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Abstract. In recent years, local Digital Image Correlation has become a standard method to monitor
cracks in concrete samples during laboratory tests, aiding the understanding of fracture mechanisms.
The significant challenge is to efficiently and accurately evaluate crack characteristics from the DIC
displacement field. Most existing methods, when they do not employ machine learning techniques
in the middle, start with crack extraction. This is usually based on DIC residuals, strain analysis or
image processing. The discontinuity kinematic can then be evaluated using points on both sides of
the crack and usually require prior crack local frame computation in addition.

This paper applies a streamlined method for crack measurement to four-point bending tests on
RC beams. The method bypasses the need for crack geometry extraction, local frame calculation
and point selection, directly analyzing the full displacement gradient field. Taking advantage of the
rather simple displacement field around cracks, the local crack kinematics—such as opening, slip, and
orientation—are continuously calculated at all displacement points. The opening and slip measures
are maximal along cracks, allowing easy crack extraction after crack kinematic evaluation.

RC beams with varying shear reinforcement ratios are studied, demonstrating the method’s capa-
bility to analyze complex crack patterns. Furthermore, this procedure can be easily adapted for 3D
Digital Volume Correlation (DVC) displacement fields obtained from microtomography with minimal
modification, offering broader applicability to both experimental and numerical displacement fields,
an advantage over conventional methods.

field on the observed concrete member surface.
To extract the crack kinematics from the dis-
placement field, The Automated Crack Detec-
tion Method (ACDM) [1,[2]] has established it-
self as the reference method proposing to auto-
matically compute crack kinematics with points
selected on both sides of the pre-detected crack.

1 Introduction

Concrete is a brittle material. Experimen-
tal structural concrete research is often based
on crack evaluation (position, kinematic, evolu-
tion), whether to understand the mechanisms of
ruin and assess model performance or to char-
acterise the behaviour of cement based compos-

ites or new manufacturing processes. The author will submit shortly an alterna-

For this propose local Digital Image Correla-
tion (DIC) has been widely used in the past few
years, since it provides the full displacement

tive method for crack measurement, the Crack
Is Montain (CIM) method, that does not re-
quire determining the position of the crack tak-


https://doi.org/10.21012/FC12.1123

Guillaume Ewald and Yann Malecot

ing advantage of the simplification crack in-
duces on the Lagrangian displacement gradi-
ent [3]. The result is a crack kinematic field that
is null where there is no crack and equal to the
displacement discontinuity intensity at cracks.
They validated the method confronting it with
the results provided by ACDM on the critical
shear crack of an RC beam under 4 points bend-
ing.

This paper applies the CIM method to 4
beams subjected to 4 points bending but this
time the analysis is not limited to the single crit-
ical shear crack. The full patterns is investigated
to illustrate the kind of information the method
can lead to. In particular, given the shape of the
kinematic field, stereological technics [4] ap-
pear to be adapted to provide a statistic of the
crack distribution.

2 Crack Is Mountain (CIM), a crack mea-
surement method

The input of the CIM is a point-based dis-
placement field like DIC can return. Due to the
cracks the displacement full field exhibits dis-
continuities. They are to be analysed to recover
the crack kinematic.

To directly compute the crack kinematic
without previous crack detection the CIM pro-
poses to analyze the lagrangian displacement
gradient. Hence, it needs a robust and reliable
gradient calculation.

Then the kinematic computation makes use
of the kinematics’ implications of cracking to
extract the displacement discontinuity from the
gradient around the crack. The method is
straightforward but requires extra care to man-
age non-local rotations.

For the full demonstration, the interested
reader is referred to the master paper [3]]. Only
the useful formulae are recalled here.

2.1 Lagrangian displacement gradient cal-
culation by linear local regression

A local linear regression [5] is implemented
to compute the Lagrangian displacement gradi-
ent. Given a neighbourhood V(«) of the calcu-
lation point «, the contribution of a neighbour

point 3 in V(«) is weighted using a weighting
function w;, () of the distance r between points
« and 3, expressed pixel (px). In the following,
the weighting function is Gaussian; a character-
istic length [, is introduced:

1 (r=1 2 :
wy, (r) = { exp (—2 <m> > ifre(l,l;+1]
0 else
ey
The neighborhood definition is illustrated (fig[T)
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Figure 1: Weighting function: graph and surface repre-
sentation

Noting, X% = X# — X the vector from X
to X7, respectively a and 3 positions, u*® =
u(XP) — u(X*®), the displacement difference
between points « and [, and

W= Y w,(IXT)u @ X @
BeV(a)

"= > w, (XN XY XY (3)

peV(a)

the Lagrangian displacement gradient is ex-
pressed,

A = ()7 4)

The only parameter to compute the displace-
ment gradient is the length [,, parameter of the
weighting function. It is the only parameter for
the evaluation of the crack kinematics presented
in the next section.
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2.2 Crack measurement from displacement
gradient
The displacement field is supposed to be lo-
cally constant by part through cracks. The dis-
placement discontinuity in a crack local frame
(L,n), L being the vector tangent to the crack and
n normal as shown is (ﬁg., is expressed,

[u] = [uli L+ [ulnn (5)

: @down [[u]]”

Figure 2: Crack local frame and kinematic

In the following, the crack orientation, de-
fined as the angle between t; and the horizon-
tal direction, will be denoted as 6. The discon-
tinuity direction angle, representing the angle
between the displacement discontinuity vector
[u] and the horizontal, will be denoted as f3.

Taking into account a small non-local rota-
tion of angle « this implies the displacement
gradient in the local frame to be,

_ (0 Ay([u]) +a
4= (—a Alg([[u]]n) )(l,n) (©

with Alg a linear function that links the dis-
placement discontinuity components to the dis-
placement gradient. A; ([u],) can be directly
computed from the gradient in the local frame
using the trace,

Ay ([u]n) =tr A 7

and A;,([u],) considering the invariant of the
symmetric part of the gradient,

Alg([[u]]l)z = (A + An)® —4A3 A (8)

The function A;, can be computed analyti-
cally or numerically. In the case of a perfectly

sharp crack,

A ([ul) 2 Jsupptun,) r2wy, (r) dr

[w] ;fsupp(wlg) 3wy, (r) dr

©))

To define the crack local frame the rotation
has to be computed,

200 = A12—A21—Sign (deté X (Alg — A21>>
X (CL12 — CL21) + O(Oéz) (10)

(A — R(a))T - (A — R(«)) has only one non-
null eigenvalue associated to n, [ being the other
eigenvector.

The displacement gradient is defined at every
point. So are the crack measures.

3 Experimental program

It is proposed as an application to compare
crack patterns of RC beams with different trans-
verse reinforcement ratios and geometries using
the CIM. The comparison is not extensive and
just aims to illustrate statistics that can be com-
puted with the method.

3.1 Test specimens

Four beams with four transverse reinforce-
ment configurations as part of a wider experi-
mental campaign [6] were tested. The geome-
try of the beams remains the same, square sec-
tions with sides of 300 mm and with a total
length of 2300 mm. The distance between the
supports is 2000 mm and between the load ap-
plication points 600 mm leaving two 700 mm.
The beams are speckled to perform DIC after-
wards. The experimental setup is illustrated
(fig[3). The selected beams are referred to as
K2,L1, M1 and N1 in the aforementioned study
[6].

o 500 1000 1500 2000

Figure 3: Experimental setup, speckled beam, left shear
midspan framed, load application points in red, support
in green
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The beams present a great amount of lon-
gitudinal reinforcement, 6 X ¢25mm rebar, to
enforce shear failure. Concerning the trans-
verse reinforcement different rebar diameters,
¢, spacing, s, inclination, 7, are tested, see

(tab4)).

d(mm) [ s(tmm) [ i(®) [ p(mm?Z/mm?) 1D
8 70 90 4.8 x 1073 »8s70i90
8 210 45 1.6 x 103 $85210145
8 210 90 1.6 x 103 85210790
14 210 90 4.9 x 1073 $145210¢90

Figure 4: Test specimens parameters

3.2 4 points bending load-deflection curves

The load-deflection curve, F(f), of each
specimen is presented (fig[3).

—— 4857090
$85210745

300{ —— ¢85210i90

—— 4145210190 5

[0]

F (kN)

100

0.0 2.5 5.0 7.5 10.0 125

Figure 5: Load (F') Deflection (f) curves and selected
loadstep used for evolution analysis

It appears that beams ¢8s5210:90 and
$8s210:45 exhibit the same behaviour, the
first being slightly stiffer at the beginning be-
fore shear cracks propagate. Despite beams
@8s70:90 and ¢145210790 having approxi-
mately the same reinforcement ratio, the re-
sponse of the latter is closer to the response
of ¢8s5210¢90 that has a reinforcement ratio 3
times smaller with only a slight improvement
of the shear bearing capacity.

Roughly speaking, the structural behaviour
seems dictated by the transverse displacement
spacing more than by the shear reinforcement
ratio and the shear reinforcement inclination.

3.3 Displacement calculation by DIC

Digital image correlation (DIC) was per-
formed using the PYTHON library SPAM [7].
The region of interest measures 2700 px in
length and 1100 pz in width with a pixel size
of 3/11 mm. The correlation was conducted
with round subsets of diameter ws = 20 px ar-
ranged on a regular grid, with points spaced ev-
ery st = 4 px.

The correlation is performed at each time
step by comparing the current image to a refer-
ence image taken before loading. The algorithm
uses the sum of the last computed displacement
and the last displacement increment as the ini-
tial guess for the subsequent step.

The interpolation of the subset grey levels
is conducted using first-order polynomials and
only rigid motion of the subsets are looked into.

The CIM is applied with a internal gradient
internal length [, = 40 pz.

3.4 Noise level

The two first images serve respectively as
reference for the DIC and for noise evaluation.
Here only the crack opening noise computed
with the two first images for each sample is pre-
sented (figlo) to define a minimal measurable
crack kinematics.

[#],» o ()
] ¢85701'90, 7.16e — 03 [] ¢852101'90, 6.77¢ — 03
¢85210i45, 1.04e¢ — 02 [] ¢145210i90, 5.02¢ — 03

80
60
40

20

20,025 0.000  0.025
[24], (mm)

Figure 6: opening noise
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Depending on the light and the speckle the
noise is not the same for all beams. 0.035 mm
is taken as the minimal measurable crack open-
ing, which will serve in the following.

3.5 CIM crack measure

The crack kinematic returned by the the CIM
method is defined on the whole surface but is
only meaningfull at crack where the crack dis-
placement is not null. The best plot to illustrate
the measure is a 3D surface provided (fig[7).

Eo.z, W“ - g Rt

Figure 7: ¢8s70:90, Crack opening fields, prior shear
failure, f = 9.4 mm

The crack measure are the intensities of the
ridges of the field.

4 Crack pattern analysis

After computing all displacement fields, the
CIM applied, and the noise evaluated, it is pro-
posed to analyse the crack pattern to explain the
beams behaviour before the first shear failure.

4.1 Crack kinematics

The CIM method returns crack kinematics
fields on the complete observed surface. Such
fields for the four beams just before the shear
failure are represented (fig/8).

#857090, f = 10.9 mm

#85210745, f = 8.4 mm

- Y
¢8;210190 f=9.0mm ¢14;210;90 f=95mm §
=
0.5y
200
250 500 0.0

Figure 8: Crack opening fields, prior beams failure, prior
shear failure

The resulting fields resemble those obtained
from strain measurements; however, along
cracks, the intensity represents crack kinemat-
ics, as the strain itself lacks physical signifi-
cance in these regions.

In this study, the four tested beams exhibit
different crack patterns, seemingly influenced
by the transverse reinforcement spacing. The
three beams with a transverse reinforcement
spacing of 210 mm develop more widely spaced
cracks compared to the beam with 70 mm spac-
ing, where cracks are distributed more uni-
formly across the midspan. A common feature
among all specimens is the horizontal propaga-
tion of shear cracks at both ends of the beam.
At the bottom, this propagation appears to re-
sult from the heavy longitudinal reinforcement,
which tends to promote the Goujon effect.

Crack opening also seems to depend on
the reinforcement ratio.  Beams @8s570790
and ¢145210¢90 exhibit a maximum crack
opening of approximately 0.6 mm, while
beams ¢8s5210:90 and $8s210¢45 reach around
1.2 mm. Additionally, crack opening in the first
two beams is more evenly distributed among
multiple cracks, whereas in the latter two, it is
concentrated in fewer cracks, favoring the de-
velopment of larger individual openings.

The crack opening field provides both quali-
tative insights into the crack pattern and quanti-
tative information on crack kinematics, usefull
for many crack-based studies in structural con-
crete analysis.
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4.2 Crack orientation and displacement
discontinuity direction

The local basis provided by the CIM defines
the crack orientation angle, denoted 6, along
with the kinematic components in the local co-
ordinate system: crack opening and slip. The
direction of the displacement discontinuity is
noted as 5. Although these quantities are com-
puted throughout the entire domain, they are
meaningful only at crack locations. To ana-
lyze the directional properties of the crack pat-
tern, a threshold is applied based on the noise
level computed in Section [3.4] The orientation
histograms exhibit two distinct peaks: one cor-
responding to flexural cracks and the other to
shear cracks. To determine the preferred direc-
tions, a double Gaussian function is fitted to the
data to separate the two crack types, as illus-
trated in Figure [9]
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Figure 9: Crack orientation (#) and displacement discon-
tinuity direction () and double gaussian fit prior failure;
shear cracks are predominant

The orientation histograms for all beams just
prior to shear failure are presented in Figure
[0} The preferred crack orientations are sum-
marized in Table[L1l

orientations
average ¢ [ crackd
average discontinuity 3
¢8x701'90 ¢8x2101'45
920 60° 920 60°
30° 30°
0 0° 0 0°
500 . .
-30 500 -30
1000
. -60° . -60°
-90 -90
¢8x2101'90 ¢14§2101'90
20 60° 20 60°
30° 30°
0 0° 0 0°
500 500
-30 -30
1000 . 1000 o
. -60 . -60
-90 -90

Figure 10: Crack and discontinuity orientations

$8570i90 | $85210id5 | $85210i90 | ¢145210:90
9 a7 34 35 37
B 81 —84 —83 —86

Figure 11: shear cracks : mean values of inclination of
cracks and orientation of displacement discontinuity

Fitting the crack inclination distribution with
a bell curve is a significant simplification, as
crack orientation is not a random process but
rather influenced by the stress state and geom-
etry of reinforcements. Notably, shear cracks
often exhibit a curved shape.

Each distribution reveals two peaks associ-
ated with flexural and shear cracks, where flex-
ural cracks have an orientation around +£90° and
a discontinuity vector close to 0°. Furthermore,
the angle between the crack orientation 6 and
the opening direction 3 exceeds 90°, indicating
that crack slip arises not only from crack tortu-
osity but also from the test geometry.

The difference between ¢ and /3 consistently
exceeds 90°; systematic crack slip occurs, the
latter cannot be attributed solely to crack rough-
ness.
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4.3 Stereology and Crack statistics

A key counterintuitive aspect of the CIM is
that the crack information is continuous across
the entire surface, whereas cracks are, by defini-
tion, discrete. One way to compute crack statis-
tics is to adopt a stereological approach that is
based on counting events on lines.

Grid oriented with several angle 6,4 €
0, 180°] are superimposed with the cracked sur-
face like the 6,,;,4 = 135° case illustrated in
(fig[I2). for all orientations and is set to 80 px
in this study.

Figure 12: Counting grid 0,,;¢ = 135°, distance between
lines 80 pz = 22 mm, prior shear failure

Simple tools, like peaks detection, allow to
count the number of intersections between the
grid lines and the crack for several § such as the
probability of the grid intersecting a crack can
be estimated. This latter quantity is linked to
the total crack length by the formula [4}8]],

tot
Lcrack o ENintersec

Sbeam B 2 Lgrid

(11)

with Nj,iersec the intersection count and Lg,iq

the total grid length, the % meaning the
mean on all the directions. The first column in
(fig{13)) shows the count as a function of the an-
gle for the 4 beams.

Similarly, the sum of the crack openings at
the intersection points between the grids and
the cracks can be computed to provide infor-
mation on the orientation of the actively open-
ing cracks. Peak detection must account for the
opening noise, set to 0.035 mm, ensuring that
the total measured crack length corresponds to
cracks with openings exceeding this threshold.

The intersection and opening count rose dia-
grams are presented in the second column of

Figure 3]

intersection count total opening (mm)
$8570790
90°
50
OO
0 20 40

&
50 100

o

Figure 13: Intersection count with 0.035 mm threshold
and total opening of cracks versus 6,4 for the selected

loadstep in (fig[3)

Except for ¢85210i90, (fig[13) show that the
failure is not associated with a crack propaga-
tion but with sudden opening of the shear crack
that are count for 6,4 ~ 135° given (fig[I2).
The

Finally, Figure [I4] presents the total crack
length, the maximum crack opening and the
standard deviation of the crack opening peaks
at peaks on the grid. As previously mentioned,
the crack opening is influenced by the reinforce-
ment ratio. Beam failure appears to occur in
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two distinct phases: the first phase is marked by
crack propagation with limited maximum crack
opening and without to much disparity between
cracks, while the second involves significant
crack opening with restricted crack propaga-
tion. This second phase coincides with the for-
mation of a single dominant crack rather than
multiple cracks, as qualitatively observed, and
is delayed in beams with higher reinforcement
ratios.

—— 87090 $85210745 $85210790 — $145210/90
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Figure 14: Total crack length with opening greater than
0.035 mm, max crack opening and standard deviation of
opening on intersection

5 Conclusion

The CIM method enables to measure crack
from DIC displacement fields without prior lo-
calisation. The kinematic results are defined
all over the correlated surface and meaningfull
where the discontinuity measure is not null.

The fields themselves are very usefull to
monitor crack opening, the crack lips relative
displacement and orientation. For further anal-
ysis, a stereological approach can be effectively
performed to get more quantitative informations
on the crack pattern such as crack total length or
crack distribution.

Another advantage of this method lies in its
adaptability to 3D analysis using DVC displace-
ment fields, where crack surface extraction can
be particularly challenging. This aspect will be
the focus of the authors’ future work.
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