCORR [31]
based on MATLAB has been used to calculate the displace-
ment and strain fields at the crack tip region of CT speci-
men.

3.3. Determination of Crack Tip Plastic Zone Based on DIC.
There are always different degrees of plasticity in metal mate-
rials. When an elastic-plastic body with crack is subjected to
load, the crack tip will produce a plastic zone. J M Vasco-
Olmo [32] used DIC technique to quantitatively characterize
the shape and size of the plastic zone at the crack tip of pure
titanium. Firstly, the displacement and strain fields of crack
tip region are obtained by DIC method, and the stress field
is obtained according to generalized Hooke law. In the crack
tip elastic zone the stress field is accurate, but in the plastic
zone the stress field is too large due to the existence of plastic
deformation. But in this case the elastic zone surrounds the
plastic zone, and their stress field boundary is clear. Then the
equivalent stress field is calculated based on the Von Mises
yield criterion. Finally, the shape and size of the plastic zone
at the crack tip are obtained by connecting the points whose
equivalent stress values equal yield stress value of thematerial
itself.

4. Results and Discussions

In this section, in order to measure the deformation fields
of crack tip region under high-frequency resonant loading,
a batch of CT specimens of 45# steel are used to carry out the
FCG test in the experimental setup as shown in Figure 2.The
size of CT specimen is shown in Figure 3(a). The applied test
loading parameters are 𝐹𝑚𝑎𝑥 = 15.2kN, 𝐹𝑚𝑖𝑛 = 8.8kN, and𝐹𝑚 = 12kN. And the load frequency is the system resonant
frequency which changes with the fatigue crack length and
can be determined online. The major steps of resonant FCG
test are installing the CT specimen, applying the static load
to the specimen, searching for the systemic initial resonant
frequency, setting the dynamic test loading parameters, and
performing the FCG test.

4.1. Measurement Results and Verification of Crack Length. A
series of crack images are collected during the FCG test using
ordinary CCD camera, and then the crack paths are obtained
by the proposed DIP method in Section 3.1. Figure 8 shows
the five crack images with different crack lengths and related
result images. In order to verify the measuring accuracy of
crack length and crack tip position, the obtained results are
compared with the measurement results using the optical
microscope with the accuracy of 0.001mm.The FCG test and
the crack length measurement using optical microscope are
carried out independently. In the FCG test, the crack lengths
(straight-line crack length and real crack length) and the
crack tip position are calculated by onlinemeasuringmethod
based on DIP. After a period of time, the machine is stopped
and the test is interrupted, then the specimen is removed
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Figure 6: Result images in the process of crack extraction. (a) Original crack; (b) crack binary image with noise; (c) clean crack binary image;
(d) single pixel skeleton image; (e) actual detected crack in the CT specimen.

(a) (b)

Figure 7: (a) The ROI in the reference image; (b) target image.

from the test machine, and the straight-line crack length
and the crack tip position are determined again by using a
microscope. The comparative data of the straight-line crack
lengths are shown in Table 1, and the relative error is shown in
Figure 9.The comparison of the cracks tip positions obtained
by the two methods is shown in Figure 10, where the upper
left corner point of the specimen is taken as the coordinate

origin. As can be seen from Table 1, the measurement results
of straight-line crack lengths obtained by the two methods
are in good agreement, verifying that it is feasible to measure
the crack length by proposed DIP method. In Figure 9, when
the cracks are shorter, the relative errors are larger and then
decrease.The smaller cracks are not obvious compared to the
background image, so the error occurs easily. As can be seen
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(a) Two kinds of crack length: 9.94mm and 10.96mm (b) Two kinds of crack length: 15.13mm and 15.96mm

(c) Two kinds of crack length: 17.63mm and 19.06mm (d) Two kinds of crack length: 19.70mm and 20.96mm

(e) Two kinds of crack length: 20.44mm and 22.45mm

Figure 8: Result images in the process of crack extraction by the proposed method with different cracks length.

from Figure 11, the crack tip positions obtained by the two
methods are very close, so the accuracy of the DIP method
has been also verified in this way.

4.2. Deformation Fields of Crack Tip Region within
One Stress Cycle

4.2.1. Measurement and Verification. In this section, in order
to obtain deformation fields of crack tip region within one
stress cycle, the reference image should be acquired after the

specimen installation. During the FCG test, crack images are
collected and the cracks length are obtained online in real
time. When the crack grows to a certain length value, a series
of specimen speckle images are collected in a short period
of time, which are used as the target images for performing
DIC operation to obtain the displacement and strain fields
and further plastic zone size of crack tip region. A point in
the crack tip elastic zone is taken as the feature point for
data fitting and image matching, and then speckle images
corresponding to characteristic load values within one stress
cycle are obtained. Figure 11 shows the characteristic load
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Table 1: Comparative data of straight-line crack length.

1 2 3 4 5 6 7 8 9 10
DIP (mm) 4.125 6.694 9.943 13.583 15.128 17.629 19.703 20.435 23.116 25.235
Microscope (mm) 4.212 6.786 9.878 13.621 15.331 17.854 20.015 20.633 23.103 25.198
Relative error % 2.066 1.356 0.455 0.352 0.152 0.311 0.112 0.059 0.056 0.103
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Figure 10: Comparison of crack tip positions measured by the two
methods.

values within one stress cycle for the case that the crack length
is 5.79mmand the system resonant frequency is 125Hz, which
are at 0, 1/8T, 1/4T, 3/8T, 1/2T, 5/8T, 6/8T, 7/8T, and T time
instant.

Figures 12 and 13 show the Y-direction displacement and
strain fields of crack tip ROI at the characteristic load values.
In Figure 12, the displacement values in the lower part of the
crack are greater than those in the upper zone. The reason is
that the upper circular hole of the specimen is a fixed end, and
the lower circular hole is subjected to a vertical downward
tensile dynamic loading. Figure 14 shows the shape of crack
tip plastic zone with 5.79mm crack, and the size of plastic
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Figure 11: The characteristic load values within one stress cycle.

zone in the horizontal direction of the crack tip is about
0.38mm.

In this paper, the dynamic resistance strain indicator [33]
is used to verify the strain value measured by DIC method.
Within one stress cycle the strain values of feature point near
the crack tip are obtained by these twomethods and the strain
curves are shown in Figure 15. Comparing the strain curves
obtained by the two methods, they are in good agreement.
It proves that the DIC method is accurate and feasible to
calculate the strain of CT specimen in the crack tip region.

4.2.2. Results Discussions. Figures 16 and 17 show the dis-
placement and strain values at the characteristic load values
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Figure 12: Y-direction displacement fields at characteristic load values within one stress cycle with 5.79mm crack.
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Figure 13: Y-direction strain fields at characteristic load values within one stress cycle with 5.79mm crack.

Figure 14: Plastic zone with 5.79mm cracks.

(shown in Figure 11) of the points at different positions
from the crack tip along the horizontal direction of crack
propagation, including the points in the plastic zone and
elastic zone. As can be seen from Figure 16, the Y-direction
displacement values in the ROI of the crack tip gradually
decrease from left points to right points. This means that
the closer the point to the crack tip is, the greater its
displacement value is. As can be seen from Figure 17, due to

stress concentration at the crack tip region, the maximum
strain value in the strain fields is at the crack tip point and
then the strain values rapidly decrease along the horizontal
direction away from the crack tip. In the case of loading and
unloading conditions with the same load value in one stress
cycle, the displacement and strain values are slightly greater
on the unloading condition than the corresponding values on
the loading condition, as shown in the plots (b and d, f and h,
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Figure 18: (a) Displacement curves of two points within one stress cycle; (b) strain curves of two points within one stress cycle.

(a) Crack length 3.23mmand radi-
us of plastic zone 0.21 mm

(b) Crack length 6.87 mm and ra-
dius of plastic zone 0.42 mm

(c) Crack length 9.46 mm and ra-
dius of plastic zone 0.68 mm

(d) Crack length 12.47mm and ra-
dius of plastic zone 0.87 mm

Figure 19: Plastic zone sizes with different cracks.

a, and e and i) in Figures 16 and 17, indicating that thematerial
deformation hysteresis appeared in the fatigue test.

Within one stress cycle the displacement and strain values
of the crack tip and feature point (2mm away from the crack
tip) are shown in Figures 18(a) and 18(b); the displacement
curves of feature point and crack tip point are all the sinusoid-
al curves as the applied load.

4.3. The Plastic Zone Size of Crack Tip with Different Cracks.
In this paper, the shape and size of plastic zone at the
crack tip of CT specimen with different crack lengths are
calculated using the proposedmethod after the cracks length,
cracks tip position, and the speckle images corresponding to
characteristic load values within one stress cycle have been
obtained by the above proposed methods. The results are
shown in Figure 19 where the plastic zones are surrounded
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Figure 21: Y-direction strain amplitude fields of crack tip region with different crack lengths.

by a black circle. As shown in Figure 19, the crack tip plastic
zone size becomes larger with the fatigue crack propagation.

4.4. Displacement and Strain Amplitude Fields of Crack Tip
Region with Different Cracks. In order to study the changing
law of the displacement and strain amplitude fields of crack
tip region with different crack lengths, the speckle images
of specimen at the maximum and minimum load values in
one stress cycle must be obtained by the proposed data fitting
and image matching method. Figures 20 and 21 show the Y-
direction displacement and strain amplitude fields of crack
tip region when the crack grows from 4.12mm to 12.68 mm
in the FCG test.

The variation curves of displacement and strain ampli-
tude of feature point which is close to the crack tip position
with different crack lengths are shown in Figure 22. As can be
seen from Figure 22, the displacement and strain amplitude
values of the feature point increase with the growth of the

crack length. From 4.12 to 7.56mm, the crack propagation is
slow and the displacement and strain amplitude values are
stable. When the crack grows to about 8.42mm, the crack
propagation rate increases rapidly, and the displacement and
strain amplitude values also increase significantly. The mea-
surement results show that the larger the fatigue crack length
is, the larger the displacement and strain amplitude values
at the crack tip region are and the faster the crack propagation
rate is.

5. Conclusion

In this paper, a novel hybrid image processing method based
on the combination of DIP method, DICmethod, and digital
high-speed photography is proposed for measuring the crack
length, crack tip location, propagation path, the displacement
and strain fields, and plastic zone size of crack tip region
under high-frequency resonant loading. The accuracy and
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Figure 22: (a) Relationship between crack length and Y-direction displacement amplitude of feature point. (b) Relationship between crack
length and Y-direction strain amplitude of feature point.

feasibility of thismethod are proved by the ordinarymethods.
The research results show that the crack length and crack tip
position can be measured precisely by the proposed online
measuring method based on DIP; the crack tip plastic zone
with different crack lengths can be estimated and the size of
the plastic zone becomes largerwith the crack propagation; by
the proposed image matching method, the speckle images of
a CT specimen subjected to high-frequency resonant loading
corresponding to characteristic load points within one stress
cycle can be obtained; accordingly, the displacement and
strain fields of crack tip region within one stress cycle and
the displacement and strain amplitude fields with different
crack lengths are all obtained under this kind of loading
condition; the fatigue crack tip stress concentration, material
deformation hysteresis, the Y-direction displacement, and
strain amplitude of crack tip feature point have also been
analyzed, and they achieved good results. The success of
this method can help to obtain better insight into and
understanding of the fatigue and failure behavior of material
with mode I crack under high-frequency resonant loading.
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[25] J. Réthoré, F. Hild, and S. Roux, “Extended digital image corre-
lation with crack shape optimization,” International Journal for
Numerical Methods in Engineering, vol. 73, no. 2, pp. 248–272,
2008.

[26] E. Fagerholt, T. Borvik, and O. S. Hopperstad, “Measuring dis-
continuous displacement fields in cracked specimens using
digital image correlation with mesh adaptation and crack-path
optimization,” Optics and Lasers in Engineering, vol. 51, no. 3,
pp. 299–310, 2013.

[27] J. L. Chen, N. Zhan, X. C. Zhang, and J. X. Wang, “Improved
extended digital image correlation for crack tip deformation

measurement,” Optics and Lasers in Engineering, vol. 65, pp.
103–109, 2015.

[28] P. J. Tavares, N. Viriato, A. P. Vaz, and P. M. G. P. Moreira, “A
dedicated illumination system for fatigue crack-growth mea-
surement,”Measurement, vol. 90, pp. 85–93, 2016.

[29] W. Cai and J. Bisschop, “Optical method for measuring slow
crack growth in cementitious materials,” Materials and Struc-
tures/Materiaux et Constructions, vol. 45, no. 11, pp. 1613–1623,
2012.

[30] W. Withayachumnankul, P. Kunakornvong, C. Asavathongkul,
and P. Sooraksa, “Rapid detection of hairline cracks on the
surface of piezoelectric ceramics,” The International Journal of
AdvancedManufacturing Technology, vol. 64, no. 9-12, pp. 1275–
1283, 2013.

[31] J. Blaber, B. Adair, and A. Antoniou, “Ncorr: Open-Source 2D
Digital Image Correlation Matlab Software,” Experimental Me-
chanics, vol. 55, no. 6, pp. 1105–1122, 2015.

[32] J. M. Vasco-Olmo et al., “Assessment of crack tip plastic zone
size and shape and its influence on crack tip shielding,” Fatigue
& Fracture of Engineering Materials & Structures, vol. 39, no. 8,
pp. 969–981, 2016.

[33] D. Chakraborty, K. S. R. K. Murthy, and D. Chakraborty, “A
new single strain gage technique for the accurate determination
of mode I stress intensity factor in orthotropic composite ma-
terials,” Engineering Fracture Mechanics, pp. 142–154, 2014.



International Journal of

Aerospace
Engineering
Hindawi
www.hindawi.com Volume 2018

Robotics
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Active and Passive  
Electronic Components

VLSI Design

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Shock and Vibration

Hindawi
www.hindawi.com Volume 2018

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi
www.hindawi.com

Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Control Science
and Engineering

Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com

 Journal ofEngineering
Volume 2018

Sensors
Journal of

Hindawi
www.hindawi.com Volume 2018

International Journal of

Rotating
Machinery

Hindawi
www.hindawi.com Volume 2018

Modelling &
Simulation
in Engineering
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Navigation and 
 Observation

International Journal of

Hindawi

www.hindawi.com Volume 2018

 Advances in 

Multimedia

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/ijae/
https://www.hindawi.com/journals/jr/
https://www.hindawi.com/journals/apec/
https://www.hindawi.com/journals/vlsi/
https://www.hindawi.com/journals/sv/
https://www.hindawi.com/journals/ace/
https://www.hindawi.com/journals/aav/
https://www.hindawi.com/journals/jece/
https://www.hindawi.com/journals/aoe/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jcse/
https://www.hindawi.com/journals/je/
https://www.hindawi.com/journals/js/
https://www.hindawi.com/journals/ijrm/
https://www.hindawi.com/journals/mse/
https://www.hindawi.com/journals/ijce/
https://www.hindawi.com/journals/ijap/
https://www.hindawi.com/journals/ijno/
https://www.hindawi.com/journals/am/
https://www.hindawi.com/
https://www.hindawi.com/

