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A B S T R A C T

This paper presents two algorithms for locating the tip of growing fatigue cracks by analysing Digital Image 
Correlation (DIC) data. This work aims to develop algorithms that are accurate, mathematically simple, easy to 
implement, and computationally efficient for this purpose. In addition, the goal is to simplify experimental setups 
and avoid invasive techniques, thereby integrating all measurements into the DIC analysis. The algorithms are 
implemented by analysing the crack tip displacement fields measured by DIC, establishing the discontinuity 
along the crack path during fatigue propagation as the basis for estimating the accurate crack tip location. The 
algorithms were validated through two representative cases: a straight-growing fatigue crack in a Compact 
Tension specimen made of commercially pure Titanium, and an inclined-growing fatigue crack in a Double 
Cantilever Beam specimen made of 2024-T3 aluminium alloy. A good level of agreement has been achieved 
between the results obtained with the implemented algorithms and those from an alternative method, with 
relative deviations of approximately 2 %.

1. Introduction

Digital Image Correlation (DIC) [1] has had a significant impact on 
research related to fatigue crack growth. This optical technique enables 
full-field, non-invasive displacement and strain measurements, allowing 
researchers to assess key parameters that were previously unmeasurable 
by conventional means or to enhance the measurement and interpreta
tion of certain mechanical parameters. Some examples of recent works 
include: the characterization of the shape and the size of the different 
plastic zones surrounding the crack tip and their influence on fatigue 
crack growth rates [2–5], the experimental characterization of crack tip 
singularity parameters such as ΔK or ΔJ through multi-point approaches 
[6–10], investigations on plasticity-induced crack tip shielding [11–13] 
and the measurement and analysis of crack tip singular displacements 
such COD and CTOD [14–17], among others. A common feature of these 
studies and, in general, of any investigation of fatigue crack growth 
using DIC, is the need to accurately determine the crack tip position or 
the path left for the crack during its fatigue propagation within the 
displacement maps. In this sense and beyond its influence on geomet
rical aspects specifically crack tracking and crack length measurement, 

the crack tip position may be a critical variable that can have significant 
influence on different aspects such as the experimentally inferred ΔK 
[18–21] or the measured values of COD and the identification of CTOD 
due to the relative position between crack flanks points and the crack tip 
[22]. For this reason, researchers have developed strategies and meth
odologies to locate the crack tip from the analysis of DIC maps. In the 
following, characteristic works of different methods for crack tip loca
tion from DIC data are described and discussed. As this work leads with 
crack tip estimation from DIC data, other approaches such as raw image 
processing or methods involving additional measurement equipment 
(potential drop, extensometer, etc) are not included below. Whilst the 
ΔK determination process using multi-point approaches, the crack tip 
location can be simultaneously estimated by including it as an unknown 
variable to be determined [23–26]. However, this approach involves the 
use of advanced numerical methods to solve a multivariable (seven 
variables comprising the mode I stress intensity factor, the non-singular 
stress, the coefficients that model the rigid body motion, and the co
ordinates of the crack tip for mode I Irwin-Westergaard approach 
[27,28]) and nonlinear optimization problem, which in addition to its 
high computational cost requires a well-chosen initial solution to ensure 
convergence. Strohmann et al. [29] developed a crack path detection 

Abbreviations: DIC, Digital Image Correlation; COD, Crack Opening Displacement; CTOD, Crack Tip Opening Displacement; CT, Compact Tension Specimen; DCB, 
Double Cantilever Beam Specimen.
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algorithm using convolutional neural networks. The proposed algorithm 
is able to accurately identify the tip and path followed by the crack for 
long cracks but not for short cracks. The reason for such deviation is the 
inherent DIC scatter, which is significantly greater when short cracks, 
and therefore low stress intensity values, are under consideration. Najat 
et al. [30] proposed an algorithm based on the direct search of discon
tinuities in DIC strain maps. This approach, based on strain fields, could 
lead to inaccuracies in crack tip detection due to the combination of two 
factors: the inherent noise in displacement fields along and the gradient 
operators for strain tensor calculation. Owens et al. [31] employed the 
Canny edge detection algorithm but applied it to previously smoothed 
and processed DIC displacement fields to identify the crack path. Shuai 
et al. [32] proposed a method to mode I stress intensity factor and crack 
tip location estimation through the analysis of crack opening displace
ments along the crack flanks. Although this approach reduces compu
tational cost by employing certain points and therefore avoids a full 
analysis of the displacement field, it was only validated for pure fracture 
mode I straight cracks. For these reasons and for the sake of efficiency, 
simple, computationally cheap, easy-to-implement, and effective algo
rithms to identify the crack tip during DIC fatigue crack growth analysis 
are required. In this work, two algorithms with these characteristics are 
presented. Both algorithms are based on the discontinuity in displace
ment maps caused by the presence of a fatigue crack, using the vertical 

displacement map as input to determine the crack tip. Unlike some 
previously discussed works, the direct use of the displacement field for 
crack tip determination avoids data pre-processing or prior calculations, 
which add additional processes to algorithms as well as the risk of 
adding excessive noise, for example, while strain calculations. 
Regarding the processing of the proposed algorithms, they employ 
simple and effective mathematical tools that simplify both imple
mentation and calculation. Moreover, the algorithms are not restricted 
to specific levels of plasticity (whether small-scale or large-scale 
yielding), unlike those approaches that require the use of crack tip 
field models, which are generally elastic [23–26]. The proposed algo
rithms were validated on two representative case studies to demonstrate 
the robustness and the effectiveness of the methodology under varying 
geometric conditions. The first case focuses on evaluating the accuracy 
of the algorithms when identifying the crack tip, which is assessed by 
comparison with an independent measurement technique. In this case, a 
straight growing fatigue crack was studied. For the second study, the 
robustness of the algorithms was evaluated by investigating an extreme 
case consisting of determining the crack tip position during fatigue 
propagation for an inclined crack.

2. Experimental work

2.1. Case study 1: Straight growing fatigue crack

Fatigue crack growth testing was performed on a 1 mm thick CT 
specimen made of Grade 02 Titanium (commercially pure) at tensile 
constant amplitude loading. The specimen drawing is shown in Fig. 1a. 
For this test, a servohydraulic testing machine with a load capacity of 25 
kN was employed (MTS Landmark 370.02). The loading conditions were 
750 N for the maximum load with a stress ratio of 0.1 at a frequency of 
10 Hz. This loading condition provides nominal stress intensity factor 
ranges of 17.4 and 40.5 MPa m1/2 at the beginning and end of the test, 
respectively. The measurement setup consisted of two cameras, one 
positioned in front of the specimen to perform 2D-DIC and a second 
behind the specimen to control and measure the crack length during the 
test, as displayed in Fig. 1b.

For DIC data acquisition, a high-resolution camera (Redwood CXP 65 
MP sensor provided by IO Industries) fitted to a high-magnification 
ultra-macro lens (LAOWA 60 mm F2.8 2×) was employed. This 

Nomenclature

v Vertical component of displacement field
x,y Horizontal and vertical coordinates, respectively
αi Fitting polynomial coefficient i = 1 : 4
R2 Adjusted determination coefficient
βi Fitting polynomial coefficient i = 1 : 4
yi

CP Vertical coordinate of the crack path for the ith profile
CV Pearson coefficient of variation
an Crack length for the n measurement
f Image spatial calibration parameter / Pixel by 

millimetre ratio
X,Y Crack tip coordinates in the image/map

Fig. 1. a) CT Specimen drawing, b) Experimental set-up.

A. Camacho-Reyes et al.                                                                                                                                                                                                                      Theoretical and Applied Fracture Mechanics 141 (2026) 105245 

2 



configuration results in a spatial resolution close to 2 μm per pixel. DIC 
images were acquired for different crack lengths, as detailed below. DIC 
processing was performed through commercial software VIC-2D pro
vided by Correlated Solutions Inc. [33]. DIC processing parameters were 
chosen according to guidelines provided by iDICs [34]. Thus, a facet size 
of 31 pixels and a step value of 10 pixels were selected. For crack length 
control and measurements during the test, an additional camera (AVT 
Stingray F-504-B 5 MP sensor) fitted with a macro-zoom lens (MLH-10×
EO) was mounted on a precision base driven by micrometric screws 
(±10 μm precision). The procedure for crack length measurement was to 
place the centre of the camera sensor at the crack tip and move it as the 
crack grows in 0.5 mm increments of length. Thus, data at 0.5 mm in
crements were acquired for various crack lengths within the range of 
5–9 mm (measured from the load application point as defined in ASTM 
E647 [35]) with an uncertainty of 0.01 mm (due to micrometric screw 
resolution). Because the camera position changed during the location of 
the crack tip and, therefore, the coordinate system associated with the 
sensor, the synchronisation between successive coordinate systems was 
carried out by locating a common reference point in each system. The 
crack length value measured using the camera-precision base assembly 
was taken as a reference value to compare the inferred crack lengths 
using the proposed algorithms.

2.2. Case study 2: Variable inclination growing fatigue crack

In this test, fatigue crack growth testing was performed on a 2 mm 
thick 2024-T3 aluminium alloy Double Cantilever Beam specimen under 
tensile constant amplitude loading. As shown in Fig. 2a, the main dif
ference compared to the first test specimen is the higher width-to-height 

ratio. The test was performed on a 100 kN servo hydraulic machine 
(MTS Landmark 370.10) with a loading condition of 0.1 stress ratio and 
1250 N maximum load at a frequency of 10 Hz. This loading condition 
provides nominal stress intensity factor ranges of 15.8 and 39.8 MPa m1/ 

2 at the beginning and end of the test, respectively. As in the previous 
case, a setup consisting of two cameras placed in front of and behind the 
specimen was used for the simultaneous determination of DIC images 
and crack length measurements.

For 2D-DIC measurements, a 5 MP camera (AVT Stingray F-504-B) 
fitted to a 75 mm lens was employed, providing a spatial resolution of 
33 μm per pixel. For crack length monitoring, a 1 MP resolution camera 
(AVT Pike F-032B/C) coupled to a 25 mm lens was used. In this test, the 
back side of the specimen was polished to improve the crack tip/path 
visualization and therefore their measurement using the back camera. 
Fig. 3 shows DIC images at the last captured cycle before fatigue failure 
to illustrate the fatigue crack path for both specimens, titanium (Fig. 3a) 
and aluminium (Fig. 3b). Regarding Fig. 3a, it should be stated that the 
image appears dark due to its compression for inclusion in the manu
script (original size 63 MB due to the use of a high-resolution DIC 
camera).

3. Description, methodology and general considerations of the 
algorithms

In this section, the proposed algorithms are detailed. DIC data from 
the first experimental test are employed to explain and illustrate the 
procedures and features. The main feature on which these algorithms 
are based is the discontinuity that is observed in the crack path when 
different vertical displacement profiles plotted for the area surrounding 

Fig. 2. a) DCB Specimen drawing, b) Experimental set-up.

Fig. 3. DIC image captured in the last cycle before fatigue failure at the maximum load of the loading cycle showing the crack path for a) Grade 02 Titanium and b) 
2024-T3 aluminium alloy specimens.
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the crack tip are analysed. Thus, by identifying this discontinuity (see 
Fig. 4), the crack tip can be located from the analysis of the crack 
opening displacement maps. Other works found in the literature based 
on the same principle include the work of Melching et al. [36].Fig. 4a 

shows a vertical displacement map measured by DIC for a crack length of 
6 mm (referred to the load application point as defined in ASTM E647 
[35]). For convenience, in some of the following Figures, data are 
plotted against their position in the DIC map (image pixel divided into 

Fig. 4. a) Vertical displacement map obtained from DIC, b) detail image of the previously defined analysis area, and c) vertical displacements along the y-axis within 
the analysis region at different x-locations related to the estimated crack tip. Data at the maximum cycle load for a fatigue crack length of 3 mm (6 mm if defined from 
the load application point).

Fig. 5. Fitting quality for each vertical displacement profile along the horizontal direction. Circles represent the raw original DIC data, diamonds indicate the 
smoothed data, while the continuous line corresponds to the smoothed data fitted to the Gauss’ error function (Eq. 2).
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DIC processing step) instead of the distance in millimetres.
As shown in Fig. 4a and b, an interest or analysis area, which encloses 

the crack tip, is defined. The vertical displacement values employed for 
the crack tip location were extracted from such zone for several reasons. 
First, it avoids collecting data in the edges, which could lead to algo
rithm errors because of the existence of inappropriate displacement 
values in that zone (i.e., blue region of Fig. 4a). Secondly, the compu
tational cost is reduced since fewer points and displacement profiles 
were used rather than the full map. Fig. 4c shows a set of vertical 
displacement profiles along the y-axis for different x locations regarding 
the calculated crack tip. This Figure illustrates appropriately the feature 
on which the proposed algorithms are based. Thus, it is clearly observed 
that profiles behind the crack tip (black and blue curves) present a 
discontinuity due to the gap that occurs at the crack path. On the other 
hand, for profiles at and in front of the crack tip, it is visible that each 
discontinuity disappears (red curve) until finally reaching an almost 
linear trend (magenta and green curves). The proposed algorithms are 
detailed in the following subsections.

3.1. Algorithm 1. Algorithm based on the inflection point

This algorithm is based on finding the inflection point that occurs at 
the crack tip, as displayed in Fig. 4c. Thus, based on the idea above 
described, the crack tip can be found as the first highest fitting quality 
point. For that, a mathematical function to model this feature is neces
sary. A cubic polynomial was used to fit the displacement profiles 
plotted along the y-axis, as shown in Eq. 1. In contrast to previous work, 
such as Melching et al. [36], which uses a hyperbolic tangent function, 
the use of a cubic function simplifies the start of the algorithm, as it does 
not require the use of numerical methods for fitting. 

v(y) = α1 +α2y+ α3y2 + α4y3 (1) 

Where v is the vertical displacement value and αi are the polynomial 
coefficients, with i = 1 : 4. This polynomial function allows for using a 
linear least square fitting as well as obtaining the inflection point (Eq. 1
second derivative equal to 0) by combining the third and fourth order 
coefficients as follows: − α3/3α4. The adjusted R2 determination coef
ficient was used as a fitting quality parameter. Fig. 5 shows the obtained 
fitting quality parameter for the different displacement profiles along 
the crack growth direction (x-axis).

As shown in Fig. 5, the fitting quality parameter exhibits a sigmoidal 
shape, and the dispersion of the first points may be fairly attributed to 
crack path discontinuity, which may provide irregular results in terms of 
fitting. As it may be inferred from Fig. 4c, when the fitting quality 
parameter reaches a value close to unity, the crack tip is found since that 
displacement profile exhibits a cubic trend. The good-fitting quality for 
the profiles ahead of the crack tip is due to their linear trend, which can 
be well fitted by a cubic polynomial. At this point, by choosing the x- 
position of the best first fitting quality point and subsequently the 
calculation of the inflection point at such position, the x and y crack tip 
coordinates would be obtained. However, it is not numerically simple to 
get that point since the following problems may appear. When choosing 
a target value for the R2 parameter to get the x crack tip coordinate (99 
% in this work), a problem of duality values may appear since R2 values 
ahead of the crack tip are similar. Hence, a nearest neighbour 

interpolation to the target value could lead to an error or a different 
value. In addition, if for any reason such inherently noisy experimental 
values do not reach values close to unity, the algorithm may also be 
misled. Thus, one way to proceed that avoids these problems is to fit R2 

data to a sigmoidal function, which also allows data normalisation 
(values varying between 0 and 1) and operating with it instead of using 
raw data. For convenience, Gauss’ error function [37] was chosen as the 
sigmoidal function, as shown in Eq. 2. 

R2 = β1erf
(

x − β2

β3

)

+ β4 (2) 

Where erf indicates Gauss’ error function, β1 is the amplitude coef
ficient, β2 is the x-offset coefficient, β3 is a scaling coefficient, and β4 is 
the y-offset coefficient. The fitting of R2 data to that function implies 
solving a nonlinear fitting problem and therefore an initial solution 
problem. However, from observation and interpretation of experimental 
plotted data, a well-chosen initial solution (close to the solution) can be 
obtained since the Eq. 2 coefficients can be obtained with reasonable 
accuracy (see Table 1). As the raw data contains some points out of 
trend, especially at the crack path because of the crack tip discontinuity, 
as shown in Fig. 5, it is desirable to derive the initial solution from 
smoothed data as shown in Fig. 5. Data smoothing was performed using 
the median filter implemented in the Matlab function smoothdata [38]. 
The initial solution values as a function of smoothed R2 data are dis
played in Table 1. Once the initial solutions were defined, the nonlinear 
fitting was performed using the Levenberg-Marquardt algorithm 
[39–41]. For example, Table 1 also shows the initial and the finally 
calculated error function coefficients, and the fitted function is displayed 
in Fig. 5.

Once the fitted function has been obtained, to avoid issues because of 
the numerical values of R2 as previously described, fitted y-axis data is 
normalised using the obtained coefficients β1 and β4, and then, the x- 
coordinate of the crack tip is extracted for a normalised R2 value of 0.99. 
Hence, for such an x-profile, the y-coordinate of the crack tip is calcu
lated as the inflection point of the fitted cubic polynomial. Thus, these 
values for the example case are: X equal to 190 units in the map (4210 
pixels in the image), Y equal to 204 units in the map (3084 pixels in the 
image) which provide an estimated crack length of 6.09 mm (reference 
crack length of 6.00 mm).

3.2. Algorithm 2. Algorithm based on crack path displacement gradient

This algorithm is based on identifying the highest gradient that oc
curs at the crack path due to the crack discontinuity. As inferred from 
Fig. 4c, the crack path can be identified by locating the maximum 
gradient point of each displacement profile. Thus, the y-coordinate of 
the gap left by the crack in the displacement map is given by: 

yi
CP = max(|∇v(y) | ) (3) 

In this Equation, yi
CP is the y-coordinate of the crack path for the i-th 

displacement profile, ∇ is the gradient operator, and vertical bars 
represent the absolute value. Regarding the calculation of the gradient 
in the above expression, it should be noted that, as is common when 
strain calculation from DIC data, a strain window was not defined or 
used. When using vertical profiles, the gradient corresponds to the 

Table 1 
Relationship between initial solution coefficients and fitted coefficients and their initial/final values.

Coefficient Equation Initial Calculated

β1
maxR2 − minR2

2
0.0817 0.0729

β2 x at R2 = (β1 + β4) 60.00 63.00

β3
x at R2 = 1.5 • (β1 + β4) − x at R2 = 0.5 • (β1 + β4)

4
7.193 6.262

β4 minR2 0.835 0.926
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derivative in the direction of the profile. Fig. 6 shows the calculated 
values of yi

CP for a crack length of 6 mm. As shown in this Figure, the 
crack path can be easily recognised from the direct calculation of this 
value. Hence, the crack tip can be easily identified visually by choosing 
the last crack path point (the last point before the dispersed trend in 
Fig. 6). Nevertheless, as the purpose of this paper is to automate crack tip 
calculations, it is essential to identify a suitable method for the auto
matic extraction of the crack tip, which is not straightforward, as will be 
discussed below. The crack tip can be located through the identification 
of both zones shown in Fig. 6. For this purpose, an analysis of such data 
based on the statistical dispersion was performed.

A cumulative mean and standard deviation were calculated for each 
point as the mean and standard deviation of all the preceding data up to 
the chosen point. For those points, the deviation coefficient (standard 
deviation divided by the mean value) was computed in order to work 
with a dimensionless value, which allows a more generic analysis to be 
performed. Fig. 7a shows the calculated crack path y-coordinate, 
whereas Fig. 7b shows the calculated cumulative deviation coefficient 
for that data.

As shown in Fig. 7, two different zones (crack path and outside crack 
path) can be observed in terms of the deviation coefficient. As depicted 
in the figure, two linear trends were observed: the first, characterized by 
a nearly zero slope line (constant), and the second, represented by a line 
with a positive slope. As can be inferred from Fig. 7a and b, the constant 
dispersion zone corresponds to the crack path, and the increasing 
dispersion zone to the crack path outside zone. Regarding the behaviour 
outside the crack path, the statistical variability outside the crack path is 

since the vertical displacement in that area being linear, which generates 
maximum gradient points with no physical significance and increases 
the relative cumulative distortion. Hence, the boundary between both 
zones provides the x-coordinate of the crack tip. At this stage, a suitable 
method to identify such point should be found. A simple idea is to define 
a limit for the deviation coefficient. Thus, as the deviation coefficient 
reaches that value, the x-coordinate of the crack tip can be considered as 
found. From the observation and analysis of the experimental data, a 2 
% deviation value was chosen which was obtained by a sensitive anal
ysis of the data. However, this idea may not be generalisable to other 
situations, and it would be susceptible to failure if there were any points 
out of trend due to the inherent experimental noise, among others. An 
alternative method to locate the x-coordinate of the crack tip, avoiding 
the above-mentioned problems, lies in the mathematical characteriza
tion of both zones (constant and increasing lines) by using linear least 
squares fitting. Thus, the two regions are fitted and the x-coordinate of 
the crack tip is obtained by determining the intersection point between 
both fitted lines. The initial set of data to be fitted for the first region was 
derived from selected data exhibiting a variation coefficient ranging 
from 0 to 2 %, while the data for the second region was obtained from 
values falling within the 2 to 10 % range. The identified crack tip, as well 
as both fitted lines superimposed over the raw data, are displayed in 
Fig. 8. Once the x-coordinate of the crack tip has been identified, the y- 
coordinate is directly obtained for such a point from Fig. 7a data. Hence, 
the obtained values using this algorithm are: X equal to 189 units in the 
map (4200 pixel in the image), Y equal to 203 units in the map (3074 
pixel in the image), which provide an estimated crack length of 6.07 mm 
(reference crack length of 6.00 mm).

4. Validation of the algorithms and discussion of results

4.1. Straight growing crack

In this case study, where the crack grew straight, the inferred crack 
length was calculated as the difference between the x coordinate of the 
calculated crack tip and the x coordinate of the specimen edge. Fig. 9a 
shows the estimated crack length against the reference crack length for 
the different proposed algorithms. In this Figure, a 45-degree line has 
been included to verify the level of agreement between the data. Fig. 9b 
shows the relative error in absolute value against the reference crack 
length for both proposed algorithms. These results, along with the 
normalised crack length (crack length divided by the specimen width), 
are numerically expressed in Table 2. As shown in the above-mentioned 
Figures, both algorithms show a good agreement since the relative de
viation from the reference value is less than 2 % for any algorithm and 
any analysed crack length. Such a small deviation is also observed in 

Fig. 6. Maximum gradient point of each displacement profile yi
CP.

Fig. 7. a) Calculated crack path y-coordinate and b) % variation coefficient for the cumulative data.
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Fig. 9a, where all of the data fairly fall on a 45◦ line. Regarding the 
accuracy of each algorithm in this case study, no significant differences 
were detected in terms of the estimated crack length since the maximum 
deviation between algorithms for a given crack length is around 1 %.

Fig. 10 displays the inferred crack tips using both algorithms 
superimposed over the reference speckle image at the longest measured 
crack length of 9 mm (before fatigue failure). This Figure shows 
graphically the goodness and the accuracy of the proposed algorithms 
when determining the crack tip position since all the calculated points 
fairly follow the crack path illustrated in that image. Please note that in 
this image, there may be a slight graphical difference between the gap 
left by the crack and the point calculated due to the crack growth itself, 
especially for the points furthest away from the last measured crack tip. 
However, in no case does this indicate inaccuracy or a high deviation of 
the algorithm.

Fig. 8. Plot to illustrate how to obtain the crack tip from the intersection of both dispersion zones.

Fig. 9. a) Calculated crack length against reference crack length and b) absolute difference between calculated and reference crack lengths against the reference 
crack length. Grade 02 Titanium specimen.

Table 2 
Reference and calculated crack length values along with the relative difference 
in percentage between them for the Grade 02 Titanium specimen.

Reference crack length Algorithm 1 Algorithm 2

(mm) (a/W) (mm) (%) (mm) (%)

5.00 0.250 5.09 1.76 5.05 1.01
5.50 0.275 5.56 1.01 5.51 0.10
6.00 0.300 6.09 1.50 6.07 1.22
6.50 0.325 6.57 1.14 6.56 0.89
7.00 0.350 7.08 1.08 7.03 0.36
7.50 0.375 7.51 0.13 7.51 0.13
8.00 0.400 8.01 0.13 8.01 0.13
8.50 0.425 8.55 0.53 8.55 0.53
9.00 0.450 8.96 0.41 8.96 0.41

Deviation Avg ± Std 
0.85 ± 0.58

Deviation Avg ± Std 
0.54 ± 0.42
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4.2. Crack growing with variable inclination

In this test, as the crack grew with variable inclination, the crack 
length was calculated as the cumulative Euclidean distance between 
successive estimated crack tips, as shown in Eq. 4. In that equation, f is 
the spatial calibration parameter in pixel by millimetre, n is the number 
of measured crack lengths, i is the sum index, and X and Y are the 
calculated horizontal and vertical crack tip coordinates on the DIC 
image in pixels, respectively. The reference crack length, which was 
used for comparison and validation, was calculated in the same way and 
for the same points. 

an = f •
∑n

i=2

(
(Xi − Xi− 1)

2
+ (Yi − Yi− 1)

2
)1/2

(4) 

Fig. 11a shows the calculated crack lengths against the reference 
crack for the different proposed algorithms. In this Figure, a 45-degree 

line has been included to check the matching between both data and 
to assist the graph interpretation. As inferred from this Figure, all the 
points fairly fall on the 45-degree line, which means a good agreement 
between both calculated and reference crack length values. For the last 
values of the series, the deviation from the first values increases slightly. 
However, such deviation is still acceptable as discussed below. Fig. 11b, 
which shows the relative difference in absolute value between reference 
and calculated values, establishes a quantitative comparison between 
those values. Values represented in Fig. 11 together with the normalised 
crack length can be found in Table 3. As inferred from Fig. 11b, good 
values in terms of relative deviation are obtained. The average relative 
deviation for Algorithm 1 is 1.92 % with a standard deviation of 1.53 % 
whilst for Algorithm 2, the average relative deviation is 1.92 with a 
standard deviation of 1.00 %. From the above exposed results, it may be 
stated that both algorithms are accurate in terms of crack tip and length 
determination, also for an inclined fatigue crack with variable slope.

Fig. 10. Inferred crack tips superimposed over the speckle reference image (unloaded state) corresponding to the longest measured crack length before fatigue 
failure. Grade 02 Titanium specimen. Yellow squares correspond to Algorithm 1, whilst red circles correspond to Algorithm 2. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. a) Calculated crack length against reference crack length and b) absolute difference between calculated and reference crack lengths against the reference 
crack length. 2024-T3 aluminium alloy specimen.
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Fig. 12 shows the inferred crack tips from both algorithms super
imposed over the DIC reference image corresponding to the maximum 
measured crack length. This figure demonstrates the accuracy of both 

proposed algorithms, showing that both the calculated crack tips and the 
crack path due to fatigue propagation closely match.

4.3. General comparison and discussion

To establish a comparison between both case studies and the pro
posed algorithms, Fig. 13 shows both the normalised estimated crack 
length and the relative difference in absolute against the normalised 
reference crack length value for both materials and algorithms. 
Although all deviation values are acceptable as previously discussed, in 
general terms, deviations for the first case study are lower than for the 
second case study, averaging around 1 %. This small difference is 
explained by the spatial resolution achieved in each test. Thus, a higher 
resolution, as in the first case study, should provide results with a lower 
deviation. This is also supported by the coefficients of variation (the 
relationship between average and standard deviation) of each data set, 
which are similar (around 0.6). According to this, if the resolution effect 
is removed by normalising statistical results, those normalised disper
sion results for both case studies are similar. Regarding the deviations 
provided by Algorithm 1 for both tests, even following the trend 
mentioned above, similar values were found except for a few points 
corresponding to normalised crack lengths between 60 and 70 %. In 
contrast, for Algorithm 2, the deviations are slightly different depending 
on the case study and the normalised crack length value. Thus, from the 
above, it can be concluded that Algorithm 1 is slightly more precise than 
Algorithm 2. This can be attributed to the use of smoothing and curve- 
fitting techniques in the first algorithm, which may help mitigate inac
curacies caused by the inherent experimental noise present in the 
displacement data.

Table 3 
Reference and calculated crack length values along with the relative difference 
in percentage between them for the 2024-T3 aluminium specimen.

Reference crack length Algorithm 1 Algorithm 2

(mm) (a/W) (mm) (%) (mm) (%)

30.38 0.419 29.98 1.30 30.08 0.98
31.10 0.429 31.34 0.74 30.53 1.83
31.93 0.440 31.63 0.93 31.26 2.10
32.68 0.451 32.19 1.49 31.87 2.47
33.60 0.464 33.23 1.11 32.83 2.30
34.67 0.478 34.02 1.86 33.60 3.07
36.02 0.497 35.50 1.45 35.46 1.55
37.22 0.513 37.10 0.31 37.07 0.40
38.14 0.526 37.90 0.63 37.38 2.00
39.24 0.541 38.90 0.87 38.43 2.08
40.46 0.558 39.71 1.84 39.57 2.21
41.07 0.566 41.36 0.70 41.03 0.10
41.85 0.577 41.82 0.09 41.66 0.47
42.31 0.584 42.74 1.01 42.53 0.53
43.29 0.597 44.70 3.26 44.41 2.58
44.26 0.610 45.74 3.35 45.32 2.39
45.35 0.626 47.19 4.05 46.33 2.15
46.79 0.645 48.46 3.57 47.94 2.46
48.59 0.670 50.81 4.57 49.90 2.68
50.54 0.697 53.22 5.31 52.62 4.12

Deviation Avg ± Std 
1.92 ± 1.53

Deviation Avg ± Std 
1.92 ± 1.00

Fig. 12. Inferred crack tips superimposed over the DIC reference image (unloaded state) corresponding to the maximum measured crack length before fatigue failure. 
2024-T3 aluminium alloy specimen. Yellow squares correspond to Algorithm 1, whilst red circles correspond to Algorithm 2. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)
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As shown in Fig. 13b, the highest deviations were found for larger 
crack lengths, specifically values between 0.6 and 0.7. Nonetheless, 
those deviation values were still acceptable (around 3 %). This increase 
in deviation in the longer crack lengths might be due to the specimen 
edge effect, since in these cases the ligament is small and the field sur
rounding the crack tip could be affected by the edge. Lastly, it is worth 
mentioning that both algorithms have been tested and therefore vali
dated over a wide range of normalised crack lengths (~20–70 %). This 
range covers practically 100 % of crack lengths encountered in practice, 
as for a CT specimen, values below 20 % correspond to cracks whose 
length is less than the uncracked specimen notch, while values above 70 
% are less frequent. However, there is no a priori technical limitation of 
the algorithms for higher and lower normalised crack lengths, if the case 
may arise.

5. Conclusions

In this work, two algorithms for determining the crack tip and the 
crack path from DIC data have been developed and validated for two 
representative cases: a straight-growing fatigue crack in a CT specimen 
made of Grade 02 Titanium, and an inclined-growing fatigue crack in a 
DCB specimen made of 2024-T3 aluminium alloy. Both algorithms 
demonstrate good results in terms of crack tip and length determination, 
providing average deviations of around 2 % compared to an alternative 
method. These algorithms, based on the direct analysis of the measured 
DIC data, are accurate, robust, computationally cheap, and easy to 
implement. Another important advantage is that the proposed algo
rithms are not constrained by plasticity effects (under either small- or 
large-scale yielding conditions), unlike approaches that rely on crack tip 
field models. As tools for crack tip tracking and length measurements, 
these algorithms can simplify and improve the experimental laboratory 
work on fatigue crack growth, in comparison with other conventional 
methods, which are usually invasive. According to this, an integral 
analysis of fatigue crack growth can be performed exclusively with the 
use of the DIC technique. In addition, the proposed algorithms enable a 
more precise analysis of parameters such as ΔK, ΔJ, or relative dis
placements along the crack flanks (ΔCOD, ΔCTOD, etc), allowing for 
improved understanding of their influence on fatigue crack growth. 
Therefore, the proposed algorithms are an effective complement to 
experimental fracture mechanics investigations, where an accurate and 
effective location of the crack tip is a crucial aspect.
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