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Drying shrinkage of coating mortars may induce cracks which could result in debonding and reduce the du-
rability of the ‘mortar/substrate’ system. In order to study this phenomenon, a new device based on digital
image correlation (DIC) was developed so as to measure 2D displacement fields on mortars and substrates
at early age in drying conditions. Compared to intrusive methods (e.g. SEM observation, embedded rigid sen-
sor) or impregnation techniques, the proposed device does not induce parasite cracks and specimen can be
monitored continuously and automatically. Moreover, representative geometries and restraint conditions
can be tested. A post-processing tool is proposed to determine the evolution of the cracking patterns by com-
puting an equivalent strain. Besides, this enables the quantification of the widths and the depths of cracks in-
side the mortar and at the mortar/substrate interface. The device was validated by comparison with
measurements of drying shrinkage using LVDT and investigations with an optical microscope. It was used
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successfully to analyze drying shrinkage cracking of coating mortars due to restraint by a rigid substrate.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The durability of coating mortars is strongly affected by cracking
due to drying shrinkage and the quality of the adhesion with the sub-
strate [1-6]. Due to cracking, diffusivity and permeability of the mate-
rial may increase by several orders of magnitude [7,8]. Therefore, the
main challenge is to avoid or control cracking which can create
debonding, as shown in Fig. 1 [6].

The main modes of failure in mortar/substrate systems are tensile
cracking through the mortar thickness and peeling or shearing at the
interface between both materials [3-5,9-11]. The main sources of
cracking are stresses induced by restrained drying shrinkage. The de-
velopment at the early age of this stress state is very complex. It is
strongly heterogeneous in the mortar thickness (Fig. 1) due to the
combination of several phenomena, such as hydration, drying, evolu-
tion of mechanical properties, and creep.

Many tests were proposed in literature to analyze the behavior of
mortar/substrate systems at early age. One example is the ring-test,
which consists in casting a mortar ring around a metallic ring (model-
ing the substrate rigidity) for the determination of stresses in mortar
or concrete [12-15]. However, the metallic surface is not physically
and chemically representative of real substrates, such as concrete or
bricks. Besides, the stiffness of the metallic ring is different from the
one of a real substrate. Thus, a modeling tool is required to analyze ac-
curately the experimental results [15]. Despite these shortcomings,
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the ring-test remains the most widely used test for studying the dry-
ing shrinkage cracking behavior of cement-based materials [16,17].

For concrete repair systems, several authors designed experimen-
tal methods with mortar cast on “real” substrates. The determination
of the resulting strain in the repair material is conducted thanks to
embedded gauges [2,3]. The localization and the pattern direction of
gauges are chosen in order to monitor the development of cracks.
For monolayer coating mortars, the usual thickness is about 10 mm
(limited to 18 mm according to the French Standard NF DTU 26.1
P1-1). This thickness is lower than the usual thicknesses of repair ma-
terials (25 to 40 mm) and therefore limits the use of gauges or fiber
optic sensors [18,19].

Coating mortars could also be studied thanks to Linear Variable
Differential Transformer (LVDT) sensors placed on both sides of a
mortar layer [20]. However, this method presents the same problems
as methods using embedded gauges: local and oriented measures, no
accurate localization of cracks, and possible interactions with stress
state evolution in mortar.

Drying shrinkage cracks can also be observed using an optical or a
scanning electron microscopy (SEM) e.g. [21-25]. However, for a clas-
sical SEM, the preparation of the sample, and especially the placing
under vacuum, results in additional (parasite) cracks [21]. Manual ob-
servation is only performed at selected locations, providing limited in-
formation. The use of impregnation methods helps to identify cracks,
but is not easy since the cement paste adjacent to the crack is also im-
pregnated [24]. In addition, this technique does not allow continuous
monitoring of the evolution of micro-cracks and drying shrinkage can-
not be measured. Some authors have used digital image techniques to
monitor displacement fields due to drying shrinkage. For instance,
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Fig. 1. Development of drying cracks due to self and external restraint in a mortar layer.
Adapted from [6].

Neubauer et al. [26] used an image intensity matching technique com-
paring digital images, but only global data (mapping of drying shrink-
age strains) were obtained.

In order to overcome these issues, a new test device to monitor the
evolution of shrinkage, the propagation of cracks in mortar and their
quantification (location, opening, depth) during drying is proposed
in the present paper. It is based on the monitoring of the displacement
field by means of digital image correlation (DIC) [27] and a post-
processing tool used to capture the mapping of shrinkage strains and
cracks at the drying surface or in the (observable) thickness. The
same device was used successfully by Lagier et al. [28] in order to
study cracking due to restrained shrinkage around aggregates in con-
crete and cracking in beam (bending) and walls (shearing), tested
with quasi-static conditions in the French project called “CEOS” [29].

Our aim is to study the accuracy and the validity of the developed
device. For this purpose, two types of test were carried out. In the first
type, “free” drying shrinkage was studied with both LVDT sensors and
DIC technique. Our objective was to partially validate the DIC tech-
nique. In the second type, cracking due to the restraint of drying
shrinkage was studied on mortar/substrate systems. Our objective
was to show the ability of DIC technique to identify the pattern and
the width of cracks (superficial and in-depth). Both cracking of the
drying surface and cracking at the interface between mortar and sub-
strate were investigated.

2. Experimental program
2.1. Principles of DIC

Digital image correlation (DIC) is usually used for short term tests
on non scalable materials (e.g. metallic or ceramic material). Only few
studies have used this method to investigate the behavior of cemen-
titious materials during long periods [25,26,28,30-32]. In the present
study, DIC is carried out using Correli-Q4-LMT, a software developed
in the LMT laboratory (see http://www.Imt.ens-cachan.fr/PDFs/
HILD.2008.7.pdf and [27]) in order to measure displacement fields.
Since the principles of this method were previously published by
the developers of this software, only the main features are briefly pre-
sented below (for more details see aforementioned references).

The digital image correlation method is based on the comparison
of two images with two random gray levels recorded before and
after a displacement. The first picture is called “reference” and the
second “deformed”. The correlation consists in determining the de-
gree of similarity (in terms of conservation of optical flux) between
these two pictures. The displacement measurement consists in find-
ing the best displacement field which allows overlying the pattern
of the “reference” image and those of the “deformed” image using a
pattern-matching algorithm. The conservation of the optical flow is
a non-linear problem. Kinematic hypotheses are used for the interpo-
lation of displacement fields (QUA4, i.e. 4-node quadrangular finite

elements). It leads to a linear system such as systems in finite
element problems. To increase the measurable displacement range,
a multi-scale setting (sub-pixel interpolation) is used as proposed
for a standard DIC algorithm.

One interesting feature of the used software is the possibility to
evaluate the a priori performances of the DIC technique through 3 in-
vestigations (which were done in the present study):

* The performance of the displacement measurement is largely based
on the image texture quality. An analysis of gray level is performed
globally not only on the whole surface, but also in each discretized
sub-elements.

Using the original image (f), a translated image (g) is generated by
imposing a prescribed translation u,.. The algorithm is then run on
the pair of images (f, g) and the estimated displacement field . is
measured. The quality of the estimation is characterized by two in-
dicators, the systematic error 6,, and the standard uncertainty oy:

/
8y = |[(Upg) =W, || and o, = (g — (| 2)/2 B

where (.) and ||.|| represent the mean and the quadratic norm oper-
ators, respectively.

The effect of noise on the displacement measurement due to the
image acquisition (e.g. digitization, read-out noise, black current
noise, photon noise), the lighting (see Section 2.3.1) or the CCD sen-
sor, is evaluated. The reference image (f) is corrupted by a Gaussian
noise of zero mean. No displacement field is superimposed on the
image, and the displacement field is then estimated (g). This analy-
sis allows to estimate the displacement resolution.

2.2. Materials

The mix-proportions of the studied mortar are given in Table 1. The
high value of the water to cement ratio (w/c =1) was imposed by the
industrial consortium CEReM who supported this research program
(see [33] for instance). The mortar contains a hydroxyl-methyl-
propyl cellulose (HMPC) addition. This chemical admixture, which
has water retention properties, is currently used in industrial mortars
to modify their rheological and mechanical properties [34]. Its impact
on microstructure and adherence of mortars is still not well mastered
(the study of the influence of ether cellulose content on the mortar
properties is ongoing and is beyond the scope of the present paper).

Standardized concrete blocks with cubic dimensions (20x20x
20 cm?) were used as substrate for the restrained shrinkage test de-
scribed in Section 2.3.2. These commercially available blocks (provided
by Rocholl GMBH company) comply with the European Standard EN
1766:2000 on concrete substrates designed for repair materials testing.
Since the roughness of the substrate is a major parameter involved in ad-
herence and cracking [35,36], its control is crucial to obtain reproducible
test. The surfaces of the blocks were sandblasted with a blasting depth of
1-2 mm.

2.3. Experimental procedures
2.3.1. Free drying shrinkage tests
2.3.1.1. Ambient conditions. Drying shrinkage was measured by LVDT

and DIC in the same conditions. Tested specimens were protected

Table 1
Composition of the studied mortar.

Cellulosic ether ~ W/C
(MHPC)

0.11%° 1

Siliceous filler
(Sifraco)

50 kg/m>

Portland cement
(CEM 1 52.5 type)

300 kg/m>

Siliceous sand

650 kg/m>

2 % by weight of the cement content.
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Fig. 2. Experimental devices for measurements of free drying shrinkage: a) LVDT comparator, b) DIC procedure.

from drying by a cellophane film and kept at 2542 °C for 24 h after
mixing. After demolding, they were placed in a room at 25 °C and
30+ 5% of relative humidity (RH).

2.3.1.2. Measurements with LVDT. The free drying shrinkage of pris-
matic specimens 2x4x16 cm was measured by a LVDT sensor
(Fig. 2a). Note that autogenous shrinkage was found to be largely
negligible for such high wy/c ratio [14]. The two opposite lateral
faces (2x16 cm) and the two end faces (2x4 cm) were insulated
by adhesive aluminum foils in order to prevent drying by these
faces. These hydric boundary conditions were adopted in order to
have a symmetrical drying problem and to avoid curling.

Photographed zone

Drying surface —.

2.3.1.3. Measurements based on DIC. Measurements by digital image
correlation (DIC) were performed on plates of mortar of 20x 20 cm?
area and 1 cm thickness (Fig. 2b). This geometry corresponds to the
one used in the restrained conditions (see Section 2.3.2). The optical
device (a CANON EOS 450D camera placed above the mortar surface)
was used to monitor the evolution of the upper face displacement.
The upper face was the only one in contact with the atmosphere
(other sides were protected from drying by adhesive aluminum
foils). From the beginning of drying, images (1157 x 1737 pixels) of
the surface were recorded every 10 min for 10 days. The time expo-
sure was set to 1s and the surface was lighted up by several LED
lights in order to limit the optical noise. The lower surface was placed

10,0mm

Polian film

Fig. 3. Restrained shrinkage test: measurement of the surface displacement.
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on two wood sticks in order to limit friction (and thus restraint).
Therefore, only self-restraint should occur (due to gradients of drying
shrinkage between the surface and the core of the specimen [37]).
The drying surface of the plate was ink-spotted to obtain a random
pattern with a high degree of similarity in order to improve the effi-
ciency of correlation post-processing [27].

2.3.2. Restrained shrinkage tests

Restrained shrinkage tests consisted in measuring by means of DIC
the cracking of a mortar cast on a concrete block. During these tests,
two kinds of measurement were performed: measurement of the dry-
ing surface cracking and measurement of the cracking at the interface
between mortar and substrate.

2.3.2.1. Ambient conditions. Concrete blocks were kept for at least
2 weeks in the testing room. Mortar layers of 20 cm? and 1 cm thick-
ness were then cast on these blocks. The mortar was cast vertically
thanks to an adapted mold in order to control the layer thickness.
After casting, the material was protected from drying for 24 h by
the mold and a cellophane film on the upper face. After 24 h, the
mold was removed and the upper surface was exposed to drying
while the other sides of the specimen were protected by adhesive alu-
minum foils.

Surface cracking tests were performed under the same conditions
to those of free shrinkage tests (i.e. 25+ 2 °C and R.H. 30 £ 5%). In the
case of the cracking interface monitoring, first experiments were per-
formed in the same conditions. For the assessment of the reproduc-
ibility, tests were carried out in different conditions in another
facility (i.e. 23+ 2 °C and R.H. 60+ 5%).

2.3.2.2. Optical device for monitoring surface cracking. The device is
similar to the one used for free shrinkage measurement as described
in Section 2.3.1 (see Fig. 3).

2.3.2.3. Optical device for monitoring interface cracking. A second device
was developed to measure the displacement field at the interface be-
tween the mortar and its support. For this purpose, the previous
device was used with a glass plate, placed against one lateral side
thanks to clamps (as shown in Fig. 4). The other lateral sides were
covered by adhesive aluminum foils.

Photographed zone (2)

Glass plate —

Congcrete block

3. Study of free shrinkage by DIC
3.1. Accuracy of DIC algorithm

The performance of DIC computation is linked to the local details of
gray level distribution of the image texture [38] (see also Section 2.2).
Firstly, a prescribed translation of the original image was performed to
obtain a second image. The algorithm was then run on the pair of im-
ages in order to estimate the displacement. Comparisons between the
imposed and calculated displacement fields were used to evaluate
the standard uncertainties and the systematic errors of the algorithm.
For large element size, measurement is accurate but estimated over a
large zone. On the contrary, for small element size, measurement is
spatially resolved but the determination is less accurate [39].

The evaluation of the a priori performance of the DIC technique
was undertaken (as explained in Section 2.2). It leads to the choice
of a ZOI (zone of interest) size equal to 32 pixels (1 pixel =0.2 mm).
In this case, the associated uncertainty on the displacement was
0.5 um. This calculation, based on the reference image, gives us only
the “intrinsic” accuracy of the algorithm. This uncertainty does not
take into account errors due to possible local fluctuations of the mea-
sure during the test. The accuracy assessment can be carried out by
comparison of measurements from DIC method and measurements
from LVDT comparator (Section 3.3).

3.2. Displacement fields

The final displacement fields (after 11 days, along the x and y di-
rections), calculated by Corelli_Q4_LMT, are given in Fig. 5. Uniform
gradients of displacement field along the x axis and the y axis can
be observed. It should be noticed that, in each direction, iso-values
of displacement were slightly incurved on the sides of the plate.
This phenomenon may be due to a slight drying of the lateral sides in-
duced by the peeling of aluminum adhesive foils. However, no deflec-
tion could be observed at the end of the test (the plate was still
plane). Thus, no significant displacement out of the measurement
plan (due to curling for example) occurred during the test (this was
also checked by finite element calculations).

The iso-values reveal a progressive uniform contraction of the
plate surface due to drying shrinkage. No gap of displacement can

r— Photographed zone (1)

Drying surface

— Alumminum adhesive foil

10,0mm

Polian film

200,0mm

Fig. 4. Restrained shrinkage test: measurements of the displacement field at the interface between the mortar layer and the concrete substrate.
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Fig. 5. Field displacements (in m) 11 days after the beginning of the free shrinkage test.

be observed. This means that self-restrain or eventual restrain due to
the two wood sticks was not significant. Moreover, except a crack due
to formwork removal, no crack or micro-crack was detected (visually
or by optical microscopy).

3.3. Comparison between DIC and LVDT measurements

DIC measurements depend strongly on the frame surface quality
[38]. In order to validate the proposed procedure, the displacement
measured by DIC was used to determine the “mean” strain of the
plate. This strain was then compared to the one obtained with a
more classical method, i.e. LVDT measurements. In the case of the
LVDT comparator, the average strain was obtained by dividing the
measured vertical displacement by the specimen length. In the case
of DIC, it was achieved by averaging the strain field in each direction
(which was obtained by using linear interpolation functions for the
displacement fields such as in the case of 4-node finite elements,
see Section 2.1 and Eq. (2)).

In order to ensure comparability of the two measurement methods,
specimens (prisms and plates) were made from the same batch. More-
over, the drying faces of the prisms used for LVDT measurements were
also lighted up with LED lights, so as to obtain the same drying condi-
tions at the mortar surface for both tests.

The evolution and the order of magnitude of strain from the two de-
vices were found close (Fig. 6). The small difference between results may
be due to the difference of geometry and the location of measurement
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Fig. 6. Free shrinkage strains obtained by DIC procedure and LVDT comparator method.

points (for the results with LVDT comparator). However, the rather
good agreement between the two measurement methods indicates
that the DIC method is efficient for obtaining displacement and strain
fields during a several days long drying. It should be noted that this effi-
ciency was also verified in literature in the case of drying shrinkage mea-
surements of cement pastes [28] and in the case of mechanical loading
strain measurements of others materials, for instance metallic materials
or mineral wools [27].

4. Study of restrained shrinkage by DIC
4.1. Study of surface cracking

4.1.1. Procedure for locating micro-cracks

At the end of the restrained shrinkage test, no macro-crack (i.e.
visible to naked eye) was observed. Only micro-cracks (i.e. only vis-
ible with optical microscope) on the whole surface were detected.
The image correlation reveals also that the displacement field is
heterogeneous.

The first step of the post-processing procedure was to conserve
displacements higher than the DIC algorithm uncertainty. The deter-
mination of the algorithm uncertainty was done as explained in
Sections 2.2 and 3.1. It was found equal to 2 um for the configuration
of restrained shrinkage test. Note that a lower value was found for
free shrinkage test (i.e. 0.5 um — see Section 3.1), because the test
configurations, such as painting or lightning, were slightly different.

Strain tensor was then calculated thanks to the small strain hy-
pothesis (the displacement gradient is computed after interpolation
of the displacement by Q4 finite elements):

1 T . i=n .
&(x) = 5 (Grad(U(x))+ Grad(U(x))) with Ux) =S N,xU  (2)
i1

where ¢ is the strain tensor (2D) and U is the displacement vector
depending upon the position vector x. N; are Q4 (linear) scalar
shape function (the same function as in finite element calculations),
n is the number of nodes and U® are the nodal displacements
obtained by digital image correction [27,31,39,40].

Cracking due to restraint of shrinkage (cracking in modeI) is relat-
ed to 1D tension. As conventionally done in continuum damage me-
chanics for cement-based materials [41], an equivalent tensile
(positive) strainé was computed as follows in order to characterize
cracking with a single scalar value:

&=/(e), : (&), 3)

where () is the positive part operator.
From this equivalent strain, the following criterion f can be de-
rived:

f—bry )

where Ky is the tensile strain threshold. This allows us to assess accu-
rately damage/cracking in tension knowing the 2D strain tensor.

This criterion, used previously by Lagier et al. [28] for studying
drying cracks in cement pastes, is relevant for cement-based mate-
rials due to their very low tensile deformability (and low tensile
strength).

The post-processing tool (using Matlab©) displays the field of this
criterion (only positive values are displayed), which reveals the appa-
rition of a micro-cracking network at the surface (Fig. 7). The pattern
of cracks (3 joining cracks) is typical of cracking due to restrained
drying shrinkage such as those observed by Laurence [5] on repair
mortars or by Colina and Acker [22] on concrete.

After cracking initiation, the global shape of the cracks network
remained the same throughout the test. However, the intensity of
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Fig. 7. Micro-cracks pattern on the mortar surface (20 x 20 cm) during a restrained shrinkage test — Iso-values of equivalent strain of Mazars model in m/m (Time values correspond

to successive ages of the tested mortar).

the equivalent tensile strain (Eq. (3)) increased during the test. This
suggests an increase of the crack widths. The method does not
allow us to determine accurately the time of cracking initiation. In-
deed, at this time, the tensile strains are of the same order of magni-
tude than the resolution of the measure.

4.1.2. Comparison between free shrinkage and damaged area

In order to quantify the evolution of micro-cracks, the ratio of
“damaged” elements number on total elements number was calculat-
ed. This parameter is relevant because the recorded image includes
the entire drying surface. A ZOI is considered “damaged” when its
equivalent tensile strain value is higher than 5.10~ > m/m. This limit
was chosen in agreement with microscopy observation. This calcula-
tion was performed without taking into account boundary elements
of the image, for which DIC is less accurate (edge effects induced by
the assumed periodicity of the signal [40]).
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55
451
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3| First stage

2.5F
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Fig. 8 gives the evolution of this ratio versus the free shrinkage
(driving force of cracking) obtained by DIC. Three stages in the devel-
opment of cracks can be distinguished (as indicated in Fig. 8). It is dif-
ficult to interpret the first stage, since there is some noise during this
period, as it can be seen for example in Fig. 7 at 1.25 days. During the
second stage, the slope of the curve is about 4 times lower than dur-
ing the third one (after the age of 5 days). Indeed, an increase of
1000 um of drying shrinkage results in an increase of 2.5% damaged
zone content during the second stage, whereas during the third
stage a lower increase of shrinkage strain (from 1100 to 1300 um) re-
sults in the same increase of damaged zones content (from 2.5 to 5%).
This difference of kinetics may be due to a higher relaxation of stress-
es due to creep [37,42] and a lower Young modulus of mortar during
the second stage than during the third one. Moreover, since cracks
appear, they are more and more detectable because of their increase
in width, which increases the cracking ratio.
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Fig. 8. Damage parameter (defined in Section 4.1.2) deduced from restrained shrinkage test vs. free drying shrinkage obtained by DIC procedure (ages of the tested mortar are also

indicated).
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Fig. 9. Map of equivalent tensile strain (in m/m) in the mortar layer and the concrete substrate at the end of the restrained shrinkage test.

4.2. Study of cracking in the mortar and at the mortar/substrate interface

The previously presented method allows us to monitor the global
evolution of cracks at the surface. However, it is not enough accurate
to determine the time of cracking initiation. Besides, it gives no infor-
mation on the depth of cracks in the mortar and on the cracking at the
interface between mortar and substrate. Thus, a second method was
proposed.

4.2.1. Micro-cracking field

First, it should be emphasized that the zone observed by the cam-
era through the glass plate is not representative of the material core
(see Fig. 4). However, this zone is subjected to peeling forces which
could result in debonding of the mortar layer (Fig. 1). In this experi-
ment, measurements were done on the zone denoted “Zone (1)” in
Fig. 4.

Fig. 9 gives the obtained cartography of damaged ZOI. Three
micro-cracks (3 circles in straight lines) were detected going from
the drying surface to the interface. This failure mode is in agreement
with the evolution of the tensile stress during the restrained shrink-
age test (see Fig. 1). Moreover, a micro-crack (arrow) at the interface
between mortar and substrate was also observed. The shrinkage of
the mortar layer induces shear stress, which results in debonding.
Each one of these cracks was confirmed by optical microscopy
observations.

Note that computations from DIC measurements revealed also a
crack (one circle in mixed line) in the concrete substrate. This crack
was however not observed by microscopy. This can be considered

as an artifact due to the lack of accuracy of DIC algorithm at the bor-
der of the “Zone (1)".

4.2.2. Assessment of tensile crack widths

As indicated previously, three tensile cracks propagated through
the mortar layer and reached the interface between the two mate-
rials. Beyond this qualitative observation, it should be interesting to
quantify their crack widths, for example for the determination of
their impact on transfer of aggressive agents such as chlorides or
CO, [43].

Crack widths were determined at the middle of the mortar layer
(line A’-B’ in the cartography of damage given in Fig. 10). In order
to obtain an accurate measurement, some precautions should be
taken. Indeed, the image texture of the ZOI where the crack occurred
is modified by the presence of the crack. Consequently, in this zone, it
is difficult to associate these “deformed” elements to those of the “ref-
erence” image. This results in a loss of accuracy of the image correla-
tion. When crack widths are determined from the difference between
displacements at both sides of the crack, the so-obtained widths
could be up to 2 times higher than the widths determined by optical
microscopy. In order to overcome this issue, displacements were in-
terpolated as shown in Fig. 10. The observed displacement gaps corre-
spond to the cracks. Then, the crack width can be calculated as the
difference of displacement between the interpolated displacements
at the left and the right sides of crack location. This interpolation
method allows us to determine crack widths, for instance 25.6, 16.6
and 14.6 um in Fig. 10. These values are of the same order of magni-
tude than those found by microscopy.
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Fig. 10. Determination of tensile crack widths by interpolation from the displacement field.
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Fig. 11. Determination of the interface crack width by interpolation from the displacement field.

Although there is good agreement between crack widths from DIC
observations and widths from microscope observations (see also [28]
for more details), the presence of local fluctuations in the displace-
ment fields in both mortar and concrete should be noticed. These
fluctuations are due to the correlation process and could result in in-
terpolation errors.

4.2.3. Assessment of interface crack width

The cracking at the interface between mortar and substrate re-
veals the ability of drying phenomenon to separate the two materials.
Thus, the crack width at the interface is an indicator of the damage
state of the system. The efficiency of the interpolation method
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Fig. 12. Comparison of equivalent tensile strength fields (in m/m) in the mortar layer
and the concrete substrate after 6 days for the three restrained shrinkage tests (see
Section 4.2.4.).

(described previously) to correctly quantify crack widths along the
whole interface was verified. For this purpose, displacements were
interpolated along two distinct lines crossing the interface. The first
one (denoted A-B in Fig. 11) is located in a zone without interface
crack whereas the second line (line C-D) crosses such a crack.

In the area without crack (A-B line), the interpolation method
procedure gives a gap displacement value lower than the interpola-
tion error. This value does not correspond to a crack width but to
the maximum local fluctuation of the calculated displacement. Oppo-
sitely, for the line C-D, the so-obtained gap displacement is higher
than the interpolation error and it localized at the mortar/substrate
interface. A crack width of 25 um is obtained, which is in good agree-
ment with optical microscopic observation.

Interpolated displacement lines shown in Fig. 11 reveal also that
the total strain in the mortar layer is higher than the one in the con-
crete substrate. This is due to the fact that the drying shrinkage of the
mortar layer is (partially) restrained by the concrete substrate: drying
shrinkage and mechanical (elastic, creep) strains occur in the mortar
layer, while only mechanical strains occur in the concrete substrate.

4.2.4. Reproducibility of the test: comparison of crack widths
Three experiments were conducted on concrete blocks with
controlled roughness in order to assess the reproducibility. This

25
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Fig. 13. Time-evolution of the crack width at the interface during the three restrained
shrinkage tests (confidence intervals of 75%). Drying begins at the age of 1 day.
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study was carried on the zone denoted (2) in Fig. 4 (4x5 cm). The
camera recorded the center of the sample in order to avoid edge
effects. At the end of the tests, cracks were observed by optical mi-
croscopy to determine their location and the order of magnitude of
their widths. The crack patterns obtained by means of DIC are
given in Fig. 12.

Using the interpolation method (Section 4.2.3), interface crack
widths were determined with an assessed resolution of 5 pm. Due
to material heterogeneities and random location of defaults, the
crack locations and widths observed by optical microscopy were
variable from one sample to another. Besides, the interface between
the two materials was not locally rectilinear. As a result, crack
widths could be overestimated in certain zones. The statistic disper-
sion along the interface was higher than the measurement resolu-
tion. In order to interpret results and avoid artifacts, crack widths
were measured at various locations along all interfaces and the
interquartile range of this distribution was conserved for compara-
tive study.

For the three tests, the final crack width had approximately the
same median value as shown in Fig. 13. Moreover, their global time-
evolutions were similar with an initiation of cracking one day after
the removal of the formwork and a stabilization of the crack three
days after. Note that the dispersion in the test “1” was quite high.
However, this method allows us to monitor the evolution and the
order of magnitude of cracks of around 10 pm.

5. Conclusion

The crack evolution due to restrained drying shrinkage is hardly
measurable but its monitoring is necessary to improve the under-
standing of mortar/substrate systems behavior. For this purpose, a
new experimental method using digital image correlation (DIC) was
presented. Based on a post-processing of images obtained by a cam-
era, after painting a random pattern on the studied surface, the device
was developed in order to monitor 2D displacement fields.

Firstly, measurements of free drying shrinkage by DIC were com-
pared to those obtained more classically by LVDT sensors. A good con-
cordance between both methods was obtained. Thus, the device
makes it possible to monitor continuously small displacement fields
during several days.

Secondly, restrained shrinkage tests with concrete substrate were
developed to monitor micro-cracks at the drying surface. From the
so-measured 2D displacement fields, equivalent tensile strains, such
as defined in continuum damage mechanics, can be calculated.
Based on a classical criterion (comparison of this equivalent strain
with a tensile strain threshold), locations of the cracks can easily be
obtained. The proposed method enables a mapping of the cracking
surface and a quantification of the total cracked area.

Thirdly, cracking through the thickness of the mortar layer and at
the mortar/concrete interface was studied. The proposed method
allowed us to assess with a relatively good accuracy and reproducibil-
ity crack widths higher than 10 um.

Based on these results, it can be concluded that DIC method is a
promising tool to study coating mortar cracking with representative
geometries and in restraint conditions.

Several improvements can be proposed. An alternative to the
painting, which could interact with drying, is the use of a video-
projector to project a random pattern on the studied surface. More-
over, in order to detect debonding between the mortar layer and
the concrete substrate, stereo-correlation (using 2 cameras) can be
used so as to measure out of plane displacements of the studied sur-
face. Finally, since cracking due to drying of coating is highly depen-
dent on the boundary conditions (external relative humidity, wind
velocity, etc.) and the support (roughness, Young modulus, etc.), a
predictive model would be beneficial to analyze cracking phenome-
non of coating mortars as observed with DIC.
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