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Abstract

The measurement of crack propagation is crucial for revealing the fracture mechanical properties of materials and structures.
Based on the virtual principal strain field and Steger’s algorithm, an accurate and automatic method has been proposed for
measuring the geometric parameters of crack propagation. The measured geometric parameters of crack propagation include
the width, length, and tip location of each crack. The mechanism of the crack-induced virtual principal strain field and the
effects of subset, step, and strain window size are analyzed and discussed theoretically. The effectiveness of the derived
theoretical equations is verified by the simulation experiments. According to the theoretical equations, it is determined that
the distribution of the virtual principal strain field near the crack is similar to the grayscale distribution of the laser fringe
image with optimized calculation parameters. Experiments are further conducted to validate the effectiveness of the derived
equations. With the optimized calculation parameters, the minimum crack that can be measured is approximately 0.0362 pixel
in the laboratory environment, while the measurement error of the crack width is less than 0.025 pixel for two-dimensional
digital image correlation (DIC) and 0.020 pixel for three-dimensional DIC.
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1 Introduction measurements usually segment cracks with integer-pixel

accuracy from images because of the different grayscale

The measurement of crack propagation is significant in
revealing the fracture mechanical properties of materials and
structures. Presently, the method of tracing the positions
of cracks on an object surface is mainly the conventional
manual detection method based on vision and marker pens.
With respect to the width of cracks on the object surface,
equipment based on an optical microscope with high mea-
suring precision is utilized to measure the width of discrete
points of the fine cracks [1]. Technologies such as demount-
able mechanical strain gauges and optical tracking marks [2]
can also provide information on the relative displacement of
finite isolated points, but these methods may not achieve the
expected results when the measuring points are insufficient
or the expected location of cracks is uncertain.

Recently, the method of surface crack identification based
on digital image processing has developed a lot. Image-based
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between cracks and a brighter background. Compared with
conventional methods such as manual observation, the effi-
ciency of the image-based methods has improved signifi-
cantly. Image-based methods can be roughly divided into the
following categories:

1. the algorithm for crack identification based on the space
domain, which utilizes methods and theories to measure
cracks, such as threshold segmentation and edge detec-
tion [3];

2. the algorithm for crack identification based on the fre-
quency field, which applies the wavelet transform [4],
beamlet transform [5], contourlet transform [6], and other
tools to identify cracks;

3. thealgorithm for crack identification based on deep learn-
ing [7-9].

Among these image-based methods, the crack identifica-
tion based on deep learning has recently attracted significant
attention, and the crack identification accuracy has greatly
improved. Ni et al. [7] utilized the multiscale feature fusion
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network to realize the segmentation of cracks in integer pixel.
Qin et al. [8] proposed deep convolutional neural networks
(CNNs) based on SegNet and realized crack identification
under the complex background. Cha et al. [9] utilized the
CNN to identify cracks. However, the method based on deep
learning usually requires a large amount of data to train an
available model at high cost. The image-based method of
crack identification is mainly utilized to detect static cracks
on architectural surfaces such as bridges, roads, and build-
ings. When there is too much interference on the cracked
surface, the accurate identification of cracks will be sig-
nificantly influenced. In addition, the image-based method
cannot measure the width of small cracks precisely, espe-
cially when the imaged crack is less than one pixel. Therefore,
it is difficult to measure the crack propagation of materials
at an early stage in a dynamic process.

In contrast to the image-based method, the digital image
correlation (DIC) method with sub-pixel accuracy has been
utilized to reconstruct the displacement field with disconti-
nuities including cracks. The DIC method was proposed in
the early 1980s [10-12]. After decades of development, it has
been widely used in civil engineering, biomedical engineer-
ing, material science, and other fields owing to its advantages
of non-contact, non-destructive and full-field measurement
with high accuracy [13-18]. Poissant et al. [19] and Hassan
et al. [20] proposed different subset-splitting methods, both
of which hypothesized that a straight crack line traverses the
selected subset and splits the subset into two parts. Réthoré
et al. [21, 22] introduced the finite element method into DIC
and described the discontinuous displacement with the shape
functions enriched by the Heaviside function. Both methods
mentioned above seem to be time consuming and complex in
algorithms. Pan [23] set thresholds for the subset correlation
coefficient calculated by DIC to determine the position of
discontinuous parts. However, an obvious drawback of this
method is the failure to detect small cracks. In short, these
studies focused on the high-accuracy displacement calcula-
tion near the cracks and did not provide a solution to measure
the geometric parameters of crack propagation.

Without reconstructing the displacement field near cracks,
a few scholars utilized the strain field calculated by DIC to
observe the fracture process of rocks, concrete, and other
materials, because distinct strain fields are usually observed
to be related to crack propagation. A few researchers quan-
titatively obtained detailed information such as the crack
location, crack width and length of cracks. Yuan et al. [24]
observed the crack growth process of asphalt concrete in a
fracture test. Allam et al. [25] utilized DIC and acoustic emis-
sion techniques to study the effect of structural size on the
cracking of reinforced concrete. The cracks were identified
by the discontinuities of the object surface’s displacements or
the principal tensile strains. Ruocci et al. [26, 27] proposed an
approach that the cracks were located at a local maximum of

horizontal strains. Shih et al. [28] utilized the von Mises strain
field to detect and identify the early crack development. It is
an inspiring work to use virtual strain field for crack detec-
tion. This method was further applied to cracking mapping on
confined masonry walls [29] and prestressed concrete [30].
However, in these studies, crack distribution was only ana-
lyzed qualitatively, but not quantitatively [28—30]. Recently,
Gebhri et al. [31] proposed an automatic method for extract-
ing the crack centerline based on morphological corrosion
and expansion, as well as the virtual strain field, and some
quantitative analysis is obtained. However, this method [31]
is highly dependent on the preset threshold. In our previous
work, an accurate and automatic method has been proposed
for measuring the geometric parameters of crack propaga-
tion based on the virtual principal strain field and Steger’s
algorithm [32]. The method of obtaining crack information
using a virtual principle strain field is simple and efficient.
However, the mechanism of crack-induced virtual principal
strain field hasn’t been covered [28-32]. There is no theo-
retical analysis on the mechanism of crack-induced virtual
principal strain field to date, and further research on the selec-
tion of optimized calculation parameters is also needed.

This study solves the aforementioned problems by rea-
sonably simplify the displacement fields near Mode I and II
cracks in brittle materials, and theoretically derived the math-
ematical forms of displacement and virtual strain fields near
the center of the crack obtained by the DIC method in Sect. 2.
The displacement field near the crack center varies linearly
in the normal direction, and the virtual principle strain distri-
bution near the crack center in the normal direction is similar
to the grayscale distribution of the laser stripe image. The
optimized choice of parameters for the calculation is also
provided in Sect. 2. Experiments are implemented to verify
the accuracy of the theoretical derivation and measurements,
and the results are shown in Sect. 3. Conclusions are given
in Sect. 4.

2 Theoretical Analysis
2.1 Displacement Field

Brittle materials generally produce a very small elastic defor-
mation under an external force when fracture occurs. Typical
brittle materials include bricks, stones, ceramics, glass, and
concrete. To facilitate the analysis, considering the mechan-
ical properties of brittle materials, it is reasonable to assume
that the displacements on both sides of the crack in a small
range are a rigid body displacement.

As shown in Fig. 1, for Mode I crack, the displacement
field is assumed to be the crack opening; while for Mode
I crack, the displacement field is assumed to be the crack
sliding. The displacement fields are expressed as
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Fig. 1 a Crack opening for Mode I crack; b Crack sliding for Mode II
crack

U = Uug, X < Xcrack VU = V0, X < Xcrack

opening{ u = uy, X > Xcrack, sliding{ v = vy, X > Xcrack
v=20 u=20
()

For the convenience of analysis, the crack direction is par-
allel to the y-direction, and the displacement field changes
solely in the x-direction. u and u are the displacements on
the left and right sides of the opening mode I crack, respec-
tively; vo and vp are the displacements on the left and right
sides of the sliding mode II crack, respectively; Xcrack 1S the
coordinate of the crack in the x-direction; and x is the coor-
dinate of the subset center.

When a first-order shape function is employed, the coor-
dinates of each pixel can be expressed as Egs. (2) and (3) in
the local subset coordinate system in DIC, as illustrated in
Fig. 2.

X =x+&0, j, P)=xo+i+&0, j, P)

| P K @
y =y+md, j, 9)=yo+j+mQ, j, 9)
P = (ua Uy, uy)T
q = (v, vy, vy)"
- (3
§1G, Jj, P) = utuyi +uyj
M, j, 4) = v+vgi + vy
. uy — Uy uo+u
g SSUmAe (e y) = m(xcrack —x)+ T X € (xcrack -
. vy — V1 Vo + V1
vestlmate(x’ y) = m()@raek —Xx)+ T, X € <xcrack -

>
o X X

Fig. 2 Image coordinate system and local coordinate system centered
at the subset

where (x, y) and (xg,yp) are the original coordinates and
deformed coordinates of the subset center, respectively; (i, j)
are the local coordinates of the subset; £ and 1 are first-order

shape functions; P and ¢ are shape function parameters com-
posed of the displacement of the subset center and the partial
derivative of the displacement. According to the analysis in
[33], the estimated displacement can be expressed by

M
i 1 7 7
uesnmate(x, y) = m Z u(x+i, y+7j)
i j=—M
4)
M
vestlmate(x, y) = m Z v(x+i, y+j)
i, j=M

where (2 M + 1) is the subset size. The step displacement
field is fitted with a first-order shape function.

As shown in Fig. 1, when the coordinate of the subset cen-
ter x € (Xcrack — z 21"?1 ). the subset intersects

M+1
=% > Xcrack t
with the crack. The crack opening displacement fields, «# and
v, estimated by the first-order shape function are expressed
as

2M +1 2M +1

T’ Xcrack T T)

2M + 1 2M +1 ®)
T, Xcrack + T)
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It indicates that the displacement changes linearly in a range
of subset sizes near the crack.
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Fig. 3 Theoretical and simulated experimental results of crack opening
displacements

Speckle images are generated to simulate real crack
opening and sliding. As illustrated in Fig. l1a and b, the u-
displacement difference between the left half and right half
of the image is 0.1 pixel, and the v-displacement difference
between the left half and right half of the image is also 0.1
pixel. The size of the simulated images is 512 x 512 pix-
els. When the size of the strain window is 9, and the step
size is 3 pixels, the theoretical and simulated DIC results
of different subset sizes are compared in Fig. 3. It is shown
that the simulated DIC results agree well with the theoretical
results. The higher the template is, the larger range of the
displacement field is affected, and the simulated DIC results
of displacement change linearly with the theoretical results.

2.2 Virtual Principle Strain Field

To calculate the strain tensor in DIC, displacements in the
strain window with a size of (2N + 1) x (2N + 1) are fitted
with a polynomial as

(6)
v(x, ¥y) =bo+bix + by

{ u(x,y) =ap+aix +azy
where ag, ai, a2, by, b1, by are the fitting coefficients, and x,
y are the local coordinates of a point in the window [34]. The
fitting formula of the strain window is obtained by the least
squares method with a two-dimensional first-order polyno-
mial, and the Cauchy strain components are calculated by the
fitting coefficients as

au
szazal
av
:—:b
ey=73, = b )
ou v b
= — — = dad
Yxy ay " a 2 1

Exx !

Eyy}

Fig.4 Strain fields of DIC for crack opening and sliding

The principal strain of each point can be obtained by cal-
culating the eigenvalue and eigenvector as

2
+ — 2
g1 = Ex Tty + Ex — % + (@) (8)
2 2 2

As illustrated in Fig. 4, the E,, and E fields can opti-
mally reflect the Mode I crack propagation, crack opening;
and the Ey, and E fields can accurately reflect the Mode II
crack propagation, crack sliding. Considering the unidirec-
tionality of Eyy, Eyy, and E,y, they may lose some crack
opening or sliding information, while E; is the maximum
strain in all directions of a point. Therefore, the principal
strain field should be a suitable choice for further crack cen-
terline extraction.

Considering the forms of the displacement fields of Mode
I and Mode 1II cracks, the fitting plane problem of the strain
window is reduced to a one-dimensional displacement field
problem of straight-line fitting, which is expressed as

{ u(x, y) =ao+ayx ©)

v(x, y) =bo +bix
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N
arg min Z (u(xg + Gk) — (ag + a1x))2

“;N (10)
argmin Y (v(xo + Gk) — (bo + b1x))*

k=—N

where G is the step size.

As illustrated in Fig. 5, regarding Mode I crack, the dis-
placement field is linearly distributed near the crack center,
the value of a; will be symmetric about the crack center, and
solely the value of a; on the left side of the crack center needs
to be considered. There should be two cases according to the
strain window size (2G N) and subset size M + 1).

For Mode I crack, Exy ~ a1, Eyy = 0, Exy = 0, and
Eiy = E,x. When 2GN < 2M + 1, the theoretical formula
of a; is derived as

U
2M+1+2GN

1 1 1 ’
0] X X

Fig.5 Fitting displacement line with one-dimensional strain calculation
window

@) - 2(x+on+ 2] 66N (xrGn s 2! 2
aj(x)= —————| 2« — X X —x ,
1 QM + l)(2GN)3 ) crack ) crack
2M +1 2M +1 11
X € | Xcrack — =GN, Xcrack — +GN |; (1D
Uy — uo 2M +1
aj(x) = m’ X € [[xcrack - +GN, Xcrack)
Because the strain window is smaller than the subset, the Uy — uo
value of a; increases as a cubic function approaching the ~ @1(¥)max = a1(Xcrack) = oM +1) (12)

crack center and then remains at the maximum in a certain
range near the crack center after reaching the peak value. The
peak value can be estimated as

(x) e
aalx) = ———7
! (M + 1)2GN)3

2M +1 2M +1
X € [ Xcrack — —GN, Xcack+ ——— =GN |;

2 2
) = Uy — [ 6 +GN+2M+1
ai(x X
! QGNP
) 2M +1

—ﬁ@M+DGN—2QM+D]Pxexmﬂ+

2 2M
— xcrack) +6(2M +1+2GN) <x +

Similarly, the estimation of the value of b; can also be
derived for Mode Il crack with E,y = 0, Eyy = 0, Exy = 2 ,
and E) = Eyy

When ZGN > 2M + 1, the value of a; increases as a
cubic function approaching the crack center initially and then
increases as a quadratic function until reaching the peak value
at the crack center, which is expressed as

2M +1 3 2M +1 2
2l x+GN + 3 — Xcrack | +6GN|[x+GN + > Xcrack >

(13)
+1

+GN — xcrack)

— GN, Xcrack)
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Fig.6 Theoretical and simulated experimental results of virtual princi-
ple strain for crack opening

The peak value can be estimated as

uip —uo

et S 2 _ 2
16(GN)3(12(GN) QM +1) )

(14)

a1(X)max = a1(Xcrack) =

Similarly, the estimation of the value of b; can also be
derived for Mode II crack with ex = 0, &y = 0, y»y = b1,
and g) = %

As illustrated in Fig. 6, the abscissa of the crack center
is assumed to be 0, and the subset and step sizes are set as
25 and 3 pixels, respectively. When the strain window size
is 5 x5, 2GN < 2M + 1, the values of the virtual prin-
cipal strain fields are the maximum in a certain range near
the crack center. When the strain window size is 13 x 13,
2GN > 2M + 1, the virtual principle strain field is maximal
only at the crack center. The larger the size of the strain win-
dow is, the maximum virtual principle strain field is smaller
when 2GN > 2M + 1, and the larger the range of the vir-
tual principle strain field is affected by the crack. Regarding
Fig. 5, the range of the virtual principle strain field affected
by the crack is 2M +1+2G N. The distribution of theoretical
and simulated DIC results is both consistent with the above
description, indicating that the simulated DIC results agree
well with the theoretical ones.

In 3D-DIC, a local coordinate system must be established
first to calculate the strain tensor. A setof 2N +1) x 2N +1)
data points are employed around the calculation points to fit
a local plane. The normal vector of the local plane can be
determined according to the local plane equation, and the
x-axis of the local coordinate system is obtained by the pro-
jection of the Xy -axis in the global coordinate system to the
local plane. Subsequently, the normal vector is defined as
the z-axis, and the y-axis is obtained from the relationship in
the Cartesian coordinate system. After the local coordinates

are determined, the three-dimensional displacement is trans-
formed from the global coordinates to the local coordinates.
Finally, the displacement is fitted by a polynomial with the
local least squares method similar to the 2D-DIC method.
Therefore, this method of estimating the displacement and
virtual principle strain field near the crack is still applicable
to 3D-DIC.

2.3 Optimized Calculation Parameters for Crack
Propagation Measurement

In our previous work, an accurate and automatic method was
proposed for measuring the geometric parameters of crack
propagation based on the virtual principal strain field and Ste-
ger’s algorithm [32]. Steger’s algorithm performs well when
applied to the laser stripe which has a Gaussian distribution
on the section. Before Steger’s algorithm [35] is applied to
deal with the virtual principle strain field, it is necessary to
select the appropriate subset size, step size, and strain window
for DIC calculation to obtain the virtual principle strain field.
As for the size of the strain window, it should not be smaller
than the subset size RGN < 2M +1) for accurate crack cen-
ter location. In addition, a smaller strain window introduces a
larger strain noise [34], which significantly affects the accu-
rate identification of small cracks. The range of the virtual
principle strain field affected by the crack is approximately
2M +1+2GN according to the analysis in Sect. 2.2. There-
fore, the strain window and subset sizes should be moderate.
Otherwise, the width of the virtual principle strain stripe will
be too large, which may lead to the interaction of the virtual
principle strain fields of the two cracks close to each other.
Moreover, the smoothing effect of the strain window may
lead to the loss of micro-crack information. The optimized
choice of parameters for the calculation that can satisfy the
equation 2M + 1 =~ 2GN is suggested.

Considering the distribution density of calculation points
and calculation efficiency, the recommended DIC parameters
for crack measurement in detail are as follows: subset size
25 pixels, step size 3 pixels, and strain window 9. Or subset
size 21 pixels, step size 3 pixels, and strain window 7.

3 Experimental Verification

A crack propagation experiment is designed to verify the
validity of the theoretical derivation and the accuracy of
measurements. As illustrated in Fig. 7, the optimized dig-
ital speckle pattern [36] is affixed to the surfaces of the two
glass plates. The glass plates on the right and left are fixed on
the table and the translation platform, respectively. The trans-
lation platform is driven by a high-precision electric actuator
of LTA-HS in the horizontal direction and fixed in the verti-
cal and off-plane directions. The resolution of the camera is
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Fig.7 Crack propagation experiment

2048 x 2048 pixels with a ratio of 3.62 pixel/mm. The actua-
tor drives the left glass plate to move to the left and separates
it from the right glass plate to simulate the crack propagation
process. The actuator takes 30 steps, 5 um/0.0181 pixels at
a time. The 2D-DIC and 3D-DIC systems are both set up to
acquire images for DIC analysis simultaneously.

The virtual principle strain field related to the crack is
partially submerged in the strain noise; hence, the minimum
crack that can be identified by the crack identification method
based on the virtual principle strain field is limited. To elim-
inate the interference of noise and other factors, a certain
threshold should be applied, and it should be larger than
the sum of the maximum elastic tensile strains of a certain
material and the measured noise level of the virtual principle
strain, which includes the mean and standard deviations of
the virtual principle strain field.

In the crack propagation experiment, the mean value of the
principal strain field noise is 300 pe with a standard deviation
of 250 we, while the ultimate tensile strain of brittle mate-
rials in general is approximately hundreds of microstrain. A
threshold greater than 3—5 times the standard deviation and
the ultimate tensile strain should be applied before further
processing to better locate the crack. Thus, a threshold of
1000 pee is applied to the principal strain field. As illustrated
in Fig. 8, in both 2D-DIC and 3D-DIC systems, when the
crack is very small (0.0181 pixel), the virtual principle strain
field cannot reflect the entire crack. When the crack is 0.0362
pixel, the virtual principle strain field reflects the entire crack
well. The smallest crack that can be detected by the virtual
principle strain-based method under laboratory conditions is
approximately 0.0362 pixel.

@ Springer

When the crack is 0.543 pixel, the experimental results
of the deformation field near the crack are compared with
the theoretical ones, as shown in Fig. 9a. The experimen-
tal results change linearly as the theoretical results; and the
higher the template is, the larger range of the displacement
field is affected. The experimental results of the virtual prin-
cipal strain field are compared with the theoretical ones, as
shown in Fig. 9b. The comparison between the experimental
results and the theoretical results is similar to the comparison
between the simulated DIC results and the theoretical results
in Sect. 2, indicating that the experimental results are in good
agreement with the theoretical ones, which proves the cor-
rectness of the proposed theory. Meanwhile, the results of
Fig. 9 further prove the correctness of the optimized calcu-
lation parameters. When the subset size is 25 pixels and the
grid step is 3 pixels, the recommended strain window size is
9 pixels.

The x-direction pixel coordinate of the crack in the image
is 1253. The virtual principle strain fields calculated with the
optimized parameters are processed using Steger’s method.

As illustrated in Fig. 10a, the modulus of the crack cen-
ter location error is less than 1 pixel for both 2D-DIC
and 3D-DIC systems, and the standard deviation decreases
and stabilizes with crack expansion. In particular, the stan-
dard deviation of center positioning for the 2D-DIC system
reaches 3.8 pixels when measuring a small crack of 0.0362
pixel because the strain noise interfering significantly with
the crack-induced virtual principal strain field. As the crack
expands, the maximum virtual principal strain field caused by
the crack is much larger than the noise; therefore, the center
location error and standard deviation decrease. As illustrated
in Fig. 10b, the measurement error of the crack width for the
2D-DIC and 3D-DIC systems gradually increases with the
crack extension, butitis less than 0.025 pixel for 2D-DIC and
0.02 pixel for 3D-DIC, and the standard deviations are both
less than 0.01 pixel, which is consistent with the accuracy
of the DIC. The experimental results illustrate that the crack
measurement method based on the virtual principal strain
field has high accuracy of crack center location with an error
less than 2 pixels when the crack width is larger than 0.15
pixel, and very high accuracy of crack width measurement
with an error less than 0.025 pixel.

4 Conclusion

To practically and accurately measure the geometric param-
eters of crack propagation, this study first theoretically
analyzed the distribution of displacement and virtual prin-
cipal strain field in the section of cracks and discussed the
influences of subset size, step and strain window. The theo-
retical equations of virtual principal strain field were given.
The effectiveness of the derived theoretical equations was
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Fig.9 a Theoretical and experimental results of displacement; b theoretical and experimental results of virtual principle strain field
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Fig. 10 a Crack center location accuracy; b crack width accuracy

well verified by the simulation experiments and real exper-
iments. According to the theoretical equations, it is shown
that the virtual principle strain keeps the maximum in a cer-
tain range near the crack center when 2GN < 2M +1. While
the virtual principle strain is maximal only at the crack center
when 2GN > 2M + 1.The peak value of the virtual principle
strain field is estimated using Eq. (12).

o
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S 002/ ——3DAVG
g —=—3D-STD
S
o
=
5 001-
5
-
g
169
0.00-
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Crack width (pixel)

According to the theoretical analysis, the optimized choice
of parameters for calculation that can satisfy the equa-
tion 2GN = 2M + 1 is suggested for crack propagation
measurement based on the virtual principal strain field and
Steger’s algorithm. With the optimized calculation param-
eters, the minimum crack that can be measured by the
proposed method in this study is approximately 0.0362 pixel,
while the measurement error of the crack width is less than
0.025 pixel.
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