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� The presented procedure records the
full crack behaviour in large-scale
experiments.

� DIC results of the specimen’s surface
provide highly accurate crack
measurements.

� Complex crack patters are
automatically extracted using 2D
image processing methods.

� Several sensitivity analyses help in
understanding the measurement
uncertainty.

� Crack measurements are represented
with automated data visualisations
tools.
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The acquisition and evaluation of the crack behaviour in experiments on quasi-brittle materials, such as
concrete, mortar, or masonry is essential for understanding their structural behaviour. This publication
presents a fully automated procedure to detect cracks and measure crack kinematics in laboratory exper-
iments instrumented with digital image correlation (DIC). Crack lines are extracted using well-
established image processing methods showing excellent agreement with the physical crack pattern.
In contrast to most existing crack detectors that rely on pixel intensities of true images, the presented
crack detection is based on the DIC principal tensile strain field what allows the extraction of much finer
cracks and more reliable crack locations. The crack widths and slips are measured using the DIC displace-
ment field accounting for local rotations of the specimen. Additionally, automated visualisations of the
crack kinematic measurements including data smoothing are presented. Several sensitivity analyses eval-
uating the performance and the uncertainty of the crack detector and the crack kinematic measurements
have been conducted. These analyses show that the obtained results depend on the DIC configuration and
that the procedure is limited in the case of very closely spaced cracks. With appropriate DIC parameters,
the procedure allows detecting crack locations with high precision and measuring crack kinematics very
accurately even in large-scale experiments with complex crack patterns.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

While knowledge on the design of conventionally reinforced
concrete structures is well developed, there is a rising need and
interest in the assessment of existing structures as well as in the
use of non-conventional reinforcement, such as fibre or textile
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Nomenclature

a1,a2,b1,b2 position vectors in the undeformed state
a01,a

0
2,b

0
1,b

0
2 position vectors in the deformed state

d1 separation distance of the two kinematic points
d2 separation distance between the rotation and the

kinematic point
f strain filter size (defined in number of measuring

points)
iw crack inclination window size (defined in number of

measuring points)
n, t local crack coordinates
ss subset size (in pixels)
st step size (in pixels)
x, z global DIC coordinates in the measuring plane
A1,B1 kinematic points
A2,B2 rotation points

O crack point location
I2 identity matrix of size 2
RA,RB rotation matrices of crack sides A and B, respectively
Te1 threshold of high strain areas
ar crack displacement direction
d crack displacement vector
dA,dB crack lip displacement vectors
dA1 ,dA2 ,dB1 ,dB2 displacement vectors of the reference points
dn crack opening
dt crack sliding
e1 principal tensile strain
h0r crack inclination in the undeformed state
hr crack inclination in the deformed state
Dhr mean local rotation of the crack point location
Dhr;A,Dhr;B rotation of crack sides A and B, respectively
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reinforcement and digital fabrication methods [1,2]. Many
mechanical models have been proposed for these materials [3–7],
however, most of them lack direct experimental validation and
are maybe biased by the need to interpret the measured data [8].
Novel instrumentation techniques allowing distributed measure-
ments on the surface of and inside the structures have recently
been developed [9]. They provide much more detailed measure-
ments that reduce or even avoid the interpretation needed when
selective information is measured using conventional technologies.
These techniques have great potential to provide a better under-
standing of many mechanical phenomena on which there is still
no consensus in the research community. A key aspect in under-
standing the structural response of quasi-brittle materials, such
as concrete, mortar, or masonry, is the knowledge of crack mecha-
nisms. Most models, codes, and standards rely on characteristic
crack properties at the surface (width, slip, spacing, inclination,
length, etc.), sometimes taking into account through-thickness
variations with additional parameters [10]. For the validation and
further development of sound structural mechanical models, sur-
face crack measurements that allow several measurement stages
are required in most cases. This paper focuses on the automated
acquisition and evaluation of the crack behaviour using digital
image correlation, one of the most significant novel instrumenta-
tion techniques for the non-invasive measurement of full-field sur-
face deformations, which is currently establishing itself in many
research areas.

The oldest but still much acclaimed crack measurement tech-
nique consists of visual inspection in which crack patterns are
marked by eye inspection and the width of selected cracks are esti-
mated by visual comparison with printed line-widths (magnifiers
or crack loupes are used in certain cases to improve the resolution
of the measurement). For predefined crack locations, usually in
experiments dealing with isolated structural phenomena,
demountable mechanical strain gauges (DEMEC, [11]) can be used
to increase the accuracy of crack width measurements. This tech-
nique uses pre-installed discrete targets at test-specific locations
on the specimen’s surface, whose variation of relative distances
are tracked. By arranging these targets in a grid, cracks with a pri-
ori unknown locations can also be measured. This also allows mea-
suring crack sliding and compressive strains. However, these
manual techniques are prone to measurement errors and time-
consuming, which can affect the test procedure and also the struc-
tural behaviour in cases of loading rate dependencies. In addition,
measurements at (or close to) failure of elements with low defor-
mation capacity are usually missing due to the risk involved in
terms of safety for the personnel and damage to the equipment
[12]. These issues can be solved by using linear displacement sen-
sors (e.g. linear variable differential transformers (LVTDs) or elec-
trical strain gauges) or optical tracking systems (where the
displacement of markers glued on the concrete surface are mea-
sured using an active optical tracking technology). These measure-
ment technologies provide more accurate measurements but are
still limited to spatially discrete information. In order to overcome
these limitations, refined crack measuring techniques are required
in experiments with more complex crack patterns.

Image-based measurements are able to extract information
from surface images of structures. This instrumentation is contact-
less and thus only minimally affects the test setup. In terms of
crack measurements, there exist direct and indirect approaches
to obtain crack characteristics based on images. Direct image-
based crack measurements include image processing techniques
that are based on variation of greyscale or colour pixel intensities.
Indirect measurements, on the other hand, rely on results gener-
ated from digital image correlation in which spatial shifts of pixels
between the initial and deformed state are tracked by correlating
their subsets (array of neighbouring pixels). Both approaches
require high-resolution cameras for detailed crack pattern acquisi-
tion, as the image-based measurement technology depends on the
sensor resolution and the physical size of the area of interest.

Extracting cracks directly based on the pixel intensities is well
suited for the inspection of existing structures, since no reference
measurement of the undeformed state is required. This advantage
has been used by many researchers to develop automated crack
detection techniques using image processing methods. Such proce-
dures aim to gain more objectivity in the quantitative analysis
compared to the visual crack identification process by eye, which
is tedious and depends heavily on the specialist’s knowledge and
experience [12]. The standard architecture of such crack detection
algorithms consist of the image acquisition, followed by pre-
processing steps, crack detection methods, and crack feature
extraction [13]. There exist many different direct image-based
crack detectors, whose concepts are typically based on (adaptive)
thresholding, morphological operations, or deep learning tech-
niques [14–20]. After the cracks have been detected, crack features,
such as length, inclination, and in some algorithms also crack
width, are determined. Dare et al. [21] proposed a crack width
measurement approach based on the variation of pixel intensities
across cracks. Another method is provided by Shan et al. [22],
where crack widths are measured based on the minimum distance
of opposite crack lips extracted by edge detection algorithms.
These measurements are based on pixel intensities and can achieve
precisions more than an order of magnitude below the pixel size in
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controlled experiments and when using appropriate methods [22].
However, the smallest detectable crack width is somewhat smaller
than a pixel and can only be achieved under correct conditions;
under other conditions, it takes several pixel widths to reliably
detect a single crack [23]. As the crack detectors depend on the
lighting conditions and require a homogeneous appearance of the
uncracked areas with high contrast to the cracks, the specimen sur-
faces usually have to be painted in white. The paint, however, can
bridge cracks of small width due to its higher deformation capacity
compared to the tested material. Hence, image processing-based
procedures are only adequate in cases of high magnification of
single cracks and if the accuracy of crack width measurements is
secondary. It is important, furthermore, that this technique does
not permit crack slip measurements – which is particularly rele-
vant, for example, in experiments on aggregate interlock [24–26]
– and is therefore limited in its application.

In order to counteract the limitations of direct image-based
crack measurements, digital image correlation (DIC) has lately
been used to a greater extent to measure crack kinematics in lab-
oratory experiments. This technology provides highly accurate
(with noise below 1/100 pixels [9]) quasi-continuous (in time
and space) surface displacement measurements that can be used
for both, crack detection and crack kinematic measurements. Since
the obtained crack characteristics are no longer directly based on
pixel intensities but on DIC results, this method is classified as
an indirect image-based crack measurement. As with all image-
based technologies, the quality of such measurements depends
not only on the image resolution but also on the appearance of
specimen’s surface, the lighting conditions, and the user careful-
ness. DIC results are additionally very sensitive to other environ-
mental influences, such as vibrations or heatwaves. Nevertheless,
many researchers recognised the big potential of DIC for the accu-
rate measurement of cracks [10,27–35]. In applications where sin-
gle cracks are of interest, the crack locations and kinematics are
typically manually extracted, as in the cases of critical shear
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Fig. 1. Crack detection and crack kinematic measurement method proposed by Ruocci e
extraction at local maxima; (c) selection of reference points for the crack kinematic me
[10,27–31] and bending [32–34] cracks in beam tests or in tension
tests [35] of concrete elements. In these approaches, the cracks are
identified by focusing either at discontinuities in the displace-
ments or at peaks in the principal tensile strains. Usually, the crack
widths (and in some methods also the crack slips) are extracted by
means of manually defined virtual reference points which are
located at a small distance from the crack point facing each other.

If cracks and their kinematics are manually extracted from sur-
face deformation of DIC measurements, many useful information is
lost and there might be a tendency of measuring the widest cracks
at their largest openings, which biases the statistics in the case of
non-uniform cracks. In order to exploit the full potential of DIC
measurements and to avoid the subjectivity in selection of cracks
and reference points for the crack kinematic measurements, the
methodology is required to be more systematic and automated.
An attempt into this direction is provided by Mündecke and
Mechtcherine [36] who proposed a procedure suitable for direct
tension tests. They identified cracks and measured their widths
using the relative deformations in the direction of the applied ten-
sion between predefined section lines. Crack initiation was set to a
relative deformation of 0.025 mm, noting that this threshold
should be adjusted for other experimental setups. This approach
is not able to measure crack slip and is limited to tests with cracks
transverse to the measuring direction since the crack widths are
directly extracted from relative one-dimensional deformations.

Ruocci et al. [37,38] proposed a similar approach in which crack
points are detected by analysing independently several horizontal
measuring lines (Fig. 1a). The crack points are detected at local
maxima in the distribution of horizontal strains. They defined a
certain threshold for each measuring line above which all strain
peaks are treated as crack points. The thresholds are automatically
computed as the mean value plus one standard deviation (l +r) of
the longitudinal strain distribution in the particular measuring line
(Fig. 1b). This procedure is then repeated in all parallel measuring
lines of the data set. By linking successive crack points inside user-
) (c)
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t al. [38]: (a) horizontal strain field of beam test and measuring line; (b) crack point
asurement; (d) crack point linking within manually defined searching areas.
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defined searching areas, crack paths are traced (Fig. 1d). Based on
the two-dimensional surface displacement field information of
two reference points at the left- and right-hand side of the crack
point location (Fig. 1c), the crack widths and slips are extracted.
They applied this method to beam and shear wall experiments,
but did not address the underlying restrictions of the procedure
when used to investigate general cracks with varying inclinations,
spacings, and displacement directions: (i) the definition of the
strain threshold used for the detection of crack points in a measur-
ing line has no mechanical meaning, since the obtained value
depends not only on the crack kinematics, but also strongly on
the crack spacings; (ii) the crack detection method contains a
direction-dependency since only longitudinal deformations are
taken into account and therefore only cracks having a main open-
ing component in the longitudinal direction can be detected; (iii)
the proper extraction of crack entities by linking successive crack
points is limited to cases of simple and non-branching cracks
inside user-defined searching areas; and (iv) the determination of
the crack displacement vector and its decomposition into crack
width and slip is biased in regions with local rotations of the spec-
imen. Even though this method for the crack detection and crack
kinematics measurement is the most advanced so far, the afore-
mentioned weaknesses strongly limits its applicability to experi-
ments with more complex cracking behaviour.

2. Research significance

The present work proposes a fully automated crack detection
and crack kinematic measurement tool for laboratory experiments
instrumented with digital image correlation (DIC). DIC provides
highly accurate and quasi-continuous measurements of surface
displacements, allowing the detailed evaluation of the crack beha-
viour of quasi-brittle materials. However, existing methods to
automatically extract crack locations and crack kinematics mea-
surements from DIC results [36–38], are limited to simple crack
patterns (non-branching cracks and uniform crack displacement
directions) and to experiments without any rotation.
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Fig. 2. Concept of the automated crack detection and crack kinematic measurement pro
the detected crack pattern; (b) flowchart of the automated crack detection and measure
The herein presented technique addresses the strong limita-
tions of existing methods and uses general formulations in the
two-dimensional plane of the investigated surface deformations,
thereby allowing to detect cracks and to measure their kinematics
independent from the crack inclination and the crack displacement
direction. In addition, the presented crack kinematic measurement
technique is able to handle local rotations of the tested specimen,
which is particularly relevant for crack slip measurements, as these
are highly sensitive even to small rotations. The proposed method
extracts the crack pattern as skeletons using well-established
methods from image processing. This allows an accurate morpho-
logical characterisation of cracks, especially in the determination of
their inclination. In contrast to the large variety of existing crack
detectors, which rely on pixel intensities of true images to extract
crack locations at dark pixels [12,13], the presented crack detection
method relies on the DIC principle tensile strain field. Thus, the
detected cracks are directly linked to the measured surface defor-
mations, which allows the extraction of much finer cracks and
more reliable crack locations.

The proposed approaches and methods provide new application
possibilities, such as the accurate measurement of a complex crack
behaviour in large-scale tests with varying crack inclinations and
spacings and different crack displacement directions. The pre-
sented procedures are implemented in an open source software
tool containing a graphical user interface that guides and supports
the user in the crack selection, parameter control and the visualisa-
tion of the obtained results.

3. Description of procedure

3.1. Overview

The main concepts and steps of the automated crack detection
and crack measurement (ACDM) procedure are shown in Fig. 2b.
The specimen’s surface is instrumented with a DIC system that
tracks full-field displacements. Based on the acquired data, the
principal tensile surface strain field is computed, providing the
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cedure: (a) setup of structural concrete experiment [39] used as test case, including
ment (ACDM) and the DIC pre-processing steps.
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input for the crack detection algorithm. Cracks are detected in
areas with strains above a certain threshold. In the next step, crack
entities as thinned lines connected to skeletons are extracted using
morphological thinning. Finally, the crack kinematics (opening and
sliding) along the crack paths are extracted. In this step, a method
for determining the local crack inclination and the calculation of
the relative displacements of crack lips that accounts for local rota-
tions is used, as shown in Section 3.5. The algorithm can be applied
independently to individual measuring stages or to a complete
measurement series of a test where the cracks are only detected
once. The entire procedure runs fully automated in an open source
MATLAB tool (available at: https://gitlab.ethz.ch/ibk-kfm-public/
acdm/-/releases/v1.0) and allows the user to control parameters
in a graphical user interface. The following sections present the
concepts and steps of the proposed crack detection and crack kine-
matic measurement procedure in detail.

3.2. Input data

As already introduced in previous section, the input data for the
proposed procedure consists of the full-field displacement and
principal tensile strain fields obtained from digital image correla-
tion (DIC) instrumentation. It should be noted that the software
tool has been developed to read DIC data generated with the soft-
ware VIC-3D from Correlated Solutions Inc. [40], but could be
easily be adapted to other data structures.

DIC is a novel but already well-established optical method that
allows tracking the displacements of a surface based on pattern
matching of digital images [41]. The main advantage of DIC com-
pared to classical measuring techniques lies in its versatility. Since
the entire surface of the specimens is monitored, the extraction of
information can be tailored in the post-processing phase to the
actual structural behaviour. While two-dimensional DIC applica-
tions with a single camera are restricted to measuring plane sur-
faces parallel to the camera sensor subjected exclusively to in-
plane displacements, stereoscopic applications of DIC provide
three-dimensional information and can be applied with total
generality. The herein presented procedure is applicable for flat
surfaces instrumented either with two- or three-dimensional DIC,
however, all descriptions and measurements in this paper corre-
spond to stereoscopic DIC instrumentation.

To track pixel displacements between the acquired images,
unique correlation areas known as subsets with size ss (in pixels,
see Fig. 3a) are defined in the area of interest of the images at
the undeformed state. The centre of each subset (referred to as
measuring point, see Fig. 3a) is tracked in each successive pair of
images (deformed state) using image correlation algorithms. The
measured surface is typically painted white and speckled black
(see Fig. 3a) in order to minimise the noise of the subset correla-
tion, while keeping low the size of the subset. The spacing in pixels
between measuring points is referred in the following as step st
(see Fig. 3a). While a measurement point can be set at every single
pixel (step of one pixel), the results of consecutive pixels are not
independent as the respective subsets will almost be identical.
Therefore, it is common practice to set the step in the range of
1/2 to 1/3 of the subset size for standard applications [42]. How-
ever, for the purpose of the crack kinematic measurement with
the procedure presented in Section 3.5 it is important to have a fine
grid of independent DIC measurements. Hence, for the herein pre-
sented procedure it is recommended to use rather small subset
sizes and to set the step to a very small value (in any case not larger
than 1/6 of the subset size).

Once the displacements (in pixels) in each measuring point
have been tracked for all images, this information is translated into
global coordinates xyz by using an appropriate model of the optical
system, based on photogrammetry principles. The optical system
should be calibrated for each measurement, with the acquisition
of a number of images of a rigid calibration plate containing fidu-
cial points. It should be noted that the herein presented procedure
only uses the in-plane components of the flat measuring surface
despite that the displacement field is obtained three-
dimensionally. This is sufficient to measure crack widths and slips
(out-of-plane components of the crack kinematics are generally
low and not relevant for in-plane loading). The strain field is finally
computed in the post-processing from the measured displacement
field, following the principles shown in Fig. 3c. A rotationally sym-
metric centre-weighted Gaussian filter mask is typically applied to
smooth the local results of strains (see Fig. 3b). The size of the
smoothing group is defined by a user-specific filter f (defined in
number of measuring points).

The individual concepts of the proposed crack detection and
measurement method are presented in this paper with the help
of results from an experiment conducted by Häfliger et al. [39],
shown in Fig. 2a. A square concrete panel with 600 mm side length,
orthogonally reinforced with stirrups of diameter 10 mm and
8 mm in the particular directions, was subjected to diagonal ten-
sion F introduced by two 22 mm headed bars. The maximum
aggregate size of the concrete was 16 mm. One side of the panel
was instrumented with a 3D DIC system with an image resolution
of 2.63 pixel/mm. The correlation was carried out with the soft-
ware VIC-3D (Correlated Solutions Inc. [40]). The resulting complex
crack pattern is ideal for showing the high potential of the pro-
posed crack detection and crack kinematic measurement
procedure.
3.3. Crack detection

From a mechanical point of view, surface cracks are defined as
displacement discontinuities. A simple method for the automated
detection of crack locations based on DIC measurements is the
identification of crack points by a specific deformation onset.
Cracks can also be detected relying on strains calculated from the
DIC displacement field. Since the strain field of the specimen’s sur-
face has a certain resolution and is smoothed through the filter
mask, the actual displacement discontinuities at cracks result in
strain peaks with magnitudes related to the crack kinematics. It

https://gitlab.ethz.ch/ibk-kfm-public/acdm/-/releases/v1.0
https://gitlab.ethz.ch/ibk-kfm-public/acdm/-/releases/v1.0
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should be noted that existing automated crack detection
approaches are limited to extract crack points based on DIC infor-
mation at one-dimensional measuring lines, either relying on lon-
gitudinal displacements [36] or strains [37,38]. However, when
only using longitudinal information, cracks that open perpendicu-
larly to the measuring line cannot be detected and the detection
only yields information of independent crack points. Additionally,
tracing crack paths by linking successive crack points, as proposed
in [37,38] inside user-defined searching areas (see dark contours in
Fig. 1d), is hardly possible to be automated for complete crack pat-
terns with branching cracks. The direction-dependency and the
restriction to simple crack patterns of such methods strongly limits
their general applicability.

In order to overcome the aforementioned limitations, the herein
presented crack detection approach uses two-dimensional image
processing methods relying on magnitudes of principal tensile
strains, thus making the crack detection direction-independent.
The concept of extracting the crack pattern from the DIC principal
tensile strain field is shown in Fig. 4 and consists of thresholding
and morphological thinning to skeletons, with the latter being par-
ticularly important to clearly characterise and trace crack branches
(see Sections 3.4 and 3.5). Using a certain threshold Te1 (which
should be above the sum of the maximum elastic (uncracked) ten-
sile strains of the material and the measurement’s noise level), the
principal tensile strain field is binarised into high strain areas con-
taining the crack locations and low strain areas representing
uncracked zones. Hence, the smallest detectable crack width is
linked to the user-defined threshold value. Typical values of the
smallest detectable crack width will be discussed in Section 4.1.
The obtained high strain areas are then converted to skeletons
using morphological thinning operations from MATLAB’s Image
Processing Toolbox [44] in order to obtain well-defined crack lines.

The proposed approach can be applied independently at indi-
vidual measuring stages of a test, but (i) causes problems at high
crack widths since the correlation can be locally lost near cracks
– shown in Fig. 4 as white areas in the principal tensile strain fields
– and (ii) results in crack patterns that can be incoherent between
measuring stages. Regarding the first issue, directly performing the
detection with a measuring stage containing correlation losses
would lead to missing actual wide cracks and extracting fictitious
100
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Fig. 4. Details of crack detection procedure: thresholding of principal tensile strain field
crack line skeleton using morphological operations; labelling and smoothing of crack lin
cracks instead. Simply interpreting correlation losses as high
strains would be inappropriate, as they might also occur in
uncracked areas. Therefore, a practical solution to this issue has
been implemented for the case of progressive crack formation
(typically in monotonically loaded tests), consisting of detecting
cracks using previous measuring stages by combining the individ-
ual binarisation of high strain areas (refer to the combining step in
Fig. 4). The second issue is tackled by detecting the crack pattern
only once at a measuring stage representative of the stabilised
crack pattern, which is then used for the crack measurement in
all measuring stages. For convenience, the crack pattern skeleton
is always defined with respect to the undeformed state, whereas
the deformations are considered in the calculation of the crack
kinematics, as will be shown in Section 3.5. Crack initiation of each
crack point is determined based on the evolution of crack kine-
matic quantities through the measuring stages. Compared to
detecting cracks at individual measuring stages, this approach also
drastically reduces computation time.
3.4. Crack characterisation

In order to analyse quantitatively cracks in terms of their geo-
metrical and topological properties and their crack kinematics, it
is essential to divide the crack pattern skeleton into individual
traceable crack branches and to identify their connectivity. The
crack pattern skeleton is segmented in labelled crack branches
and nodes as shown in Fig. 4, using morphological filtering and
segmentation operations [44]. While this procedure would also
allow identifying and removing spurious unwanted small crack
branches, this feature is currently not included in the software tool.

An important characteristic in the automated selection of refer-
ence points for the calculation of the crack displacement vector
and its decomposition in crack width and slip (discussed in Sec-
tion 3.5) is the crack inclination. The determination of the crack
inclination should be carried out carefully, especially in experi-
ments on aggregate interlock, since most models for the stresses
transferred across cracks are very sensitive to small variations in
the crack kinematics [24,25,45]. The crack inclination of a crack
point in the undeformed state h0r is a property of the local crack line
b1
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shape. h0r is defined on the interval �p=2;p=2ð � as the angle
between the x-axis and the major axis of the ellipse that has the
same second moment of inertia as the crack part lying within a
user-defined crack inclination window of size iw (defined in num-
ber of measuring points) whose centre coincide with the particular
crack point (Fig. 5c). The size of the square crack inclination win-
dow is set by the user and can affect h0r and all values dependent
on it as shown in Section 4.2.
3.5. Crack kinematic measurement

Crack kinematics are the relative displacements of crack lips.
Generally, when crack kinematics are extracted from DIC results,
it is important to consider that displacement measurements at
points whose DIC subsets intersects the crack location are biased
(as will be discussed in Section 4.3). Therefore, the crack lip dis-
placements can only be accurately measured outside the immedi-
ate vicinity of the crack locations. When manually extracting crack
kinematics from DIC results, the crack lip displacements are usu-
ally defined by means of two reference points close to the crack
point that are approximately perpendicular to the crack inclination
and have a certain distance to each other. In such approaches, the
crack inclination is typically visually determined. In the automated
crack kinematic measurement method proposed by Ruocci et al.
[38], the two reference points are selected at the left- and right-
hand side of the crack point location. The separation of the points
is defined based on the longitudinal strains (i.e. the points are
located where the strains first intersect the mean strain value of
the measuring line, see blue markers in Fig. 1c). While this
approach implicitly attempts to avoid using biased points (i.e.
points with DIC subsets intersecting the crack lines), the automat-
ically computed separation lacks direct physical meaning and gen-
eral validity.

The characterisation of a crack lip displacement by a single ref-
erence point that has a certain distance to the actual crack location
and is approximately perpendicular to the crack inclination, has
proven to be useful in many applications, but leads to problems
in the case of local or global rotations of the specimen. Even though
in most applications such rotations are rather small and therefore
only minimally affect crack opening results, this effect becomes
significant when measuring crack slidings even for minor rota-
tions. In common test setups and DIC configurations, this false
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crack sliding reaches several tenths of a mm per degree of speci-
men rotation. The herein proposed method addresses this issue
and presents an automated rotation-independent crack kinematic
measurement procedure, illustrated in Fig. 5.

The crack displacement vector is calculated in a similar manner
to the method proposed by Campana et al. [46] for discrete surface
displacement measurements performed with demountable
mechanical strain gauges (DEMEC, [11]). Assuming rigid-body dis-
placements at both crack sides A and B in the vicinity of the crack
point location O, the crack lip displacements are defined with the
help of four close reference points (A1,B1,A2, and B2, see Fig. 5a)
in the DIC displacement field. It is noted that dealing with DIC data
allows a refined and more sophisticated selection of reference
points compared to the available discrete measurement point used
in [46]. The reference points in the herein presented procedure are
grouped into kinematic points (A1 and B1) and rotation points (A2

and B2). The kinematic points describe the rigid-body displace-
ments of the crack sides A and B. The rotation points are explicitly
used to define the rigid-body rotation of the respective crack side:

Dhr;A ¼ tan�1 a2 � a0
2

a2 � a0
2

� �
; Dhr;B ¼ tan�1 b2 � b0

2

b2 � b0
2

 !
ð1Þ

with a2 and b2 being the vectors from the kinematic points to the
rotations points in the undeformed state and a0

2 and b0
2 the same

vectors in the deformed state.
The kinematic and rotation points are selected among the avail-

able grid of measuring points to match best the following condi-
tions: (i) the kinematic points are set perpendicular to the crack
and spaced by d1; (ii) the rotation points are set parallel to the
crack and separated to the kinematic points by d2. While small
deviations of the ideal locations of these points do not affect the
accuracy of the crack kinematic measurements, it is hightly recom-
mended to use a fine grid of measuring points (obtained by com-
puting DIC with a small step size st). For defining these points,
the crack inclination in the undeformed state h0r is considered.

The crack lip displacements are then obtained using the follow-
ing expressions:

dA ¼ dA1 þ ðI2 � RAÞa1 ;dB ¼ dB1 þ ðI2 � RBÞb1 ð2Þ
with

RA ¼ cosðDhr;AÞ �sinðDhr;AÞ
sinðDhr;AÞ cosðDhr;AÞ

� �
;RB ¼ cosðDhr;BÞ �sinðDhr;BÞ

sinðDhr;BÞ cosðDhr;BÞ

� �
ð3Þ

as the in-plane rotation matrices, a1 and b1 the vectors from the
crack point to the kinematic points in the undeformed state, and
dA1 and dB1 the displacements at the kinematic points. Hence, the
crack displacement vector is defined as the relative crack lip dis-
placement of side B with respect to side A as illustrated in Fig. 5b,
i.e.:

d ¼ dB � dA ð4Þ
Assuming parallel crack lip planes, generally the crack displace-

ment vector d is inclined by ar with respect to the crack inclination
in the deformed state

hr ¼ h0r þ Dhr ð5Þ
where h0r is the inclination in the undeformed state with respect to
the x-axis (see definition in Section 3.4) and

Dhr ¼ ðDhr;A þ Dhr;BÞ=2 ð6Þ
is the mean local rotation of sides A and B (see Fig. 5b). The decom-
position of the crack displacement vector d into crack opening dn
and crack sliding dt is conducted with the following expressions:

dn ¼ sinðarÞk d k; dt ¼ cosðarÞk d k ð7Þ
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The proposed method determines properly the crack kinematics
while dealing consistently with local rotations of the specimen, as
long as the reference points characterise sufficiently the crack lips
displacements (i.e. if the region between the crack lip, the kine-
matic point, and the rotation point displaces as a rigid-body for
both crack sides). This assumption of rigid-body movement can
be considered fulfilled if the region is not disturbed by any crack,
since the deformations in uncracked areas of quasi-brittle materi-
als are typically much lower than the crack displacements. In Sec-
tion 4.3, the limitations of the crack kinematic measurement are
discussed, especially in applications with small crack spacings.

3.6. Data smoothing and visualisation

In addition to factors influencing the performance of the crack
detection and measurement technique presented above, the accu-
racy and precision of the detected crack locations and the crack
kinematic measurements is strongly dependent on the configura-
tion and uncertainty of the DIC data and the image resolution.
The quality of results can be improved by reducing the DIC noise
with the help of appropriate data smoothing. This section presents
several data smoothing tools that have been implemented in the
herein proposed method. These tools are divided into crack line
and crack kinematic smoothing operations. Additionally, several
automated data visualisations are shown.

Smoothing of crack lines is explicitly used for visualisation pur-
poses to obtain a more realistic representation of the crack line
without minor local arching. It has no influence on the crack incli-
nation nor on the crack kinematic measurements and can be easily
performed by a moving average filter of the coordinates of the
crack point locations. On the other hand, smoothing of crack kine-
matics must be conducted more carefully, since the independent
smoothing of magnitudes of crack openings and crack slidings
would disregard the fact that crack kinematics are direction-
dependent. Therefore, the implemented crack kinematic smooth-
ing tool filters the crack openings and slidings by means of the
xz-coordinates of the crack displacement vectors. The crack kine-
matic smoothing can be either conducted as a time filter over sev-
eral measuring stages or as spatial filter along the crack path. The
spatial smoothing operation is justified by the assumption of local
rigid-body movements of the crack lips.

Fig. 6 shows three automatically generated visualisations of the
crack pattern and the measured crack kinematics from the panel
experiment in Fig. 2a. The cracks are detected with the parameters
(a )b()

1

0

n [mm]
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F = Fult  202 kNF = Fult  202 kN

Fig. 6. Automated data visualisations: (a) crack pattern with crack opening measurem
magnified by factor 10); (b) crack pattern with full crack kinematic measurement represe
(c) crack displacement vectors of three successive measuring stages (crack kinematic m
specified in Fig. 7. The inclination window size iw is chosen equal
to one maximum aggregate size of the concrete (16 mm). The crack
kinematics are measured with d1 ¼ d2 ¼ 8:1mm (using the mini-
mum separation distance as will be defined in Eq. (9)) and
smoothed using a moving average path filter with span 5 (which
corresponds to 3.8 mm). Fig. 6a shows the crack locations and mea-
sured crack openings, magnified by factor 10, at ultimate load Fult.
Fig. 6b additionally indicates the local crack sliding to opening
ratio by colour. These two visualisations types represent single
measuring stages and mainly help to understand spatial variations
of crack mechanisms. On the other hand, Fig. 6c shows a detail of
the central crack indicating three different measuring stages and
the evolution of crack displacement vectors (in grey) within suc-
cessive stages (in red, starting with the crack initiation at
0:60 Fult ¼ 121kN), similarly as represented by Cavagnis et al.
[27]. The crack lines are indicated in black and the crack kinematics
are shown for the main crack in this window.

4. Measurement uncertainty

4.1. Performance of the crack detection

The performance of a crack detector is usually evaluated by
comparing its output to the real crack pattern. In the case of direct
image-based crack detectors (relying on the variation of pixel
intensities), the real crack pattern is represented by an ideal result
– often referred as the ground truth. This is most commonly
obtained from manual labelling [47], either on images or on the
specimen’s surface. For the evaluation of indirect image-based
crack detectors which relies on DIC information as the herein pro-
posed method, the manual labelling of crack locations is hindered
by the applied paint on the specimen’s surface (cracks cannot be
identified in dark speckles and the white base paint can bridge
cracks of small width). The manual labelling on images cannot be
used as the ground truth for the evaluation of DIC-based crack
detectors in large areas: the smallest identifiable crack width when
manually labelling cracks on the images is limited by the image
resolution, which is usually worse compared to the one provided
by DIC-based crack detectors (see Table 1.). While labelling on
the specimen’s surface allows identifying finer cracks, marking
the surface would hinder conducting further DIC measurements,
as the reference subsets would be distorted. A good alternative is
the extraction of the ground truth from the DIC results by labelling
crack locations using the DIC displacement or strain field. This
x

z

(c)

t n

-1

1

0

0

1

 [mm]

0.5

F Fult

F  F 0.80 ult

F  F 0.60 ult

 202 kN

 162 kN

 121 kN

ents indicated by line width at ultimate load Fult (crack opening measurements
ntation (colour represents crack sliding to crack opening ratio) at ultimate load Fult;
easurements magnified by factor 100).



100

4

)c()b()a(

x

z

area of interest
6.7 MP (2.63 px/mm)

panel

2

4

0

mm/m

Fig. 9/10

Fig. 8/11

ss =
 =st
 =   f

15 px
2 px
7    

T
1
 = 4 mm/m

Fult = 202 kN

Fult = 202 kN
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Table 1
Influence of strain filter size f on minimum detectable crack width (dn;min) and spacing (smin) for the particular case of the reference experiment in Fig. 7.

f 7 15 23 31

smin (Eq. (8)) 43.8 px
(16.7 mm)

66.5 px
(25.3 mm)

89.1 px
(33.9 mm)

111.7 px
(42.5 mm)

dn;min (empirical) 0.05 px
(0.02 mm)

0.10 px
(0.04 mm)

0.13 px
(0.05 mm)

0.18 px
(0.07 mm)
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analysis has been performed qualitatively by superposing the
detected crack patterns to the principal tensile strain field showing
excellent agreement (see Fig. 7a and c). However, the challenge is
that the strain field cannot properly represent the crack locations
in areas with closely spaced or converging cracks. In the following,
the performance of the herein presented crack detection procedure
is qualitatively evaluated for several DIC processing parameters
with the help of test results from the panel experiment described
in Section 3.2 and shown in Fig. 2a. In particular, the spatial accu-
racy of the detected crack intersections and the smallest detectable
crack spacing and width are discussed.

Fig. 7a shows the DIC principal tensile strain field e1 of the panel
at ultimate load Fult. This measuring stage shows a stabilised crack
pattern and is therefore suitable for the detection of cracks that are
used for the crack kinematic measurement of the entire experi-
ment. When selecting the DIC processing parameters, it should
be taken into account that a combination of a small subset, step
and strain filter sizes allows computing the strains over a very
small distance. Such a configuration provides distinct strain peaks
at the cracks, at the cost of typically high noise levels of the strain
measurement. As will be shown in the following, this is more ben-
eficial for detecting crack locations accurately than having a more
accurate strain field but with less distinct strain peaks. The best
crack detection results for this particular case have been found
using a DIC subset size ss of 15 px, a step st of 2 px and a strain filter
size f of 7 (corresponding to a filter mask of 5.3 � 5.3 mm). The
threshold of high strain areas Te1 in Fig. 7b has been set to
4 mm/m, which is above the sum of the measurement’s noise
and the elastic tensile strains of the material. In order to handle
the correlation losses at high crack widths (white areas in
Fig. 7a), high strain areas of 20 previous measuring stages have
been combined, as described in Section 3.3. The obtained crack pat-
tern skeleton in Fig. 7c is smoothed using a moving average crack
path filter with span 9. For the cracks lying within the marked win-
dows, detailed sensitivity analyses are performed in the following.

Fig. 8 shows the influence of strain filter size f with respect to
the smallest detectable crack spacing. Keeping all other parameters
constant, less distinct strain peaks and wider high strain areas
along the crack path can be seen when increasing f. Since the DIC
subsets and the filter masks are aligned with the xz-coordinates
and the investigated cracks have an inclination of about 45�
respect to the x-axis, the area of increased strains caused by the
cracks can extend over a maximum of

ffiffiffi
2

p
ððf þ 1Þ � st þ ssÞ. This

maximum span is used to define the smallest detectable crack
spacing:

smin ¼
ffiffiffi
2

p
� ððf þ 1Þ � st þ ssÞ ð8Þ

It should be mentioned, that the factor
ffiffiffi
2

p
in Eq. (8) is conser-

vative when using a typical filter mask with very little influence
of measuring points located at the corners of the filter mask (such
as the rotationally symmetric Gaussian filter herein used). Addi-
tionally, for high values of Te1 , the actual span of the detected high
strain area might be considerably smaller than the extension esti-
mated with Eq. (8). This can be illustrated with the example given
in Fig. 8. In this figure, the two parallel cracks in Section A-Â have a
separation of 25 mm. According to the smallest detectable crack
spacing given by Eq. (8), these two cracks should not be detectable
when using a strain filter size of 15 or higher (see Tab. 1). However,
the two cracks are still detectable up to a strain filter size of 23.



Fig. 8. Influence of strain filter size f on the strain variation across cracks and the
smallest detectable crack spacing.
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Only for a strain filter size of 31 the high strain areas of the two
cracks overlap leading to the detection of a false single crack in
the centre of the combined high strain area.

The phenomenon of misinterpreted crack locations can also be
observed in the case of converging cracks with similar inclination,
shown in Fig. 9. When approaching crack intersections, the crack
spacing decreases. Therefore, the localisation of such a point is less
accurate when using higher strain filter sizes. A successive shift of
the detected crack intersection towards the two converging crack
branches can be seen. Using a combination of a small subset, step
and strain filter size is highly advantageous for detecting closely
spaced cracks and in the precise determination of crack
intersections.

The minimum detectable crack width dn;min depends on the DIC
parameters as well as on the high strain area threshold Te1 . In gen-
7f = 15 23 31

x

z

10042 40

mm/m

Fig. 9. Influence of strain filter size f on the location of the crack intersection.
eral, it holds that with lower DIC parameters finer cracks can be
detected. This explains the decreasing length of the detected cracks
in Figs. 8 and 9 when using higher strain filter sizes. However,
defining an analytical expression for the smallest detectable crack
width is intricate, as it is affected by the weight functions of the
subset and filter mask. For this reason, the values for dn;min denoted
in Tab. 1 were empirically obtained. For the DIC configuration used
in Fig. 7, cracks with an opening larger than 0.05 pixels (which cor-
responds to 0.02 mm) are detected, which is significantly below
the image resolution. In order to keep the smallest detectable crack
width constant when increasing the strain filter size, the high
strain area threshold Te1 would have to be lowered. Such an
approach would be feasible due to the reduced noise when using
higher strain filter sizes. However, it is usually preferable to pro-
ceed with a configuration that includes a low strain filter size
allowing precise detection of closely spaced and converging cracks.

4.2. Accuracy of crack inclination

The crack inclination is used on the one hand to define the ref-
erence points and on the other hand for the decomposition of the
crack displacement vector into crack opening and sliding. As
described in Section 3.4, the crack inclination in the undeformed
state h0r is defined by using neighbouring crack points within the
crack inclination window of size iw. Fig. 10 shows the influence
of the crack shape and the size iw on h0r and the results for the crack
kinematic measurements at the ultimate load state. Three different
crack locations (see Fig. 10a, indicated by colour), which differ in
their local crack line shape, are analysed for 5 6 iw 6 37.

In Fig. 10c, it is shown that the size of the crack inclination win-
dow can significantly affect the crack inclination h0r : While with
iw = 5 the crack inclinations of the three investigated locations
are parallel to the x-axis, they vary for higher iw, depending on
their local crack shape. The green examination point is located at
a strong arching part of the crack, leading to significant changes
of the crack inclination with increasing iw. In contrast, the crack
inclination is only little affected in straight parts of the crack, such
as at the orange point. Since the four reference points for the crack
kinematic measurements are selected based on h0r (see Section 3.5),
strong changes in crack inclinations cause different reference
points being used when varying iw. Such changes of reference
points are shown in Fig. 10e, at points where the crack displace-
ment direction ar þ hr jumps. The crack displacement vector
slightly varies when using different reference points due to the
noise in the DIC measurements. The locations of all used reference
points throughout the variation of iw are indicated with black and
grey dots in Fig. 10a.

The decomposition of the crack displacement vector into crack
opening and sliding (see Fig. 10b and d) depends on the crack incli-
nation. For cracks with a main opening component and moderate
changes of h0r , mainly the crack slidings dt are affected by the
selected value of iw (see Fig. 10d).

4.3. Accuracy of crack kinematic measurements

The accuracy of the crack kinematic measurements depends on
the measurement uncertainty of the DIC instrumentation but also
on the ability of the measurement procedure presented in Sec-
tion 3.5 to reproduce the real crack lip displacements. The crack
kinematic measurement approach relies on the fundamental
assumption of rigid-body displacements at both sides of the crack
in the region between the crack lip, the kinematic point, and the
rotation point. This can only be guaranteed, if these regions, but
also the individual subsets of the reference points, are not dis-
turbed by any discontinuity (i.e. cracks). If these conditions are
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not satisfied, the calculated crack lip displacements might differ
significantly from the actual ones. In order to avoid that the subsets
associated to the measuring points intersect the crack to be mea-
sured, the minimum separation distance of the kinematic points
results in (derived for the critical crack inclination of 45� with
respect to the orientation of the subset):

d1;min ¼
ffiffiffi
2

p
� ss ð9Þ

Fig. 11 shows the result of the crack kinematic measurement
depending on the separation distance of the two kinematic points
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Fig. 11. Sensitivity analysis of the crack kinematic measurement: influence of the
separation distance of the two kinematic points d1 and the subset size ss on the
crack kinematic measurement (range of reliable results between d1;min (Eq. (9)) and
d1;max (Eq. (10)) is marked in black, biased values in red). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
d1 at a location of almost pure crack opening. The crack location is
inclined approximately with the critical angle of 45�. The measure-
ments are conducted for a DIC configuration with step size st of 2
and three different subset sizes (15, 31 and 45 px) at ultimate load
Fult. It should be mentioned that all crack kinematic measurements
shown in Fig. 11 were performed considering a unique crack pat-
tern (detected with ss = 15 px and f = 7). This allows neglecting
the influence of the subset size on the crack location (already dis-
cussed in Section 4.1). The separation distance of the rotation
points d2 has been set to the constant value of 20 px (corresponds
to 8 mm).

For values of d1 below the minimum separation distance d1;min

according to Eq. (9), the subsets of the kinematic points intersect
with the crack. This explains the underestimation of the true crack
width dn, which is about 0.24 mm. For d1 > d1;min, the crack kine-
matic measurements remain almost exactly constant at the true
value until the subsets intersect with the closely spaced parallel
crack at the right side (which contains a significant sliding compo-
nent). The onset of this influence depends again also on the subset
size ss and is given by

d1;max ¼ 2 � s�
ffiffiffi
2

p
� ss ð10Þ

with s being the crack spacing. Biased values are marked in red. In
the measurement obtained with ss = 15 px, the crack kinematic
measurements are thus distorted for d1 greater than 39.9 mm (part
of the kinematics of the adjacent crack are taken into account),
which is well shown in Fig. 11. For ss = 45 px, there is no plateau
at the true crack kinematics, since the minimum separation dis-
tance d1;min of 24 mm coincide approximately with the crack spac-
ing (i.e. d1;min � d1;max). Hence, the applicability of the crack
kinematic measurement procedure is limited in the case of closely
spaced cracks and thus also in the region of crack intersections. In
practical applications, it is proposed to perform the crack kinematic
measurement with d1 ¼ d1;min. The use small sparation distances
reduces the probability of interferences due to near cracks and
keeps the bias caused by the consideration of elastic strains of the
material in the crack kinematic measurement as low as possible.

All reliable measurements in Fig. 11 (i.e. d1;min < d1 < d1;max) are
marked in black and are very stable. Although in this measuring
stage one crack lip is slightly rotated (� 0.1� with respect to the
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undeformed state), the crack kinematic measurements remain
nearly constant for increasing d1. As discussed in Section 3.5,
approaches that do not consider such rotation would provide sig-
nificantly biased measurements for the crack sliding component
(in this example, the incorrect crack sliding component would
amount to � 0:001 � d1 if crack lip rotations were ignored).

The crack kinematic measurement uncertainty that is linked to
the uncertainty of the DIC measurement can be determined by
means of a Zero Strain Test (ZST) as proposed in [9] (see Fig. 12).
This test is conducted prior to loading by moving the specimen
slowly without applying any deformation (rigid-body motion).
The obtained measuring series combined with a random but repre-
sentative crack pattern allows characterising the uncertainty of the
crack kinematic measurements. In this case, the final stabilised
crack pattern from Fig. 7c was used as representative crack pattern
(see Fig. 12b). The root-mean-square error (RMSE) of the crack
kinematic measurement can be quantified analogously to the
uncertainty quantification of general displacement measurements
proposed by the Association of German Engineers [48], by the fol-
lowing expression:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
q¼1

ðdn;q2 þ dt;q
2Þ

vuut ð11Þ

where dn;q and dt;q denote the measured crack opening and sliding
component at each crack point of the applied crack pattern.
Fig. 12a shows the RMSE of the crack kinematic measurement per

measuring stage of the ZST and the mean displacement D
�

of the
specimen. For this analysis, the measurements were performed
using d1 ¼ d2 ¼ d1;min. The RMSE for subset size ss = 15 px at maxi-

mum mean displacement (D
�
� 148 mm) remain below 0.02 px

(which corresponds to 0.008 mm). When using higher subset sizes,
the noise level is significantly reduced (in the case of ss = 45 px to
approximately 0.0025 mm). It should be mentioned that the RMSE
reflects the global uncertainty over the entire specimen and that
the measurement bias can be easily one order of magnitude larger
locally (most pronounced at locations far away from the centre of
field of view) [9]. In general, the measurement uncertainty
increases with the specimen displacement D due to inevitable
residual imperfections in the system calibration leading to fictitious
deformations (see spatial distribution of D in Fig. 12b). Thus, a
proper calibration is crucial for a high quality of the crack kinematic
measurements.
5. Conclusions

The understanding of the crack behaviour is essential in the val-
idation and further development of structural mechanical models
for quasi-brittle materials, such as concrete, mortar, or masonry.
This paper presents a crack detection and crack kinematic mea-
surement tool that provides a fully automated method for the
accurate acquisition and evaluation of the crack behaviour in struc-
tural experiments instrumented with digital image correlation
(DIC). While conventional crack measurement techniques, such
as the visual inspection, demountable mechanical strain gauges
or linear displacement sensors only provide spatial discrete infor-
mation, DIC measurements provide highly accurate quasi-
continuous (in time and space) information of surface deforma-
tions. In order to exploit the full potential of DIC measurements,
the extraction of crack locations and crack kinematics measure-
ments from DIC results is required to be systematic and auto-
mated. First attempts into this direction are provided by
Mündecke and Mechtcherine [36] and by Ruocci et al. [37,38], with
their method being limited to detect individual independent crack
points and therefore only applicable to simple crack patterns with
non-branching cracks and uniform crack displacement directions
in experiments without any rotation.

In the present approach, the crack pattern is extracted as skele-
ton from DIC results by using well-established methods from
image processing. The cracks are detected as thinned traceable
lines in areas with principal tensile strains above a certain thresh-
old by applying morphological thinning - showing an excellent
agreement with the physical crack pattern. In contrast to direct
image-based crack detectors that rely on the variation of pixel
intensities of true images, the proposed DIC-based method directly
links the detected cracks to the measured surface deformations,
thus allowing the extraction of much finer and more reliable
cracks. Moreover, the use of principal tensile strains has the advan-
tage that cracks are detected independently of the crack inclination
and the crack displacement direction. The comparison to physical
crack patterns shows the excellent performance of the crack detec-
tor, even with a strain threshold one order of magnitude larger
than the maximum elastic tensile strain of the material. Cracks
with a minimum opening of 0.05 px (corresponds to 0.02 mm for
an image resolution of 0.38 mm/px, which can be obtained in a
2 m field of view using the DIC instrumentation used herein) can
be detected. This is up to 100 times smaller than the smallest
detectable crack opening of direct image-based crack detection
techniques.
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The crack kinematic measurement technique uses general for-
mulations in the two-dimensional plane of the investigated surface
deformations, thus allowing reliable measurements of full crack
kinematics (opening and slip) for any crack inclination. It is con-
ducted at each crack location by tracing the crack path and relying
directly on the DIC displacement field. The crack displacement vec-
tor in each crack point is obtained with in total four reference
points: the crack lip displacements are computed each by two
close reference targets assuming a rigid-body displacement in
the vicinity of the crack lip. This procedure takes into account local
rotations of the specimen, which would otherwise – if the crack
kinematics had been characterised using only two reference points
– severely biases the results, particularly of crack slidings. The
obtained crack displacement vector is decomposed into crack
opening and sliding with the help of the local crack inclination –
characterised by the local crack line shape - and the mean rotation
of both crack lips. The uncertainty of the crack kinematic measure-
ment has been quantified with the help of a Zero Strain Test. For
appropriate DIC configurations, it amounts to less than 0.02 px
(corresponds to 0.008 mm in the setup used herein), which is more
precise by an order of magnitude when compared to direct image-
based crack kinematic measurement techniques that rely on the
variation of pixel intensities of true images. Moreover, direct
image-based methods do not allow for crack slip measurements
and are therefore strongly limited in their application.

The main novelty of the proposed procedure in contrast to
existing automated crack measurement methods relying on DIC
results lies (i) in the application of image processing operations
for the extraction of a skeletonized crack pattern with traceable
crack lines, and (ii) in the general formulation of the crack kine-
matic measurement technique, which allows the accurate mea-
surement of a complex crack behaviour in large-scale tests with
varying crack inclinations and crack displacement directions and
different local rotations of the tested specimen.

While the proposed crack detection and measurement algo-
rithm works perfectly for non-branching and well-separated
cracks, it has been shown that the crack detector fails for very
closely spaced cracks and in areas near crack intersection due
to overlapping high strain areas caused by the individual cracks
or crack branches. A more refined crack detector that takes into
account the local variations within the high strain area would
increase the accuracy of crack locations and avoid the aforemen-
tioned problems. Additionally, the identification and removal of
spurious unwanted minor crack branches would improve the per-
formance of the crack detector. However, even if the crack loca-
tions are extracted very accurately, the crack kinematic
measurements at locations with closely spaced cracks and crack
intersections may be biased depending on the configuration of
reference points. Reliable results can only be obtained if the
regions on both crack sides between the crack lip and the refer-
ence points move as rigid bodies (i.e. if these points, including
their individual DIC subsets are not disturbed by other cracks).
The automatic identification of the reliable crack kinematic mea-
surements is not included in the present tool and should be
addressed in future works to allow for statistical analyses without
the risk of using biased measurements. The use of proper statisti-
cal evaluation tools will be essential for the consolidation of the
very detailed data provided by the presented tool into more
understandable characteristic values, particularly when analysing
large-scale experiments.
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