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A B S T R A C T   

The accurate extraction of the crack patterns and measurements of crack kinematics are essential for under
standing the mechanical behaviour in experiments on structural concrete as well as in the validation and further 
development of sound mechanical models. This paper presents important refinements of the authors’ recently 
published automatic crack detection and measurement procedure (ACDM) based on surface displacement 
measurements obtained with digital image correlation (DIC). The proposed refinements are crucial for reliably 
assessing the crack behaviour in large-scale experiments with complex crack patterns, since the original methods 
of ACDM may fail or result in biased measurements at locations with closely spaced cracks, crack intersections or 
cracks with high morphological curvature. The main refinements are (i) a Canny edge-based crack detector, 
which is applied on the DIC major principal strain field and (ii) enhancements in the crack kinematic mea
surement to assess the reliability of the results. The latter includes the automatic selection of optimum reference 
points used in the crack kinematic measurement to increase its reliability and remove uncertain results. The 
refined ACDM procedure is validated using several large-scale 2.0 × 2.0 m shear panel experiments with highly 
complex crack patterns. Compared to the original ACDM, significantly thinner cracks can be detected with a 
much higher reliability of crack locations and crack kinematic measurements, particularly close to crack in
tersections and at closely spaced cracks. Additionally, two approaches for the statistical consolidation of the large 
amount of gathered data into characteristic crack properties in large-scale homogeneous concrete element ex
periments are proposed and compared. The results show that the statistical consolidation of the ACDM data using 
a 95%-quantile match well with the direct extraction of the best-fit homogeneous crack properties from the full- 
field DIC displacements. The consolidated data provides highly valuable insight into the mechanical behaviour, 
especially regarding crack phenomena.   

1. Introduction 

The knowledge of crack behaviour is crucial for understanding the 
highly non-linear structural response of concrete. Most mechanical 
models for concrete walls and shells rely on crack characteristics that 
consist of the orientation, width, slip and spacing of cracks. These crack 
characteristics generally vary across the thickness of an element, even 
under pure in-plane shear loading, e.g. due to the discontinuous nature 
of the reinforcement. While such variations could theoretically be 
accounted for [1], mechanical models commonly neglect through- 
thickness variations [2–7]. Accordingly, direct experimental validation 
of crack phenomena in these models can be carried out based on crack 
kinematic measurements on the surface. Novel instrumentation tech
niques allowing distributed measurement of surface displacements (and 

strains inside the structure) have recently been developed [8]. They 
provide detailed information on the specimen’s deformation by means 
of highly accurate measurements of surface displacements with full-field 
high-resolution digital image correlation (DIC). With this technique, 
subjective interpretation of measured data is reduced or even avoided 
compared to conventional technologies where only selective discrete 
measurements are available [9]. The authors recently presented a pro
cedure for the fully automated detection of crack locations and mea
surement of crack kinematics from quasi-continuous surface 
displacement measurement using DIC [10]. In that procedure, called 
ACDM for “automated crack detection and measurement”, the crack 
pattern is extracted as a skeleton from the major principal strain field 
using well-established methods from image-processing. At each detected 
crack location, the crack width and slip are measured by referring to the 
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local crack inclination and analysing the local rigid motions of both 
crack faces. Consequently, the method consistently accounts for local 
rotations of the specimen (which becomes particularly significant in 
bending tests, for example). The procedure represents a systematic and 
fast extraction of the local crack behaviour with high spatial and tem
poral resolution. The application of the ACDM tool has already led to 
significant findings in several studies on the mechanical behaviour of 
structural concrete with conventional and non-conventional reinforce
ment, such as fibre or textile reinforcement, at the Chair of Concrete 
Structures and Bridge Design, ETH Zurich [8,11–15] as well as else
where [16,17]. However, it has been shown that the method may fail or 
result in biased measurements in large-scale experiments with a complex 
crack pattern at locations with closely spaced cracks, crack intersections 
or cracks with high morphological curvature. 

This paper focuses on several important refinements to the original 
methods of ACDM proposed in [10] regarding an improved crack de
tector and enhancements in the crack kinematic measurement, which 
includes the assessment of the measurement reliability. The accurate 

detection of crack patterns and the reliable measurement of crack ki
nematic components (width and slip) are crucial, especially when sta
tistically consolidating the detailed data into more understandable 
characteristic values. 

An automated method for acquiring the crack behaviour and the 
proper statistical evaluation is indispensable in large-scale experiments, 
where the crack pattern is usually complex and hard to predict. Such 
experiments form the basis for reliable testing, where the specimen size, 
reinforcement, static system and loading type are representative of real- 
life structures. They contribute significant new knowledge of the me
chanical behaviour of structural concrete, such as the shear behaviour of 
girders, which usually cannot be achieved with standard tests [9,11,18]. 
On the other hand, the evaluation of the crack behaviour in specimens 
with increased size and higher complexity of the crack pattern requires 
more effort and advanced instrumentation techniques. 

Conventional manual crack measurement techniques, such as the 
visual inspection by eye, where crack widths are estimated by compar
ison with printed line widths, demountable mechanical strain gauges 

Fig. 1. Concept of the refined crack detection procedure: (a) setup with speckled surface of large-scale Panel Test PT-1 [18] used as test case; (b) window selected to 
illustrate the details of the crack detector including the “manually” extracted crack pattern (by human eye); (c) DIC definitions; (d) magnitudes (in colour) and 
directions of the major principal strains; (e) details of the proposed Canny edge-based crack detector applied on DIC results; (f) thresholding-thinning crack detector 
proposed in [10]; (g) detected cracks compared to the manual extraction as ground truth. 
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(DEMEC, [19]) or crack loupes, usually fail to capture the crack 
behaviour in large-scale experiments. They have a highly limited reso
lution in space and time, are prone to measurement errors and are 
extremely time-consuming, which can affect the test procedure and also 
the structural behaviour in cases of loading rate dependencies [10]. 
Other techniques, such as linear displacement sensors (e.g. LVTDs), 
active optical tracking systems using markers glued on the concrete 
surface or image-based crack measurement methods that rely directly on 
the pixel intensities, affect the test procedure less. Nevertheless, they are 
either also extremely laborious and only provide spatial discrete infor
mation, or limited to cases with wide cracks where no crack slip mea
surements are required. In many applications, however – especially in 
experiments that focus on aggregate interlock [11,20–23] – accurate 
crack slip measurements are of particular relevance and thus 
indispensable. 

DIC counteracts these limitations by providing highly accurate quasi- 
continuous (in time and space) surface displacement measurements, 
from which crack locations and full crack kinematics (crack width and 
slip) can be extracted by applying appropriate methods. In DIC, 
measuring points – defined as the centre of unique correlation areas 
called subsets – are tracked by image correlation algorithms (Fig. 1(c)). 
In many applications, the crack behaviour is still manually extracted 
from DIC results by visually focusing either on discontinuities in the 
displacements or on peaks in the major principal strains, and referring to 
manually defined virtual reference points, which are located at a small 
distance on opposite sides of the crack at the considered point [24–36]. 
Such manual procedures are highly time-consuming in large-scale ex
periments and often lack a consistent and systematic approach, resulting 
in loss of valuable information and potentially biased interpretations. 
On the other hand, the few approaches currently available for the sys
tematic and automated detection of crack locations and measurement of 
crack kinematics, apart from the method refined in this paper, are 
limited to simple crack patterns with straight, parallel, non-branching 
cracks [37–39]. 

The herein proposed refinements of ACDM aim at providing a fully 
automated tool for the accurate acquisition and evaluation of the crack 
behaviour in large-scale concrete experiments with complex crack pat
terns. The concepts and methods are presented using the DIC results of 
two large-scale 2.0 × 2.0 m concrete panel experiments with orthogonal 
reinforcement and normal strength concrete, conducted in the Large 
Universal Shell Element Tester LUSET [18]: PT-1 [18] with a thickness 
of 0.27 m and rather high amounts of reinforcement (ρx = 2.33% and 
ρz = 0.86%) and SL-1 [11] with a thickness of 0.35 m and light rein
forcement (ρx = 0.90% and ρz = 0.22%), both loaded in pure in-plane 
shear. An additional test with smaller dimensions is used for compari
son and to demonstrate the general applicability of the proposed 
methods. This is a tension chord test (CTC-7 [40]) with dimensions 
measuring 780 × 150 × 150 mm, reinforced with one single reinforcing 
bar Ø18, subjected to tension. While mechanical models typically as
sume cracks in panels and tension chords to have a constant opening 
over their length, the actual crack patterns in the selected tests were 
complex and included cracks with significant variations of crack width 
and slip. Hence, the conducted validation covers other loading condi
tions leading to cracks with variable openings (e.g. bending tests). 

The last section of this paper deals with the extraction of charac
teristic crack properties (width, slip, inclination, spacing) in large-scale 
concrete element tests, which are homogeneous in terms of loading, 
boundary conditions, geometry, material and reinforcement (e.g. the 
shear panels PT-1 and SL-1). Such results are highly relevant as they 
provide crucial information for understanding the mechanical behav
iour and allow a direct model verification. For this purpose, two statis
tical approaches are proposed:(i) the consolidation of crack information 
obtained with the refined ACDM, and (ii) the direct extraction of the 
best-fit homogeneous crack properties from the full-field DIC 
displacements. 

2. Refined automatic crack detection and measurement ACDM 

2.1. Overview 

The refinements to the automated crack detection and measurement 
(ACDM) procedure presented in [10] concern neither the overall 
concept of ACDM nor its processing steps, which can be summarised as 
follows: The input data of ACDM are the full-field displacement and 
major principal strain measurements of several measuring stages ob
tained from digital image correlation (DIC) instrumentation. The crack 
detection algorithm extracts traceable crack line skeletons in the major 
principal strain field using the principles of Canny edges [41], either 
independently for individual measuring stages or for a complete mea
surement series where the cracks are only detected once. The crack ki
nematics vectors are computed along the crack paths for each measuring 
stage based on the local displacements of the crack faces. Finally, they 
are decomposed into crack widths and slips using the computed local 
crack inclinations. 

The refinements presented in this paper concern the methods of 
crack detection and crack kinematic calculation, which are outlined in 
the following sections. In addition, a new approach to compute the 
measurement reliability in ACDM is derived. These methods allow the 
accurate and detailed analysis of the crack behaviour in general exper
iments on brittle materials instrumented with DIC, even in large-scale 
experiments with a complex crack pattern (consisting of non-uniform 
branching cracks with intersections, close spacings and high morpho
logical curvatures). 

Just like the original ACDM, the entire refined procedure is imple
mented in an open-source MATLAB tool with a user-friendly graphical 
user interface (available at: https://gitlab.ethz.ch/ibk-kfm-public/acdm 
/-/releases/v2.0). The software has been developed to read DIC data 
generated with the software VIC-2D and VIC-3D from Correlated Solu
tions Inc. [42]. However, full-field 2D or 3D DIC data from any other 
processing software can also be used in ACDM, provided that the data 
are converted to the format of VIC. 

2.2. Crack detection 

Surface cracks are defined as discontinuities in displacements rela
tive to an initially uncracked state. These displacement discontinuities 
result in peaks in the strain field with theoretically infinite magnitude. 
Due to the discrete displacement measurements obtained with DIC, the 
strains at cracks are finite, with magnitudes related to the crack kine
matics. This relationship is used in several studies to detect cracks in 
experiments that are instrumented with DIC. However, in most cases this 
is carried out in a manual manner (e.g. [24–36]). Simple automated 
crack detectors (such as e.g. [37–39]), which extract crack locations 
from strain magnitudes in one defined direction, fail to capture a crack 
pattern that consists of cracks with different orientations and opening 
directions. The detection of general crack patterns thus requires an 
orientation-independent analysis, which can be achieved by referring to 
major principal strains and using two-dimensional image-processing 
techniques. In Fig. 1(e), the major principal strain magnitudes and di
rections of a small window of the area of interest at the failure load of the 
large-scale shear panel experiment PT-1 (Fig. 1(a)) are shown. These 
strains were obtained using a rotationally symmetric centre-weighted 
Gaussian filter of size 7 to smooth the local strains and reduce the 
measurement noise. Complete details on the DIC configuration can be 
found in Appendix C. The use of rather small subset, step and filter sizes 
has been suggested in order to maintain high spatial resolution [10]. 
However, it must be considered that this is accompanied by an increased 
uncertainty in the displacements [8]. 

The crack detector proposed in [10] represents the first attempt to
wards an orientation-independent DIC-based crack detection. In this 
method, high strain areas indicating crack locations are defined by 
thresholding the magnitudes of the major principal strains (Fig. 1(f)). 
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The threshold Tε1 of high strains is chosen to be clearly above the sum of 
the maximum tensile cracking strain of the material and the measure
ment uncertainy level. For a given test setup and DIC configuration, the 
uncertainty of strains is quantified according to the procedure proposed 
in [8]. For the experiment shown in Fig. 1, the uncertainty of strains is 
0.7‰ (see Appendix C) and the threshold of high strains is set to Tε1 =

4‰ (the maximum tensile cracking strain is approximately 0.2 ‰ [11]). 
In the next step, the obtained high strain areas are thinned to crack line 
skeletons using morphological thinning operations. With this crack de
tector, it was possible to detect a general crack pattern for the first time. 
However, it has been shown that this approach detects spurious crack 
locations in areas of closely spaced cracks and crack intersections due to 
overlapping high strain areas. This phenomenon is shown in Fig. 1(g) by 
comparing the results to the manually extracted crack locations, where 
the cracks were marked by thoroughly examining the image section and 
taking special care whilst defining the cracks. It should be noted that the 
manual labelling of cracks in images is limited to cracks with a minimum 
width that is significantly above the smallest detectable crack width of 
DIC-based crack detectors (usually more than a magnitude [10]). 
Therefore, the locations of the crack ends differ strongly. Nevertheless, it 
is recognised that the crack detector fails in many cases when two cracks 
are close to each other, and poorly predicts the crack branching points. It 
is also mentioned that lowering Tε1 would drastically increase the 
number of undesired spurious cracks. The refined crack detector pro
posed in this paper improves the original method by taking into account 
the local variations of strains within the high strain area. Rather than 
following a thresholding-thinning approach, the procedure directly ex
tracts cracks as ridges in the major principal tensile strain field using the 
well-established principles of Canny edges [41] (Fig. 1(e)). Ridges are 
measuring points with strain magnitudes that are maximal compared to 
the two direct neighbours in the rounded major principal strain di
rections. Thus, all non-maximum strains are suppressed. Next, all 
spurious ridges with low strain magnitudes caused by noise are filtered 
out. This is accomplished by double-thresholding with a user-defined 
lower (Tε1,inf ) and upper (Tε1,sup) threshold, where at first all ridges 
with strain magnitudes below Tε1,inf are removed. The remaining ridges 
are then analysed as entities of connected ridges. Each entity must 
include at least one ridge point with a strain magnitude greater that 

Tε1,sup in order to be preserved. Otherwise, all ridge points of the entity 
are removed. Best results were obtained with a lower threshold Tε1,inf 

approximately equal to the sum of the maximum tensile cracking strain 
of the material and the measurement uncertainty level, and the upper 
threshold Tε1,sup being four times higher. In Fig. 1(e), the thresholds were 
thus set to Tε1,inf = 1‰ and Tε1,sup = 4‰. The last step consists of thin
ning the ridge points into traceable crack lines and linking branches to 
better represent the physical crack pattern (with many branches being 
actually linked). 

Compared to the thresholding-thinning approach in [10], the herein 
proposed Canny edge-based crack detector extracts the crack locations 
much more accurately, especially at crack intersections and in areas of 
close cracks (Fig. 1(g)). Furthermore, much finer cracks are detected. In 
Fig. 1, the finest identifiable cracks with the thresholding-thinning 
approach induce strains of 4‰, whereas the present refined crack de
tector extracts cracks with four times lower strains. In the particular case 
shown in Fig. 1, the minimum detectable crack widths are approxi
mately 0.08 px (0.03 mm) for the thresholding-thinning crack detector 
and 0.02 px (0.007 mm) when applying the Canny edge-based crack 
detector. 

2.3. Crack kinematic measurement 

2.3.1. State of the art 
The crack kinematic vector describes the relative displacement of the 

two crack faces. In many existing manual and (semi-)automated 
methods for extracting crack kinematics from DIC measurements, the 
crack face displacements are defined using one or several reference 
points in each crack face’s vicinity [10,24–39]. These techniques assume 
that the regions spanned by the crack face and the reference points 
(including their DIC subsets) are rigid. This assumption is justified as 
long as this region is uncracked, as the deformations in uncracked areas 
of quasi-brittle materials are orders of magnitude smaller than the crack 
kinematics. It should be mentioned that when using a single reference 
point on either side of a crack, accurate results are only obtained if the 
displacements consist of pure translations, since even small rotations 
bias the crack face displacements significantly [10]. This effect is 
aggravated by the fact that the reference points cannot be selected too 

Fig. 2. Details of the refined crack kinematic measurement procedure at crack point i: (a) crack face displacements by means of the best-fit rigid displacement of 
reference points; (b) displacement residuals of the reference points; (c) the four possible setups of the reference points (I-IV) from which the optimum (with smallest 
residuals) is automatically selected to compute the crack kinematics; (d) definition of the crack inclination in the undeformed state θ0

r,i (according to Gehri et al. [10]); 
(e) regions of required rigidity; (f) decomposition of the crack displacement vector δi into crack opening δn,i and sliding δt,i components (crack width and slip). 
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close to the crack face since DIC displacement measurements near cracks 
are biased due to intersections of their subsets with the crack itself (see 
Section 2.3.4). Therefore, in most applications, only approaches that use 
at least two reference points on each side of the crack and accounts for 
local rotations of crack faces, such as e.g. [34,36], are applicable. 

The first fully automated crack kinematic measurement procedure 
for DIC results that consistently accounts for local rotations was pro
posed in [10]. It uses the main principles of the method presented by 
Campana et al. [43], who developed it for displacement measurements 
obtained with a DEMEC [19] device on discrete metallic targets glued to 
the specimen surface. In [10], two reference points on either crack side 
of a crack point are used to describe the crack lip displacements. The 
reference points are selected based on the local crack inclination in the 
undeformed state θ0

r,i, with the first reference point set in a user-defined 
distance perpendicular to, and the second parallel to θ0

r,i. The crack 
inclination in the undeformed state θ0

r,i is defined by means of the major 
axis of the ellipse that has the same moment of inertia as the undeformed 
crack part lying within a user-specified window of size iw (defined in 
number of measuring points), with its centre at the particular crack 
point i (Fig. 2(d)). The positive directions of θ0

r,i are counterclockwise. 
The total four reference points used in [10] to compute the crack kine
matic vector correspond to Ai1, Aim, Bi1 and Bim in Fig. 2(a). The first two 
reference points, Ai1 and Bi1, describe the translations of the particular 
crack sides, while Aim and Bim are only used to define (and eliminate) 
rigid body rotations. 

For complex crack patterns, the fundamental assumption of a rigid 
body for the region spanned by the crack faces and the reference points 
(including their subsets) that characterise the crack face displacement is 
often violated [10]. In the following, this region is called the region of 
required rigidity (Fig. 2(e)). On either crack side, it consists of the convex 
hull of the reference points’ subsets and the crack point Oi. Especially in 
areas with closely spaced cracks or crack intersections, as well as for 
cracks with high morphological curvature, the region of required rigidity 
is often intersected with cracks, and thus deforms as a non-rigid body. 
Therefore, the extrapolation of crack face displacements from the 
reference points may lead to biased values that cannot be filtered due to 
the lack of information on the measurement reliability. A proper sta
tistical evaluation, however, requires the suppression of biased results. 
In many analyses, such as the computation of the total crack area, the 
biased results should be substituted with an estimated value based on 
available reliable data. The latter process is known as data imputation 
and is discussed in Section 2.3.5. 

2.3.2. New method 
In this section, an approach for the crack kinematic measurement at 

each of a total of n detected crack points is proposed. Besides improving 
the accuracy of the crack kinematics measurement with respect to 
existing methods [10,24–32,37–39], the approach allows assessing the 
reliability of each measuring point. These improvements are achieved by 
analysing a set of m reference points on both crack sides for each crack 
point. The reference points are located at a distance d1/2 from the crack. 
The best-fit rigid body displacements of the set of reference points are 
computed, and the crack face displacements are extrapolated from these 
(Fig. 2(a)). 

Analogously to the original method in [10], the reference points on 
both crack sides A and B of crack point i, Ai1,…,Aim and Bi1,…Bim, are 
selected among the available grid of measuring points according to the 
local crack inclination in the undeformed state θ0

r,i (see Section 2.3.1). 
Ai1 and Bi1 are set perpendicular to θ0

r,i at a distance d1/2 from the 
location of the crack point Oi. The remaining reference points trace the 
gridded line parallel to θ0

r,i with length d2 on both crack sides (Fig. 2(a)). 
In the following, the computation of the crack face displacement for 

crack side A is described. Note that the same applies to crack side B by 
replacing the corresponding variables and indices in the formulas. The 

best-fit rigid in-plane motion of the set of m reference points at crack 
point i consists of a rotation matrix RAi that rotates the points in the 
surface plane (xz) through the angle φAi about the origin, and a trans
lation vector tAi translating the same points: 

RAi =

[
cos(φAi) − sin(φAi)

sin(φAi) cos(φAi)

]

, tAi =

[
tAi,x
tAi,z

]

(1)  

such that the sum of the residuals between the true and the best-fit rigid 
displacements of the reference points is minimised (Fig. 2(b)): 

(RAi, tAi) = argmin
RAi∈SO(2),tAi∈ℝ2

∑m

j=1
wAij
⃦
⃦
(
RAiaij + tAi

)
−
(
aij + δAij

) ⃦
⃦2 (2)  

In Eq. (2)1, aij are the in-plane position of the reference points in the 
undeformed state and δAij the corresponding displacement vectors. wAij 

denote the weights of the reference points. In the following, the weights 
are inversely proportional to the distance from the crack point i to the 
reference points: wAij =

⃦
⃦oi − aij

⃦
⃦− 1. However, more advanced weights 

could easily be implemented, which, for example, could take into ac
count the uncertainty of the subset correlation at the reference points 
(and thus the uncertainty of δAij). The term 

(
RAiaij + tAi

)
in Eq. (2) de

notes the position of reference point j after applying the best-fit rigid 
transformation, whereas 

(
aij + δAij

)
describes the measured position in 

the deformed state (Fig. 2(b)). The solution of Eq. (2), which provides 
the optimum rotation RAi and translation tAi, is obtained with the 
method presented in [44], with its steps being summarised in 
Appendix A. 

The crack face displacement δAi is extrapolated from the best-fit rigid 
body displacement of the reference points: 

δAi = (RAioi + tAi) − oi (3)  

where oi is the position of the crack point i in the undeformed state. 
However, Eq. (3) can only reliably be used to compute crack face dis
placements if it is ensured that the region of required rigidity does not 
deform. A procedure to assess the deformations in the region of required 
rigidity, and thus the reliability of the computed crack face displacement, 
is proposed in Section 2.3.3. 

The crack kinematic vector δi at crack point i (describing the relative 
crack face displacement from crack side A to B) results in: 

δi = δBi − δAi (4)  

In many applications, and particularly in most large-scale experiments, 
the assessment of the crack behaviour requires the accurate decompo
sition of the crack kinematic vector into crack opening and sliding 
components (perpendicular and parallel to the crack inclination, 
commonly referred to as crack width and slip, respectively). As 
mentioned above, many mechanical models, especially on aggregate 
interlock (e.g. [21,45,46]) react highly sensitive to even small changes 
in these components. 

Therefore, it is essential to account for local rotations of the specimen 
during the test. The local crack inclination at crack point i in the 
deformed state is defined as 

θr,i = θ0
r,i − φi (5)  

where θ0
r,i denotes the crack inclination in the undeformed state, being a 

property of the local shape of the crack line (see Section 2.3.1), and φi 
the mean rotation of the two crack faces: 

1 The expression SO(2) stands for special orthogonal group in 2 dimensions, 
which consists of 2 × 2 orthogonal matrices of determinant 1. This is the group 
of 2-dimensional rotation matrices. 
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φi =
φAi + φBi

2
(6)  

with φAi and φBi being obtained from Eq. (1). Note that the minus sign in 
Eq. (5) results from opposite positive directions between crack in
clinations (counterclockwise) and crack face rotations (clockwise), as 
shown in Fig. 2(f). The crack opening (δn,i) and sliding (δt,i) components 
of δi are obtained by means of the following transformation matrix: 

Qnt,i =

[
sin
(
θr,i
)

cos
(
θr,i
)

− cos
(
θr,i
)

sin
(
θr,i
)

]

(7)  

with: 
[

δn,i
δt,i

]

= Qnt,iδi (8)  

The reader is referred to Fig. 2(f) for details of the decomposition of the 
crack kinematic vector δi. The steps in Eqs. (2)–(8) are repeated for each 
of the n detected crack points at all examined measuring stages, resulting 
in a complete analysis of the crack behaviour of an experiment. 
Compared to the original method proposed in [10] with only two 
reference points on each crack side, the present procedure provides 
more accurate crack kinematic measurements, with the crucial advan
tage that the residuals between the true and the best-fit rigid displace
ments of the reference points in Eq. (2) allow the assessment of the 
reliability of each measurement. 

2.3.3. Reliability and optimum setup of reference points 
As stated in Section 2.3.1, the reliability of crack kinematic mea

surements depends on the deformations of the regions of required rigidity 
on both crack sides (Fig. 2(e)). The less these regions deform (i.e., the 

more rigid they are), the higher are the reliabilities of the crack face 
displacement measurements and consequently of the crack kinematics. 
However, due to the inevitable need to determine the crack face 
displacement via reference points (displacement measurements directly 
at the crack faces are biased since the DIC subsets of such measuring 
points are intersected by the crack), the actual deformations cannot be 
assessed within the entire region of required rigidity. This means that the 
reliability of the crack kinematics measurement can only be approxi
mated. In the presented approach, the deformation of the region of 
required rigidity is approximated by analysing the residuals between the 
true and the best-fit rigid displacements of reference points obtained 
from Eq. (2) (the residuals are indicated in green in Fig. 2(b)). However, 
the following must be considered when using this approach: Assume that 
a close parallel second crack exists between the examined crack shown 
in Fig. 2(e) and the set of its reference points on one of the crack sides. 
This second crack would lead to deformations in the region of required 
rigidity that the proposed method will not detect but will end up being 
added to the actual crack kinematic measurement (the degree of the bias 
depends on the kinematics of this second crack). Hence, in such 
particular cases, the estimation of the reliability would fail in detecting 
biased measurement. This phenomenon, however, can be avoided by 
setting the distances d1 small enough such that the subsets of the 
reference points just do not intersect the crack, ensuring that the refer
ence points still contain undistorted displacement measurements. 
Hence, a very close second crack between the examined crack and its set 
of reference points would then intersect the subsets of the reference 
points, thus leading to significant residuals. Therefore, the approxima
tion of the crack face displacement reliability through the residuals of 
the reference points is reliable when using an appropriate distance d1 
(discussed in Section 2.3.4). 

In the following, the details of the approach to quantify the reliability 

Fig. 3. Details of the reliability measurement of the crack kinematics by means of tension test CTC-7 [40]: 1. Detecting cracks in the experiment at a measuring stage 
with the fully developed crack pattern; 2. Selecting the optimal setup of reference points; 3. Applying the crack pattern and the optimal setup of reference points to a 
characteristic measuring stage of the Zero Strain Test (ZST – conducted prior to the experiment, where the yet uncracked specimen is moved in space without 
applying any load); 4. Measuring the reliability indices of the crack kinematics at the ZST; 5. Setting the threshold of accepted uncertainty of the crack kinematic 
measurement to Tr = 2rRMS,ZST and removing crack kinematic measurements with ri > Tr in the experiment. 
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of the crack kinematic measurements using the residuals in Eq. (2) is 
presented. The residuals rAij and rBij denote the differences between the 
best-fit rigid and the true displacements for reference point j on the two 
crack sides of crack point i: 

rAij =
⃦
⃦
(
RAiaij + tAi

)
−
(
aij + δAij

) ⃦
⃦

rBij =
⃦
⃦
(
RBibij + tBi

)
−
(
bij + δBij

) ⃦
⃦

(9) 

The deformations of the sets of reference points are expressed by the 
weighted root mean square (RMS): 

rAi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑m

j=1
wAijr2

Aij
∑m

j=1
wAij

√
√
√
√
√ , rBi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑m

j=1
wBijr2

Bij
∑m

j=1
wBij

√
√
√
√
√ (10)  

where the weights wAij and wBij corresponds to those used in Eq. (2). 
Finally, the crack kinematic measurement reliability at crack points i is 
expressed with the following reliability index ri: 

ri =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r2

Ai + r2
Bi

2

√

(11)  

where a small value of ri indicates a high reliability of the crack kine
matic measurement δi and vice versa. 

Compared to the original method proposed in [10], where a fixed 
setup of reference points is used, the present approach now allows 
optimising the setup of reference points (Fig. 2(c)). In each measuring 
stage and at each crack point i, the setup with lowest ri is selected for 
computing the crack kinematics. 

Fig. 4. Results of the reliablity measurement of the crack kinematics in large-scale pure shear test PT-1 [18]: After optimisation of the setup of reference points, crack 
kinematic measurements with ri > Tr = 2rRMS,ZST are classified to be unreliable and removed. 

Fig. 5. Distribution of reliability index r (according to Eq. (11)) at ultimate load of CTC-7 and PT-1: (a) and (b) kernel density estimation for the fixed setup of 
reference points “I”(used in the original ACDM) and the optimum setup with a bandwidth of 0.1 mm; (c) and (d) corresponding cumulative distribution function. 
rRMS,ZST denotes the root mean square (RMS) of the reliability indices of all cracks points (see Eq. (12)) applied to the zeros strain test (ZST) and by using the op
timum setup. 
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Besides optimising the setup of reference points, the second benefit 
of measuring the reliability of the crack kinematics is to allow a proper 
statistical analysis of the crack behaviour (see Section 3.2) by removing 
uncertain results. In the present approach, a crack kinematic measure
ment is removed if the reliability index ri exceeds a user-defined 
threshold Tr. The threshold should be above the measurement uncer
tainty but small enough to identify biased crack kinematic measure
ments. The DIC uncertainty is typically measured by conducting a Zero 
Strain Test (ZST) prior to the experiment, where the yet uncracked 
specimen is moved in space without applying any load [8]. In Fig. 3 and 
Fig. 4, the process of evaluating the uncertainty of the crack kinematic 
measurement and their usage in defining the threshold of accepted un
certainty Tr is shown. Fig. 3 shows the details of the process for a very 
simple crack pattern in CTC-7, whereas in Fig. 4, the main steps are 
shown for the complex crack pattern obtained in PT-1. The crack loca
tions and the optimum setup of reference points are obtained from the 
experiment at a measuring stage with the fully developed crack pattern. 
They are applied to a characteristic measuring stage of the ZST, where 
the reliability indices of the crack kinematic measurements ri,ZST at these 
fictitious cracks are extracted. The proposed threshold of accepted un
certainty Tr refers to the root mean square (RMS) of the reliability 
indices of all crack points: 

rRMS =

̅̅̅̅̅̅̅̅̅̅
∑n

i=1
r2

i

n

√
√
√
√
√

(12)  

where in the following, the threshold is set to Tr = 2rRMS,ZST by using Eq. 
(12) with ri = ri,ZST. These thresholds are Tr = 3.40 μm in CTC-7(Fig. 3) 
and Tr = 2.84 μm in PT-1(Fig. 4), and correspond to the 99.6% and 
97.0%-quantiles of the reliability indices in the ZST, respectively (see 
also Appendix C). In the experiments, all crack kinematic measurements 
with ri > Tr are classified to be unreliable and removed. 

By comparing the experiments CTC-7(Fig. 3) and PT-1(Fig. 4), it is 
shown that the latter experiment contains much more unreliable crack 

kinematic measurements that have been removed. Quantitatively, this is 
shown in Fig. 5, where the distributions of the reliability index r are 
plotted. The two markers in Fig. 5(c) and (d) indicate the ratios of 
reliable crack kinematic measurements in the experiments when 
applying Tr = 2rRMS,ZST . Although the crack kinematics measurement 
uncertainty in both experiments is similar (in CTC-7: rRMS,ZST = 1.7μm 
and in PT-1: rRMS,ZST = 1.4μm), 97.4% of all measurements are classified 
to be reliable in CTC-7, while this ratio is only 70.9% in PT-1. This 
difference is simply explained by the much higher complexity of the 
crack pattern in PT-1. A summary of the key values of the crack kine
matic measurement reliability assessment is given in Appendix C. 

Additionally, the relevance of optimising the setup of reference 
points used in the measurement of the crack kinematics is studied in 
Fig. 5. It is shown that by optimising the setup from the four possible 
arrangements of the reference points (Fig. 2(c), the crack kinematic 
measurement reliability is significantly increased compared to a fixed 
setup. In orange colour, the results are shown for the fixed setup “I”, 
which was used in the original ACMD [10]. The results for setups “II” to 
“IV” are very similar to the ones with setup “I” and are thus not dis
played in Fig. 5. Note also that the setup of reference points has only 
marginal influence on the reliability indices of the Zero Strain Test (ZST) 
ri,ZST (dashed lines), what explains the similar values of rRMS,ZST between 
setup “I” and the optimised setup. By keeping the reference points 
constant in setup “I”, only slightly more than half of the measurements 
(50.8%) are below the set reliability threshold, whereas by optimising 
the setup – as already mentioned – 70.9% of all measurements are 
classified as reliable. Analogously, by optimising the setup in CTC-7, the 
ratio of reliable measurements is increased from 93.6% to 97.4%. In 
conclusion, the proposed method to optimise the setup of reference 
points significantly improves the measurement reliability, especially in 
complex crack patterns. 

2.3.4. Parameter optimisation 
This section deals with the optimisation of the two remaining pa

rameters in the crack kinematic measurement procedure: the distances 

Fig. 6. Influence of distances d1 (upper row) and d2 (lower row) used for the crack kinematic measurement (see definitions in Fig. 2(a)) on the total reliability of the 
crack kinematic measurement: (a) and (d) influence on the root mean square of all reliability indices smaller than the threshold of accepted uncertainty 
rRMS,EXP(r⩽Tr); (b) and (e) influence on the reliabilities of the experiment normalised with those of the ZST rRMS,EXP(r⩽Tr)/rRMS,ZST ; (c) and (f) influence on the ratio of 
reliable measurements using different thresholds of accepted uncertainty Tr ; (g) DIC definitions. 
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d1 and d2 (Fig. 2(a)). The distance d2 determines the number of reference 
points m used to measure the crack face displacement, while d1 defines 
their distance from the crack line. Fig. 6 shows the parameter studies of 
d1 and d2, respectively, where their sensitivity on the reliability of the 
crack kinematic measurements is analysed. For this purpose, the two 
experiments and their ZST in Fig. 3 and Fig. 4 are examined. In Fig. 6(a)- 
(c), the distance d2 is kept at its optimum (d2 = d2,opt); in Fig. 6(d)-(f) 
same applies to distance d1 (d1 = d1,opt). The other parameter is varied in 
each case. The optimum distances d1,opt and d2,opt are discussed in more 
detail below. 

The total reliability of a given configuration of d1 and d2 is expressed 
by the root mean square of all reliability indices smaller than the 
threshold of accepted uncertainty Tr: 

rRMS(r⩽Tr) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
r2

i [ri⩽Tr]

∑n

i=1
[ri⩽Tr]

√
√
√
√
√
√
√

(13)  

Note that setting Tr = ∞ in Eq. (13) will lead to Eq. (12), i.e. 
rRMS(r⩽∞) = rRMS. Fig. 6(a) and (d) show the influence of d1 and d2 on 
the absolute values of rRMS(r⩽Tr) for the experiment (labelled EXP) and 
the ZST, respectively. In Fig. 6(b) and (e), the reliabilities of the 
experiment are normalised with the ones from the ZST to account for the 
change in the DIC uncertainty when varying d1 and d2. Here, the DIC 
uncertainty is expressed by the total reliability of the crack kinematics in 
the ZST (rRMS,ZST, see dashed lines in Fig. 6). Note that only a change in 
the distance d2 affects the rRMS,ZST . This is explained by the source of 
errors in the DIC measurement. Mata-Falcón et al. [8] showed that 
systematic errors (bias) caused by imperfections in the optical system 
model (due to insufficiently accurate calibration, ambient conditions 
with changing temperature or airflow causing Schlieren effect, etc.) 
typically dominate random errors (noise). Since the bias is similar be
tween nearby points and tends to cancel out in relative displacement 

measurements within small areas, an increased distance d2 leads to a 
higher bias and thus to an increased rRMS,ZST. In Fig. 6(c) and (f), the ratio 
of reliable measurements using different thresholds of accepted uncer
tainty Tr is shown. 

The optimum distances d1,opt and d2,opt are extracted at the minima of 
rRMS,EXP(r⩽Tr)/rRMS,ZST for the case Tr = ∞ (see thick lines in Fig. 6(b) 
and (e)). This approximately corresponds to the maximum ratios of 
reliable measurements in Fig. 6(c) and (f). Note that for very small d1, 
the subsets of the reference points are intersected with the examined 
crack, which leads to high biases and thus to low total reliabilities 
(corresponds to high values of rRMS.EXP(r⩽Tr), see Fig. 6(a) and (b)). The 
smallest distance d1,min that just does not lead to subsets being inter
sected with the examined crack can be determined analytically. For this 
purpose, the critical case of a 45◦ inclined crack with respect to the edges 
of the subset is considered, leading to the following formula: 

d1,min =
̅̅̅
2

√
⌈
ss + 1

st
⌉st (14)  

where ss denotes the subset size and st the step between two measuring 
points, both in pixels (Fig. 6(g)). The ceiling function is used to account 
for the grid of available measuring points. From Fig. 6(b), it is noticed 
that the optimum value d1,opt coincides with d1,min (d1,opt = d1,min). 
Higher values of d1 again decrease the total reliability of the crack ki
nematic measurement (corresponds to an increase of rRMS.EXP), since the 
subsets of the reference points have a higher probability of intersecting 
adjacent cracks. It also must be considered that – as stated in Section 
2.3.3 – rather small values of d1 are to be preferred in order to minimise 
the risk of non-detectable measurement biases caused by close parallel 
cracks. The optimum distance of d2 has empirically been found to be 
approximately at d2,opt ≈ d1,min/2 by referring to Fig. 6(e). In all further 
analyses, the proposed optimum parameters d1,opt and d2,opt are used. 

Fig. 7. Complete smoothed crack patterns with crack opening measurements indicated by line width for PT-1 and CTC-7. For measurements with r > Tr = 2rRMS,ZST , 
the crack kinematics were imputed based on neighbouring reliable data. 
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2.3.5. Data imputation 
Removing biased crack kinematic measurements is crucial for the 

statistical evaluation of the data. In Section 2.3.3, a method for the 
identification and rejection of crack kinematic measurements with low 
reliabilities has been proposed. In many applications, imputation of the 
removed data (i.e. the best substitution with an estimated value based 
on available reliable data) is required. This applies in particular to the 
computation of the total crack area, but also to any analysis that relies on 
the distribution of the crack kinematics. In Fig. 7, the crack patterns with 
imputed crack kinematics for measurements where r > Tr = 2rRMS,ZST 
are shown. In these plots, the line thicknesses correspond to the crack 
widths. The crack kinematics are imputed using the method proposed in 
[10], where missing values are estimated by linear interpolation of 
neighbouring reliable measurements of the particular cracks branch. 
While the quantification of the reliability of imputed data is out of the 
scope of this paper, a reasonable approach to maximise the reliability is 
to impute the crack kinematic vector (rather than simply the corre
sponding crack width and slip components). Thereby, it is implicitly 
assumed that the crack faces remain rigid and displace uniformly be
tween the point used for the imputation and the one whose crack ki
nematics are substituted. Additionally, the crack lines and the crack 
kinematic results are smoothed, yet only for visualisation purposes 
(according to the method described in [10]). Note that for further data 
processing steps, such as the statistical consolidation in Section 3.2, 
unsmoothed results are used. 

3. Characteristic crack behaviour in large-scale homogeneous 
element tests 

3.1. Relevance 

Due to the highly non-linear behaviour of concrete, the investigation 
of the actual load-deformation behaviour requires experiments that are 
representative of real-life structures. In many applications, especially in 
the experimental testing of concrete slabs and shell structures, large- 

scale experiments with a representative static system and loading type 
can contribute significant new knowledge. Their relevance is widely 
accepted in the research community, particularly for structures not 
complying with the prerequisites of limit analysis methods, which ap
plies to many existing structures and most applications of non- 
conventional reinforcements, such as fibre or textile reinforcement [18]. 

The recently developed Large Universal Shell Element Tester 
(LUSET) at ETH Zurich [18] allows for the testing of representative 
large-scale concrete elements subjected to general loads. In its standard 
configuration, the shell element is homogeneously loaded. In addition, 
the tested element is typically homogeneous in terms of its geometry, 
material and reinforcement. Under these conditions, the structural 
behaviour is homogeneous, allowing direct validation of established 
mechanical models. Generally, the latter rely on the fundamental 
assumption of homogeneous cracks (i.e. one set of straight parallel 
cracks with uniform spacing, opening direction and magnitude, e.g. 
[4–7]). Hence, characteristic values of crack properties (width, slip, 
inclination, spacing) consolidated from the ACDM data provide highly 
valuable information for the development and validation of such 
models. The investigation of possible multiple dominant sets of cracks is 
therefore not addressed in this study. 

In the following, a procedure for the statistical consolidation of the 
results obtained with the refined ACDM is proposed. Additionally, the 
direct extraction of the best-fit homogeneous crack characteristics from 
the full-field DIC displacements is presented. The latter approach 
directly relies on the DIC displacement measurement, without the need 
to process the data with ACDM first. The two approaches are compared 
using the results from the large-scale pure shear element experiment SL- 
1 [11], tested in LUSET. The experiment exhibited a complex crack 
pattern with dominating diagonal cracks opening non-orthogonally. 
With these properties, the experiment allows evaluating and 
comparing the validity of the two proposed approaches. 

Fig. 8. Statistical analysis of crack characteristics from ACDM data applied to the homogeneous structural element experiment SL-1 [11] (reliable raw ACDM data 
are indicated in black; data including imputed crack kinematics in magenta): (a) crack pattern with crack opening measurements indicated by line width; (b) and (c) 
relative crack area density estimations, mean values and angular deviations of the crack inclination θr and the crack kinematic vector direction βr ; (d) relative crack 
area density estimations of crack kinematic vector magnitudes δ; (e) notation of crack characteristics; (f) polar representation of the statistics of θr and βr for the data 
including imputed crack kinematics. 
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3.2. Statistical consolidation of ACDM results 

The proposed statistical consolidation of crack properties obtained 
with the refined ACDM aims at providing characteristic values of crack 
width, slip, inclination and spacing of a tested homogeneous structural 
element. Since the crack width and slip are coupled by the crack incli
nation, the crack kinematic vector magnitudes δ and their directions βr 
are analysed instead. Due to the directional nature of the crack incli
nation and the crack kinematic vector direction, circular statistics is 
applied to these data. Their characteristic values are expressed in terms 
of the weighted mean angles. On the other hand, the extraction of 
characteristic crack kinematic magnitudes and crack spacings is more 
difficult. This particularly applies to complex crack patterns, where it is 
difficult to consolidate ACDM data into characteristic values that 
adequately represent the mechanical behaviour. Thus, an empirical 
approach for their statistical consolidation based on calibrated quantiles 
is shown in Section 3.4. 

In the following, the analysis of the weighted mean crack inclination 
and crack kinematic vector direction is presented. The measurements at 
each crack point are weighted by the local crack area associated with the 
crack measuring point to account for the assumption that the crack 
behaviour is primarily governed by larger cracks. Hence, the weights are 
defined as: 

wi = δili (15)  

where δi is the crack kinematic vector magnitude and li the crack line 
segment length at crack point i. The weighted mean crack inclination θr 

and crack kinematic vector direction βr are then computed using the 
cartesian coordinates of the mean vectors and weights according to Eq. 
(15): 

Xθr =

∑n

i=1
wicos

(
2θr,i

)

∑n

i=1
wi

, Yθr =

∑n

i=1
wisin

(
2θr,i

)

∑n

i=1
wi

Xβr =

∑n

i=1
wicos

(
βr,i
)

∑n

i=1
wi

, Yβr =

∑n

i=1
wisin

(
βr,i
)

∑n

i=1
wi

(16)  

leading to the weighted mean angles: 

tan
(

2θr

)
=

Yθr

Xθr

tan
(

βr

)

=
Yβr

Xβr

(17) 

The procedure for computing mean angles is shown e.g. in [47]. Note 
that the factor of 2 in Eq. (16) is due to the axial (diametrically bimodal) 
nature of the crack inclination (θr ∈ ( − 90◦,90◦]). The quantities: 

ρθr
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

X2
θr
+ Y2

θr

√

ρβr
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

X2
βr
+ Y2

βr

√ (18)  

denote the lengths of the mean vectors. They are used in the definition of 
the dispersion of the angles by means of their angular deviation ac
cording to [48]: 

s(θr) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2(1 − ρθr
)

√

[rad]

s(βr) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
(
1 − ρβr

)√

[rad]
(19) 

Fig. 8 shows the statistical consolidation of ACDM data for a 
measuring stage close to the ultimate load of the large-scale homoge
neous element test SL-1 [11]. Reliable raw ACDM data are indicated in 
black and data that includes imputed crack kinematics in magenta. Fig. 8 
(a) shows the crack pattern with corresponding crack widths. Similarly 

to the test PT-1(see Section 2.3.5), a significant fraction of the crack 
kinematics had to be imputed due to the highly complex crack pattern 
with a high amount of unreliable measurements. In Fig. 8(b), the 
weighted mean crack inclination θr and the crack kinematic vector di
rection βr including their angular deviations s(θr) and s(βr) are shown. In 
addition, the relative crack area density estimations of θr and βr are 
shown for comparison. The relative crack area ar is defined as the ratio 
between the total crack area 

∑n
i=1‖δi‖li and the corresponding examined 

concrete surface in the undeformed state Ac: 

ar =

∑n
i=1‖δi‖li

Ac
(20) 

The relative crack area density estimations are obtained by means of 
kernel density estimations, where the kernel of each crack point is scaled 
with its incremental crack area according to Eq. (20). In their compu
tation, a circular normal (von Mises) kernel [49] is applied, where it is 
again accounted for the bidirectionality of the crack inclinations θr. 
While in Fig. 8(b) the weighted crack inclinations θr approximately 
follow a (circular) normal distribution, the crack kinematic vector di
rections βr exhibit two peaks at approximately 64◦ and 71◦ and a minor 
peak at 90◦. These peaks are more pronounced in the data with imputed 
crack kinematics. The first two peaks indicate two slightly different 
dominant crack opening directions. The third minor peak at 90◦ can be 
explained by cracks aligning with the horizontal (stronger) reinforcing 
bars. Nevertheless, the mean angles θr and βr contain valuable infor
mation. Their relevance in representing the actual crack behaviour is 
discussed in Section 3.4. 

The relative crack area density estimation of δ is shown in Fig. 8(c). 
The density functions and histograms are obtained analogously to those 
for the angles θr and βr, but with a Gaussian kernel (restricted to positive 
values). Although the most significant part of the crack area is explained 
by cracks with a width of about 1.25 mm, and an average crack opening 
could be determined, the relevance of such values for the mechanical 
behaviour is questionable: Especially for complex patterns, mean values 
of crack widths lack representativeness. In the present approach, an 
upper quantile is proposed instead (see Section 3.4). 

By comparing the results from the raw crack kinematic measure
ments (with removed unreliable data) to the data that includes imputed 
crack kinematics, it is shown that the distributions are approximately 
affine and that the mean angles differ by less than 1◦(Fig. 8). This in
dicates that the unreliable measurements are fairly evenly distributed 
with respect to θr and βr. The relative crack area of the (reliable) raw 
data and the data with imputed crack kinematics results in 0.56% and 
0.95%, respectively, implying that only about 60% of the crack area can 
be measured directly without the need for data imputation in this case. 
In Section 3.4, it is shown that ACDM with data imputation reliably 
captures the complete crack area. 

3.3. Best-fit homogeneous strain and cracks 

3.3.1. Overview 
In contrast to the approach to extract crack characteristics presented 

in Section 3.2, consisting of the statistical consolidation of the results 
obtained with the refined ACDM, the second approach, outlined below, 
directly uses the full-field DIC displacement measurements. Here, the 
characteristic crack width, slip, inclination and spacing of a homoge
neous element are determined with their best-fit values. As typically 
assumed by established and widely used mechanical models for rein
forced concrete (e.g. [4–6]), a homogeneous crack pattern with one set 
of straight parallel cracks with uniform spacing, opening direction and 
opening magnitude is assumed. The approach consists of seeking the 
crack characteristics that best fit the full-field DIC displacement mea
surement, given this assumption. For that purpose, the best-fit homo
geneous strain is required in the first step. The resulting residuals in its 
computation are then used to extract the best-fit homogeneous crack 
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characteristics. The procedure is again illustrated using DIC measure
ments obtained from VIC-3D [42]. 

3.3.2. Best-fit homogeneous strain 
In the Lagrangian description – where the deformed position of a 

point is described in terms of its initial position and a displacement 
vector – the homogeneous in-plane deformation of a 2D point is: 

pdef ,hom = Fpinit + t (21)  

In Eq. (21), pinit is the undeformed (initial) position of a point, pdef ,hom its 
homogeneously deformed position, F the deformation gradient tensor 
and t a translation: 

pinit =

[
xinit
zinit

]

, pdef ,hom =

[
xdef ,hom
zdef ,hom

]

F =

[
fxx fxz
fzx fzz

]

, t =
[

tx
tz

]

(22) 

For a homogeneous in-plane deformation, F and t are both uniform, 
i.e. independent of the coordinates and thus constant. In general, F is a 
non-symmetric tensor. It can be decomposed into a symmetric stretch 
tensor and a pure rotation, as further outlined below. Estimating the 
best-fit in-plane homogeneous deformation from full-field DIC mea
surements of a specimen’s surface is a least-square problem. It consists of 
finding the values of F and t minimising the sum of squared differences 
between the measured (i.e. pinit,i + Δpi) and estimated homogeneous 
deformed positions (i.e. Fpinit,i + t) of all k DIC measuring points, i.e.: 

(F, t) = argmin
F∈ℝ2×2 ,t∈ℝ2

∑k

i=1
wi
⃦
⃦
(
Fpinit,i + t

)
−
(
pinit,i + Δpi

) ⃦
⃦2 (23)  

where pinit,i is the undeformed position of measuring point i and Δpi its 
displacement. In Eq. (23), each measuring point is weighted to account 
for its uncertainty. The weights are set to wi = 1/σ2

DIC,i where σDIC,i is the 
confidence interval for the match at this point in pixels, computed 
directly in VIC-3D [42]. The solving procedure of Eq. (23) is shown in 
Appendix B. 

As mentioned, the best-fit deformation gradient tensor F computed 
in Eq. (23) can be decomposed into a symmetric stretch tensor U or V 
and a rotation R. This separation of F is known as polar decomposition: 

F = RU = VR (24)  

In Eq. (24), RU denotes the right polar decomposition, where the 
element is stretched first and then rotated, and VR the left polar 
decomposition with reversed order of the two operations (see Fig. 10 
(d)). The polar decomposition can be obtained by using the singular 
value decomposition (SVD) of F: 

F = WΣQT (25)  

Where W and Q are orthonormal 2 × 2 matrices and Σ is a 2 × 2 diag
onal matrix with non-negative diagonal elements. The rotation matrix R 
(that rotates the element through the angle ω) is then: 

Fig. 9. Best-fit homogeneous deformation of SL-1 at ultimate load with 1.7 × 106 DIC measuring points: (a) major principal strain magnitudes; (b) measured 
displacements of the specimen; (c) stretch part of the measured deformation by removing the best-fit rotation R and translation t, and best-fit homogeneous stretch 
UPinit . In (c) and (b), a step of 50 (and in the zoomed-in windows a step of 2) are used to visualise the displacements and deformations. 
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R = WQT =

[
cos(ω) − sin(ω)
sin(ω) cos(ω)

]

(26)  

and the right and left stretch tensors are: 

U = RTF, V = FRT (27) 

In Fig. 9, the best-fit homogeneous deformation of SL-1 at the 
measuring stage close to the failure is shown. Fig. 9(a) indicates the 
major principal strain field of this measuring stage with colours. Fig. 9 
(b) shows the measured displacements ΔP = Pdef − Pinit (with Pinit =
[
pinit,1,…,pinit,k

]
and Pdef =

[
pdef ,1,…, pdef ,k

]
). The stretch part of the best- 

fit homogeneous deformation using the more common right polar 
decomposition (UPinit) is shown in Fig. 9(c). Additionally, the stretch 
part of the measured deformation (RT( Pdef − t

)
) is shown. 

In the following, the transformation of the deformation gradient 
tensor F into the engineering strain notation, commonly used in me
chanics of structural concrete, is shown. To this end, the right 
Lagrangian strain tensor E is computed first: 

E =

[
exx exz
ezx ezz

]

=
1
2
(
U2 − I

)
=

1
2
(
FT F − I

)
(28)  

whose elements are used to describe the engineering normal and shear 
strains (i.e., change of physical lengths and angles with respect to the 
initial configuration) as follows:  

In Fig. 10, the load-deformation behaviour of SL-1 is shown with the 
shear stresses τxz plotted against the shear strains γzx in Fig. 10(a). For 
comparison, the shear strains were also computed using the less 

Fig. 10. Best-fit homogeneous strain of SL-1: (a) load-deformation behaviour (best-fit shear strain γxz versus shear stress τxz); (b) rotation of the specimen; (c) Mohr 
circles of best-fit strains at selected measuring stages; (d) left and right polar decomposition of deformation gradient tensor F. 

ε =

[
εxx γxz/2

γzx/2 εzz

]

=

[ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 2exx

√
− 1 sin− 1

(
2exz

/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 + 2exx)(1 + 2ezz)

√ )

sin− 1
(

2exz

/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(1 + 2exx)(1 + 2ezz)

√ ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + 2ezz

√
− 1

]

(29)   
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common left polar decomposition (see Fig. 10(d) and thus, U and FTF in 
Eq. (28) are replaced with V and FFT, respectively), however leading 
only to marginal differences (less than 2 µm/m throughout the test). This 
is explained by the fact that the specimen rotation is very small, as 
shown in Fig. 10(b). The evolution of the specimen’s best-fit homoge
neous deformation is shown in Fig. 10(c) by means of Mohr circles of 
strains. 

3.3.3. Best-fit homogeneous crack characteristics 
The obtained homogeneous strains of an element test are used in 

combination with the residuals in their computation to extract the best- 
fit set of straight parallel cracks with uniform spacing, opening direction 
and opening magnitude, which are referred to as homogeneous crack 
characteristics in the following. For this purpose, in a first step, the best- 
fit total strains ε are subdivided into strains due to the deformations of 
the concrete between the cracks ε(c) and strains caused by crack kine
matics ε(r) (ε = ε(c) + ε(r)), see Fig. 11. This approach has been proposed 
by [50] and is consistently used e.g. in [4,51]. It is mentioned that the 
strains ε, ε(c) and ε(r) denote constant average values over a crack 
element. Hence, for any crack inclination θr and crack kinematic vector 
direction βr the strains due to crack kinematics ε(r) are: 

ε(r)n =
δn

sr
, ε(r)t = 0, γ(r)

nt =
δt

sr
(30)  

where the n-direction coincides with θr and the t-direction is perpen
dicular to it. 

Since only measurements of total strains are available, the decom
position into ε(c) and ε(r) requires further simplifications (i.e. assuming a 
reasonable value for the crack inclination). For the typical case with 
ε3⩽0, it is assumed that the principal direction of concrete compressive 
strains coincides with θr and the concrete between cracks exhibits no 
strains perpendicular to θr (ε(c)1 = 0), which also implies that ε(r)1 = ε1. 
Hence, the negative strains are caused by either the crack kinematics or 
concrete compression. These are reasonable assumptions, having a 
minor effect on the results since ε(c)1 ≪ε(r)1 due to the low tensile concrete 
strength. As a consequence, all possible solutions for the strain decom
position range between the situations shown in Fig. 12(c) and (e). These 
two boundary cases denote situations with vanishing concrete defor
mation (ε(c) = 0). The special case of orthogonally opening cracks (δt =

0) and thus ε(c)3 = ε3 is shown in Fig. 12(d). This decomposition also 
illustrates the sign change of δt, when successively varying from the 
situation in Fig. 12(c) to Fig. 12(e). However, in most applications, the 
sign of δt can be predetermined based on the experimental configuration 

Fig. 11. Strain compatibility (adopted from [51]): (a) decomposition of measured total strains into concrete strains and strains due to crack kinematics; (b) notation 
of displacements and crack kinematics; (c) concrete strains; (d) strains due to crack kinematics. 

N. Gehri et al.                                                                                                                                                                                                                                   



Engineering Structures 251 (2022) 113486

15

Fig. 12. Best-fit homogenous crack characteristics for SL-1 at ultimate load: (a) range of possible solutions for the strain decomposition of measured total strains and 
the resulting crack inclination θr ; (b) details of the best-fit homogenous crack opening extraction (perpendicular to θr) assuming θr = θn; (c) –(e) strain de
compositions with corresponding concrete deformations and crack kinematics for θr = θn, θr = θ1, θr = θn’ , respectively. 
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and thus, the range of plausible solutions is reduced by half. In SL-1, 
which is loaded in pure shear and where the vertical reinforcement is 
significantly weaker than the horizontal one, positive δt are expected 
(and thus, θr ∈ [θ1, θn]). Therefore, only strain decompositions between 
Fig. 12(c) and (d) are considered as plausible solutions. Nevertheless, in 
Fig. 12(a), the range of all theoretically possible crack inclinations θr ∈

[θn’ , θn] is shown. It should be noted that for the case ε3 > 0 (which may 
generally occur, e.g. due to lateral concrete expansion under compres
sion or multiple cracks with different inclinations), neglecting concrete 
tensile strains cannot lead to any consistent solution for the strain 
decomposition. For such cases, ε(c)3 = 0 and ε(c)1 = ε3 are assumed 
instead, leading to ε(r)3 = 0 and ε(r)1 = ε1 − ε3. In the pure shear test SL-1, 
strain states with ε3 > 0 only occurred in the very early cracking stage of 
the experiment, for γxz < 0.4‰. 

Once a certain crack inclination in the discussed theoretical range 
has been assumed, the remaining homogeneous crack characteristics, δn, 
δt and sr, are solved by analysing the residuals obtained in the compu
tation of the best-fit homogeneous strain. The rotation-independent part 
of the measured deformation, i.e. the stretch RT(Pdef − t), is compared to 
the best-fit homogeneous stretch UPinit (see Fig. 12(b)). Thus, for each 
measuring point i, the (rotation-independent) residual is: 

ci = Upinit,i − RT ( Pdef − t
)

(31)  

In Fig. 12(b), the steps for extracting the characteristic crack kinematics 
and spacing that correspond to θr = θn are shown; the solutions for all 
possible situations that correspond to θn’ ⩽θr⩽θn can be obtained anal
ogously. The characteristic homogeneous crack opening is determined 
based on the residual component perpendicular to the crack inclination 
θr, noting that these residual components reflect the discontinuous 
variation of the rotation-independent part of the deformations caused by 

crack opening. Under the assumption of homogeneous crack charac
teristics (in combination with the assumed negligible concrete strains 
perpendicular to the crack inclination), a relationship between the re
siduals and the crack opening (Fig. 12(b)) exists, i.e.: 

δn = 4|cn| (32) 

This relationship is applied to the measured residuals in Eq. (31) (see 
Fig. 12(b)). Finally, the best-fit homogeneous crack spacing and sliding 
are obtained by using Eqs. (30) and (32) as follows: 

sr =
δn

ε(r)n
(33)  

δt = γ(r)
nt sr =

γ(r)
nt

ε(r)n
δn (34)  

3.4. Discussion 

In Fig. 13, both approaches for the extraction of homogeneous crack 
characteristics proposed in Sections 3.2 and 3.3 are compared. For this 
purpose, the evaluation of crack inclinations, spacing and crack kine
matics are analysed for SL-1. In this section, the results of ACDM data 
that includes imputed crack kinematics are used, as they provide an 
estimation of the complete data. 

The comparison of relative crack areas and strains in the two 
different approaches requires the following conversions. In the best-fit 
homogeneous crack characteristics approach (Section 3.3), the relative 
crack area âr uses the definition in Eq. (20) and simplifies to: 

âr =
δ
sr
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

δ2
n + δ2

t

√

sr
=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
ε(r)n
)2

+
(
γ(r)

nt
)2

√

(35) 

Fig. 13. Comparison of homogeneous crack characteristics extracted from ACDM data (Section 3.2) and the best-fit approach (Section 3.3): (a) characteristic crack 
inclination θr and crack kinematic vector direction βr versus relative crack area ar ; (b) relative crack area ar versus characteristic crack kinematic vector magnitude δ; 
(c) Mohr circles of strain at selected measuring stages; (d) relative crack area ar versus characteristic crack spacing sr ; (e) load-deformation behaviour (best-fit shear 
strain γxz versus shear stress τxz). 
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On the other hand, the induced strains due to crack kinematics ob
tained from the statistical consolidation of ACDM data ε̃(r) (shown in 
Fig. 13(c)) results in: 

ε̃(r)n =
δn

sr
=

sin
(

αr

)
δ

sr
= sin

(
αr

)
ar

ε̃(r)t = 0

γ̃(r)
nt =

δt

sr
=

cos
(

αr

)
δ

sr
= cos

(
αr

)
ar

(36)  

where αr = 180◦ − θr − βr (see the definition of αr in Fig. 2(f)). It is 
important to note that the strain ε̃(r) is fully determined by the relative 
crack area and the mean crack opening angle αr, and no statistical values 
for crack kinematics and crack spacings from ACDM data is required. In 
Eqs. (35) and (36), the circumflex and tilde diacritics are used to 
distinguish the two approaches. 

In Fig. 13(a) and (c), it is shown that the mean crack inclination θr 

and the crack kinematic vector direction βr obtained from ACDM are in 
the range of plausible results predicted in Section 3.3 (θr ∈ [θ1, θn] and 
the corresponding range of realistic angles βr). At the beginning of the 
test, the results from ACDM data align well with the best-fit homoge
neous crack characteristics obtained for θ1, whereas in later load stages, 
a shift towards the solution for θn is observed. This behaviour can be 
explained by the strains due to crack kinematics ε(r) that increasingly 
dominate the strains due to the deformations of the concrete between 
the cracks ε(c) during the test. However, note that the data obtained with 
ACDM show a relatively high scatter (see magenta areas in Fig. 13(a)). 

Furthermore, it is shown that the refined ACDM captures the crack 
area very accurately. The relative crack area αr obtained by the refined 
ACDM only slightly overestimates the results of the best-fit homoge
neous strain in Fig. 13(c). Note here that almost 40% of the crack area in 
the refined ACDM is obtained from imputed and not directly measured 
crack kinematics (see Section 3.2). 

In Fig. 13(b) and (d), the best-fit homogeneous crack kinematic 
vector length δ and crack spacing sr are both more or less independent of 
the assumed crack inclination θr. Similar results are obtained with 
ACDM when referring to the 95%-quantile of δ. With this quantile, 
significant differences are only observed in the crack formation phase 
(for γxz < 2‰, see also Fig. 13(e)), where large crack spacings are esti
mated, and thus, the assumption of a homogeneous crack pattern in the 
experiment is inappropriate. To assess the possible validity of the 95%- 
quantile of δ from ACDM data in characterising the crack behaviour in 
homogeneous large-scale element tests, evaluations of further experi
ments will be necessary. 

4. Concluding remarks 

This publication proposes essential refinements in the automatic 
detection of cracks and extraction of crack kinematics from full-field 
digital image correlation (DIC) measurements, which allow reliably 
assessing the crack behaviour even in large-scale experiments of (quasi-) 
brittle material with complex crack patterns. The refinements apply to 
the original automatic crack detection and measurement (ACDM) pro
cedure [10] proposed by the authors of this paper, which is implemented 
in an open-source software with a graphical user interface. The two 
major refinements involve:(i) a direction-independent Canny edge- 
based crack detector that refers to the major principal tensile strain 
field and extracts cracks as traceable skeletons at high strain magni
tudes, and (ii) a consistent and accurate procedure to measure local 
crack kinematics that includes the assessment of the measurement 

reliability. The refined ACDM procedure has been applied to large-scale 
shear panel experiments of a size of 2.0 × 2.0 m with highly complex 
crack patterns. Compared to the original ACDM,(i) much finer cracks 
have been detected (up to cracks width of 0.02 px, which is four times 
thinner than the minimum detectable crack reported in [10]), (ii) crack 
locations are detected much more accurately, especially at crack in
tersections, (iii) the setup of reference points used to describe the crack 
face displacements is automatically optimised based on the local con
ditions, leading to much higher reliabilities of the crack kinematic 
measurements, and (iv) unreliable crack kinematic measurements are 
automatically identified, removed and substituted with their best 
possible estimation based on reliable neighbouring data. 

These refinements are required to obtain accurate and reliable 
measurements of the crack behaviour, which is crucial, especially in the 
statistical consolidation of the detailed data into more understandable 
characteristic values. For the case of homogeneous experiments (in 
terms of loading, boundary conditions, geometry, material and rein
forcement), which are highly relevant for understanding the mechanical 
behaviour of the tested material and in the model verification, the 
extraction of characteristic values from the ACDM data is proposed. For 
that purpose, one set of straight parallel cracks with uniform spacing, 
opening direction and magnitude is assumed, which is in accordance 
with established and widely used mechanical models. The crack 
behaviour can be characterised by referring to the mean crack inclina
tion and crack kinematic vector direction (weighted by the local crack 
area associated with the crack measuring point) and to a certain quantile 
of the crack kinematic magnitudes. 

The characteristic crack properties in homogeneous experiments 
obtained from ACDM data are compared to a more straightforward 
approach consisting of the estimation of the best-fit homogeneous crack 
characteristics by directly referring to the full-field DIC displacements. 
Here, the best-fit homogeneous strains are computed in a least-square 
sense first and then converted to the best-fit crack kinematics, crack 
inclination and crack spacing by analysing the residuals. This approach 
is not unique and provides a range of possible solutions. However, if 
simple and reasonable assumptions are made about the deformation of 
the uncracked concrete between cracks, the range of realistic solutions 
can be strongly narrowed and the best-fit crack kinematics and crack 
spacing become almost unique. The results of the statistical consolida
tion of ACDM data are very similar to the ones provided by the best-fit 
approach when choosing a 95%-quantile of the ACDM crack kinematic 
quantities and generally. This simpler approach is computationally less 
demanding and hence faster, and generally in good agreement with the 
global crack behaviour for homogeneous experiments. However, ACDM 
is a much more powerful tool as it (i) provides much more detailed in
sights on the mechanical behaviour of structural experiments by 
detecting exact positions of cracks and measuring quasi-continuous 
crack kinematics along cracks, and (ii) is also applicable to non- 
homogeneous experiments. 
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Appendix A 

This appendix presents the solution procedure of Eq. (2) for the best-fit in-plane rigid body motion of the reference points that define the crack face 
displacements as proposed in Section 2.3.2. For the sake of simplicity, only the solution procedure for crack side A is given here. Note that the same 
applies to crack side B by replacing the corresponding variables and indices in the formulas. 

For the set of m reference points at side A of crack point i, the best-fit rotation RAi and translation tAi are sought. Eq. (2) is restated hereafter: 

(RAi, tAi) = argmin
RAi∈SO(2),tAi∈ℝ2

∑m

j=1
wAij
⃦
⃦
(
RAiaij + tAi

)
−
(
aij + δAij

) ⃦
⃦2 (A.1)  

where aij denotes the in-plane positions of the reference points in the undeformed state, δAij the corresponding displacement vectors and wAij the 
weights of the reference points. The solution of Eq. (A.1) is obtained with a method proposed by Sorkine-Hornung and Rabinovich [44]. The 
computation steps are summarised in the following:  

1. Compute the weighted centroids of the set of reference points in the undeformed (initial) and deformed state: 

ainit,i =

∑m

j=1
wAijaij

∑m

j=1
wAij

, adef ,i =

∑m

j=1
wAij
(
aij + δAij

)

∑m

j=1
wAij

(A.2)    

2. Compute the position of the reference points in the undeformed and deformed state with respect to the centroids: 

âinit,ij = aij − ainit,i, âdef ,ij = aij + δAij − adef ,i, j = 1, 2,…,m (A.3)    

3. By using the definitions in Eq. (A.3), reformulate the problem in Eq. (A.1) independent of tAi: 

RAi = argmin
RAi∈SO(2)

∑m

j=1
wAij

⃦
⃦
⃦
⃦RAi âinit,ij − âdef ,ij

⃦
⃦
⃦
⃦

2

(A.4) 

(A.4) is known as the orthogonal Procrustes rotation problem [52,53]. The solving procedure for finding the optimum rotation RAi includes the 
following steps (4–7).  

4. Compute the 2 × 2 covariance matrix: 

Si = Âinit,iWi Â
T
def ,i (A.5) 

where Âinit,i =

[

âinit,i1,…, âinit,im

]

and Âdef ,i =

[

âdef ,i1,…, âdef ,im

]

are matrices containing the centred positions of the reference points in the unde

formed and deformed state as their columns, respectively, and Wi = diag(wi1,…,wim) is a m × m diagonal matrix with weights wij on diagonal entry j.  

5. Compute the singular value decomposition of the covariance matrix: 

Si = UiΣiVT
i (A.6)    

6. Compute the best-fit 2D rigid rotation of the crack face: 

RAi = Vi

(
1 0
0 det

(
ViUT

i

)

)

UT
i (A.7) 

Note that the term det(ViUT
i ) in Eq. (A.7) is used to constrain the solution to rotations (with det(RAi) = 1). Computing RAi = ViUT

i leads to an 
orthonormal matrix, which, however, could also include non-realistic reflections. The restriction of the solution to rotations is essential here because 
the reference points lie more or less on a line, and therefore, the fit would be prone to include reflections.  

7. Compute the best-fit rigid translation: 

tAi = adef ,i − RAiainit,i (A.8)  

Appendix B 

This appendix presents the solution procedure of Eq. (23) for the best-fit in-plane homogeneous deformation from full-field DIC displacement 
measurements. 

For a set of k measuring points of in-plane displacements, the best-fit deformation gradient tensor F and translation t is sought. Eq. (23) is restated 
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hereafter: 

(F, t) = argmin
F∈ℝ2×2 ,t∈ℝ2

∑k

i=1
wi
⃦
⃦
(
Fpinit,i + t

)
−
(
pinit,i + Δpi

) ⃦
⃦2 (B.1)  

where pinit,i denotes the in-plane positions of the measuring points in the undeformed state and Δpi the corresponding displacement vectors. wAij are 
the weights of the measuring points. The steps for solving Eq. (B.1) are summarised in the following:  

1. Compute the weighted centroids of the set of measuring points in the undeformed (initial) and deformed state: 

pinit =

∑k

i=1
wipinit,i

∑k

i=1
wi

, pdef =

∑k

i=1
wi
(
pinit,i + Δpi

)

∑k

i=1
wi

(B.2)    

2. Compute the position of the measuring points in the undeformed and deformed state with respect to the centroids: 

p̂init,i = pinit,i − pinit, p̂def ,i = pinit,i + Δpi − pdef , i = 1, 2,…, k (B.3)    

3. By using the definitions in Eq. (B.3), reformulate the problem in Eq. (B.1) independent of t: 

F = argmin
F∈ℝ2×2

∑n

i=1
wi

⃦
⃦
⃦
⃦
⃦

Fp̂init,i − p̂def ,i

⃦
⃦
⃦
⃦
⃦

2

(B.4) 

Eq. (B.4) now denotes a unconstrained weighted least-square problem with an explicit solution shown in the next step.  

4. Compute the best-fit deformation gradient tensor: 

F = P̂def WP̂
T
init

(
P̂initWP̂

T
init

)− 1
(B.5) 

where P̂init =

[

p̂init,1,…, p̂ init,k

]

and P̂def =

[

p̂def ,1,…, p̂def ,k

]

are matrices containing the centred positions of the measuring points in the unde

formed and deformed state as their columns, respectively, and W = diag(w1,…,wk) is a k × k diagonal matrix with weights wj on diagonal entry j.  

5. Compute the best-fit translation: 

t = pdef − Fpinit (B.6)  

Appendix C 

This appendix contains information on the Digital Image Correlation (DIC) and Automated Crack Detection and Measurement (ACDM) configu
rations as well as on the crack kinematic measurement uncertainty of the three experiments analysed in the study. 

See Table C.1. 

Table C.1 
DIC and ACDM configuration of CTC-7, PT-1 and SL-1, including the uncertainty of the crack kinematic measurement.   

CTC-7 [40] PT-1 [18] SL-1 [11] 

DIC configuration 
Avg. px/mm [-] 2.17 2.67 2.51 
Subset size ss  [px] 15 23 23 
Step size st  [px] 2 3 3 
Filter size f  [-] 5 7 5 
Uncertainty of strains1 [1/1000] 1.0 0.7 0.7 
ACDM configuration 
Tε1,inf  [1/1000] 1 1 1 
Tε1,sup  [1/1000] 4 4 4 
iw  [-] 9 9 9 
d1 = d1,opt  [px] 22.63 33.94 33.94 
d2 = d2,opt  [px] 11.31 16.97 16.97 
rRMS,ZST  [μm] 1.701 1.418 1.147 
Ratio of reliable crack kinematic measurements that fulfil ri⩽Tr = 2rRMS,ZST  

Zero Strain Test (ZST) [-] 0.996 0.970 0.965 
Experiment (EXP) [-] 0.974 0.709 0.686  

1 Quantified by the spatial standard deviation parameter obtained from the ZST, according to [8]. 
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Fédération Internationale du Béton(fib); 2020. p. 70–7. https://doi.org/10.3929/ 
ethz-b-000438439. 

[16] Hoult R, Beyer K. RC U-shaped walls subjected to in-plane, diagonal, and torsional 
loading: New experimental findings. Engineering Structures 2021;233:111873. 
https://doi.org/10.1016/j.engstruct.2021.111873. 

[17] Czaderski C, Shahverdi M, Michels J. Iron based shape memory alloys as shear 
reinforcement for bridge girders. Construction and Building Materials 2021;274: 
121793. https://doi.org/10.1016/j.conbuildmat.2020.121793. 

[18] Kaufmann W, Beck A, Karagiannis D, Werne D. The Large Universal Shell Element 
Tester LUSET. ETH Zurich, Zurich: Institute of Structural Engineering; 2019. 

[19] Morice PB, Base GD. The design and use of a demountable mechanical strain gauge 
for concrete structures. Magazine of Concrete Research 1953;5:37–42. https://doi. 
org/10.1680/macr.1953.5.13.37. 

[20] Walraven JC. Aggregate interlock: A theoretical and experimental analysis, 
Doctoral dissertation. Delft University; 1980. 

[21] Li B, Maekawa K, Okamura H. Contact density model for stress transfer across 
cracks in concrete. Journal of the Faculty of Engineering, The University of Tokyo 
1989;40:9–52. 

[22] T. Paulay, P.J. Loeber, Shear Transfer by Aggregate Interlock, ACI Special 
Publication. SP-42(1974) 1–16. 

[23] A. Giraldo Soto, W. Kaufmann, Effect of Test Setups on the Shear Transfer Capacity 
Across Cracks in FRC, in: P. Serna, A. Llano-Torre, J.R. Martí-Vargas, J. Navarro- 
Gregori(Eds.), Fibre Reinforced Concrete: Improvements and Innovations, Springer 
International Publishing, Cham, 2021: pp. 163–175. Doi: 10.1007/978-3-030- 
58482-5_15. 

[24] Cavagnis F, Fernández Ruiz M, Muttoni A. Shear failures in reinforced concrete 
members without transverse reinforcement: An analysis of the critical shear crack 

development on the basis of test results. Eng Struct 2015;103:157–73. https://doi. 
org/10.1016/j.engstruct.2015.09.015. 

[25] Cavagnis F, Ruiz MF, Muttoni A. An analysis of the shear-transfer actions in 
reinforced concrete members without transverse reinforcement based on refined 
experimental measurements. Struct Concrete 2017:1–16. https://doi.org/10.1002/ 
suco.201700145. 

[26] Iliopoulos S, Aggelis DG, Pyl L, Vantomme J, Van Marcke P, Coppens E, et al. 
Detection and evaluation of cracks in the concrete buffer of the Belgian Nuclear 
Waste container using combined NDT techniques. Constr Build Mater 2015;78: 
369–78. https://doi.org/10.1016/j.conbuildmat.2014.12.036. 

[27] Huber P, Huber T, Kollegger J. Investigation of the shear behavior of RC beams on 
the basis of measured crack kinematics. Eng Struct 2016;113:41–58. https://doi. 
org/10.1016/j.engstruct.2016.01.025. 

[28] Küntz M, Jolin M, Bastien J, Perez F, Hild F. Digital image correlation analysis of 
crack behavior in a reinforced concrete beam during a load test. Can. J. Civ. Eng. 
2006;33:1418–25. https://doi.org/10.1139/l06-106. 

[29] Lecompte D, Vantomme J, Sol H. Crack Detection in a Concrete Beam using Two 
Different Camera Techniques. Struct Health Monitoring 2006;5:59–68. https://doi. 
org/10.1177/1475921706057982. 

[30] Alam SY, Loukili A, Grondin F. Monitoring size effect on crack opening in concrete 
by digital image correlation, European Journal of Environmental and Civil. 
Engineering. 2012;16:818–36. https://doi.org/10.1080/19648189.2012.672211. 

[31] Alam SY, Loukili A, Grondin F, Rozière E. Use of the digital image correlation and 
acoustic emission technique to study the effect of structural size on cracking of 
reinforced concrete. Eng Fract Mech 2015;143:17–31. https://doi.org/10.1016/j. 
engfracmech.2015.06.038. 

[32] Muller M, Toussaint E, Destrebecq J-F, Grédiac M. Experimental and numerical 
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