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Abstract

The development of a new image analysis technique for the automatic detection and quantification of microcracking in cement-based
materials is described. An impregnation technique is used to highlight microcracks and other microdefects (porosity, air bubbles) present
in the concrete matrix. Microcrack observations of the polished samples are carried out using an optical microscope. The first step of the
image analysis process consists of extracting the various defects from the observed image. The extraction process is essentially an auto-
mated thresholding operation carried out on the grey-level histogram. The second step consists of automatically sorting the various ex-
tracted defects on the basis of a certain number of shape factors. For the third step, an innovative technique is used to reconnect several
neighboring microscopic fields. Finally, the characteristics of the cracking pattern are quantitatively determined using classical stereologi-
cal techniques. The approximation of microcracks by straight lines enables researchers to draw maps of the sample crack network over an
area of a few tens of square centimeters. Various tests were carried out to verify the accuracy and the reproducibility of the results yielded
by the method. Results obtained for undamaged and mechanically loaded samples are also presented. © 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Whatever its origin (mechanical, physical, or chemical),
the degradation of cement-based materials often results in
the initiation and the propagation of microcracks. Over the
past decade, numerous studies have clearly indicated that
the presence of microcracks can significantly influence the
mechanical and mass transport properties of concrete [1-4].
The optimization and/or the prediction of the material mac-
roscopic properties therefore require the development of a
reliable tool that is capable of quantifying the material mi-
crostructural characteristics.

Over the past 20 years, severd techniques have been de-
veloped to detect and measure microcracks in cement-based
materials [5-14]. The advantages and drawbacks of each of
these methods have been critically discussed in aprevious pa
per [10]. The main difficultieswith microcrack measurements
in cement-based materials can be summarized asfollows:
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1. Most sample preparation techniques require a predry-
ing treatment that can alter the original state of the
material. The hydrated cement paste is a moisture-
sensitive material in which even the dlightest drying
can induce microcracks.

2. Manua counting of microcracks is tedious and con-
stitutes a limitation for a systematic analysis. Test re-
sults may also be biased by the subjectivity of the op-
erator who often has to convert acomplex picture into
abinary (yes/no) result [12].

3. Microcrack measurements can significantly vary with
the magnification used during the observations. Such
a phenomenon originates from the heterogeneous and
multiscale structure of cement-based materials[13].

More recently, Darwin et al. [14] proposed a new tech-
nique to detect and count microcracks in neat cement paste
samples. According to this approach, the hydrated cement
paste samples are polished, impregnated with a epoxy resin,
and observed using a scanning electron microscope (SEM)
in backscatter electron mode. Despite the good contrast ob-
tained with this technique, the authors report that the reli-
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ability of the crack network characteristic determination is
affected by variations in grey levels in the impregnated
cracks. In backscatter imaging, the contrast between two
phases depends on the ratio between their respective aver-
age atomic numbers; the grey levelsin the crack area are di-
rectly influenced by the underlying and adjacent solid
phases. The authors developed a new image-processing
strategy to minimize the influence of this phenomenon on
the detection procedure.

A new technique that allows the automatic detection and
quantitative determination of microcracks in cement-based
materials is presented in the following sections. The tech-
nique was developed to assess the characteristics of the
crack network of mortar and concrete samples. In contrast
to the procedure of Darwin et al. [14] that has been designed
to investigate the material at the microscopic scale, this new
technique operates at the mesoscopic scale. Thetechniqueis
essentially athree-step process that includes the preparation
of the sample, the automatic detection of microcracks, and
the mathematical treatment of the collected data. During the
development of the method, various tests were carried out to
assess the reliability and reproducibility of the process. Re-
sults of these tests are presented along with a detailed de-
scription of the method.

2. Microcrack detection using an
impregnation technique

A simple dye impregnation technique was developed to
avoid any bias, which can be induced by the sample prepa-
ration. The procedure has been extensively described in a
previous paper [10]. The method is briefly summarized in
the following list:

1. A 15-mm thick disc of concrete is first cut and pol-
ished under water to obtain a smooth surface.

2. The wet polished surface is then impregnated with a
red dye solution (or a fluorescent solution).

3. The excess dye is removed by polishing the sample
with a 6-pm diamond paste.

4. Finally, progressive polishing with 3-and 1-pm dia-
mond pastes guarantees a good surface quality.

The preparation technique is fast and relatively straight-
forward. Its main advantage lies in the fact that it does not
induce any microcracks in the material [10]. Except for a
very short period of air drying, during which the red dye
penetrates the materia pore structure, al other steps are car-
ried out under water. It must be emphasized that the polish-
ing operations that follow the impregnation are of primary
importance. To obtain accurate results, the red dye must be
retained only in microcracks and voids as shown in Fig. 1A.

Previous experience has shown that observations of the
polished surface (using an optical microscope at a magnifi-
cation in the range of 10 to 300X) is sufficient to highlight
the material defects and to allow the detection of microc-
racks, paste-aggregate transition zones, porous areas, and
air bubbles. When applied to ordinary concrete, the tech-
nique generates images with agood contrast, which are con-
venient for quantitative analysis.

Experience has aso shown that the contrast is, however,
weaker when denser matrices (mixtures of low water/binder
ratios or containing mineral additions like fly ash or silica
fume) are tested. Furthermore, dense systems are difficult to
impregnate. In this case, a fluorescent agent replaces the red
dye. Fluorescent dye impregnation techniques have been
extensively used for years in other fields such as biology
[15]. Recent work by Gran [16] has clearly shown that these

(B)

Fig. 1. Microcracks in impregnated samples (magnification 40X). (A) Sample impregnated with ared dye. (B) Sample impregnated with a fluorescent solution.
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techniques are well suited for microcrack observation in
high-performance concrete.

The preparation steps for the fluorescent dye impregna
tion are similar to those used for the red dye impregnation
technique. The only difference is that the concrete sample
has to be immersed for four daysin afluorescent solution of
ethanol. During this time, the fluorescent acohol, which
al so penetrates within microcracks and voids, progressively
replaces the concrete pore solution. After the immersion pe-
riod, the sample is polished under water. The sample isthen
ready to be observed using an optical microscope under ul-
traviolet light (see Fig. 1B).

3. Theimage analysis procedure

The various aspects of the automatic detection of the mi-
crocracks and the mathematical treatment of the collected
data are described in the following paragraphs. Specia at-
tention is given to the mathematical algorithms developed
to analyze the collected data.

3.1. Equipment

All agorithmsfor theimage analysis operations were de-
veloped using the VISILOG 4 software (Noesis SA., Or-
say, France). The image acquisition from the optical micro-
scope is made using a tri-CCD color camera (Noesis, SA.)
that islinked to a personal computer. Images are digitized us-
ing a Matrox image 640 card (Noesis, S.A.). The automatic
field by field displacements of the sample is controlled by a
motorized stage x-y-z controlled from the microcomputer.

3.2. Microcrack identification algorithm (segmentation)

The procedure first involves the acquisition of a 256 X
256-pixel color image (Fig. 2A). Three different black and
white images are then derived from the original color image
on the basis of its R (red), G (green), and B (blue) compo-
nents. Each of these three images contains 256 possible grey
levels ranging from O for black to 255 for white. If the sam-
ple has been impregnated with a red dye, the following ar-
ithmetical operation is performed to highlight the impreg-
nated microdefects [see Eq. (1)]:

o(x, y) = maxég(x, y) = G(x,y) 8

In Eq. (), O(x, y) stands for the intensity of the pixel of
coordinates (x, y) in the output grey level image. R(x, y) and
G (x, y) are the intensities of the same pixel in the red and
green images, respectively. In the image thus obtained (Fig.
2B), the pixels corresponding to defects are notably clearer
than the background (Fig. 2C). This operation aims at facili-
tating the next stage of thresholding. If the material has been
impregnated with a fluorescent dye, the contrast of the
green component is sufficient, and al the following opera-
tions are carried out on thisimage only.

To assess the characteristics of the crack network, it is
necessary to convert the image (that may contain up to 256
possible grey levels) into a binary image. In this binary
image, the pixels defining the defects are assigned a value
of 1 and the background pixels are given a value of 0. The
thresholding is probably the most critical operation. In gen-
eral, the larger the contrast in intensity between the objects
and the background, the easier the thresholding operation. The
threshol ding operation may be carried out manually or auto-
matically. In the manual (interactive) procedure, the opera-
tor himself defines the appropriate boundary values. The de-
termination of the proper values can be done on the basis of
previous tests. In that respect, automatic thresholding meth-
ods present numerous advantages over the manual proce-
dure. For instance, they can easily account for any variation
in the contrast between two successive images originating
from the same sample (or originating from two samples of
the same mixture) [17]. These variations are generally re-
lated to the heterogeneous nature of the material. They can
a so be induced by the sample preparation operations.

During the development of this method, various statisti-
cal thresholding methods (based on the histogram of grey
levels) were evaluated and compared. The entropy maximi-
zation method [18] was found to yield the best results. It
was found that the threshold values obtained on the basis of
this method were consistently similar to those obtained
manually by an iterative process.

The entropy maximization method consists in determin-
ing, for agiven image O, the grey levels, (s), that maximize
the entropy function ® (k). The entropy function is com-
puted according to Eqg. (2):

PO PO, P P
P(k) = — Z HNODDOQWVOD+ I(Zlﬂmlmljogqlv1D (2

Where p; is the probability for a given pixel to have an in-
tensity equal toi (p, = Ni/N), Ni isthe number of pixels that
have the i intensity, and N is the total number of pixels. w,
and w; are, respectively, the probability to found a pixel in-
tensity lower or higher than

min

(KWo =5 pis Wy =

U min kH

Once the (s) value is computed, the lower bound thresh-
olding is then operated according to Eq. (3):

<
B y) = OUeVs €
L if O(x,y)>s

Following the thresholding operation, the resulting bi-
nary image (B) is then transformed by two successive mor-
phological operations of eroding and rebuilding. These op-
erations eliminate noise and small objects (<10 pixels) for
which the measurements are not well adapted. Fig. 2D illus-
trates the image obtained after these treatments.

The initia treatments of the image based on the charac-
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Fig. 2. (A) Original color image; (B) grey level-enhanced image; (C) histogram of image B; (D) binary image after thresholding; (E) treated microcrack net-

work; and (F) rose of specific crack length.

teristic grey level of impregnated defects are not sufficient
to distinguish cracks from other defects. A second series of
operations, during which shape criteriaare used, istherefore
necessary. Cracks can sometimes be individual objects with
an elongated shape, but more frequently they are arranged
into a connected network. Several size criteria and various

shape factors have been tested [19].
Initially, acriterion of minimal elongation [see Eq. (4)]:
Fe>15 4

where Fg islength-to-width ratio, has allowed reliably iden-
tification of individual cracks. However, branching cracks
are not as easy to deal with. A significant part of these
cracks has low Fg values, close to that of pores and voids.

The sole utilization of criterion [4] was found to be insuffi-
cient. The use of a circularity factor (p = perimeter?/4m
area) did not yield good results, very probably because the
perimeter estimate is very sensitive to small errors in the
contour value [19-21]. The criterion, which was found to be
the most appropriate to discriminate between cracks and
other defects (porous zone, voids, etc.), is a dimensionless
packing density index F given by Eq. (5):
A

Fo= -2 5

T A (5)
Where A, isthe object areaand A, isthe area of its circum-
scribed circle for which the diameter is the maximum value
of Ferret's diameter [19] computed at every 10 degrees. F,
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isequal to 1 for acircle and tends toward O for avery elon-
gated object, typically an individual crack. Furthermore, F,
issmaller for aconcave object (e.g., abranching crack) than
for arather compact object (porous zone or void).

An automatic ranking of cracks requires the determina-
tion of a threshold value F that can be used to separate
cracks with a good degree of reliability. For this purpose, a
statistical analysis of F. values for various crack networks
was redlized. Fig. 3 gives the cumulative probability of F,
for a composite set of cracks that contains cracks of various
shapes. As can be seen, al cracks have a factor lower than
0.24, and for 94% of them it does not exceed 0.20. Further-
more, it was observed that values ranging between 0.20 and
0.24 often correspond to limit cases like, for instance, po-
rous zones connected to cracks. On the basis of this analy-
sis, the value F was fixed to 0.20 [see Eq. (6)]:

Fc<02 (6)

The validity of this criterion has been verified for the
range of magnification (25 to 80X) used in this study. Fig. 4
shows three different types of cracks and a porous zone and
the computed values of F¢ and F..

Once microcracks are been sorted out of the other ob-
jects, it is possible to store them in a new image. The next
step of the treatment consists of reducing the objects to their
skeleton (i.e., to curves of unit width). During the skeleton-
ization step, the algorithm must recognize and remove
“dead ends’ that can appear due to irregularities in the con-
tour of the objects. Only dead ends whose lengths are larger
than 10 pixels are kept during the treatment (Fig. 2E). Fi-
nally, a routine identifies the extreme points of each com-
posite crack. These points are located within a given (fixed)
system of coordinates (accounting for the displacements of
the specimen from one field to another) and they are stored.

3.3. Quantification of microcracks

The basic characteristics of the microcrack pattern are
determined on the basis of classical stereological methods.
During the development of this image analysis procedure,
two different stereological techniques [22] were tested: (1)
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Fig. 3. Distribution of F values for microcracks.

the method of the oriented secants on a plane, and (2) the
method of total projections.

The oriented-secant method consists of covering the
treated image with an ensemble of parallel equidistant lines.
The system is characterized by the spacing between two
lines and their angle with a reference system of coordinates.
Using an automatic procedure implying logical binary oper-
ations of the images, the number (N,) of common points be-
tween the cracks and the set of linesis computed for several
orientations from 0 to 180° by 10° steps. A polar representa-
tion of N, isthen drawn, which shows the degree of orienta-
tion of the microcrack pattern. The local degree of the orien-
tation of the microcrack pattern is finally computed
according to Eq. (7):

w = (N max = N min) (O=sw=1) (7)

NL max + %_%D\IL min

Where N . and N, i, are the maximum and minimum val-
ues taken by N, (8) when 6 varies. o takes the value O for a
perfectly isotropic cracking pattern (i.e., with no special ori-
entation) and the value 1 when all the microcracks have the
same orientation. The total projection rule stipulates that the
specific number of intersection N (6) between the system
of lines and the microcracks network corresponds to the
specific projected L in adirection orthogonal to 6 (Eq. 8):

NL(8) = Lafh+ 25 = Lapg ®

In the case of isotropic cracks, thereisan important relation-
ship between the average number of intersections N, (which
is in this case independent on 0), the total specific length
and the specific area of cracks S, (mm#mmd) [see Eqg. (9)]:

T T
EENL:LA:Z[S\/ )

Microcracks can also been quantified by using the total
projection method. In this case, one uses the Ferret’s diame-
ter to quantify the projected length of microcracks per unit
area or the specific crack length L,(6) for various orienta-
tions 6 (in mm/mm?). A polar representation of L, () (rose
of specific crack length) is given at Fig. 2F. The degree of
orientation can be computed using Eqg. (10):

= LAOV = l =<
® LAtot I-Aor + I-Aiso (0 ® l) (10)
Where L, and L, are, respectively, the isotropic and ori-
ented specific lengths and where L, is the total specific
length of cracks. As can be seen, Eq. (7) can be obtained
from Eq. (10) by introducing the rule of total projections
Eq. (8) and Eq. (9).

Experience has shown that both methods yield globally
the same results. Such an observation isin good agreement
with what is usually reported in the literature [23]. How-
ever, the method of total projectionsis less time-consuming
(by afactor approximately 3). In the following applications,
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Fig. 4. Shape factors (Fg and F.) for various types of defects: (A—C) cracks; (D) porous zone.

al the characteristics of the various microcrack patterns that
will be presented have been calculated using the method of
the total projections.

3.4. Reconnecting fields

Large cracks are known to have a major influence on
macroscopic properties like permeability or Y oung’s modu-
lus. However, their weight on measurements such as N, or
L, is only negligible. The algorithm therefore must be able
to identify and quantify macrocracks properly. The main
difficulty of this operation arises from the fact that cracks
can extend on several neighboring microfields. If no partic-
ular attention is paid to this particularity, large cracks will
be counted as several different smaller cracks with no error
on N, or L, measurements, but with a significant error on
the prediction of the material physical propertiesthat will be
drawn from crack pattern estimates.

As part of the development of our image analysis proce-
dure, a specific algorithm has been developed to reconnect
large cracks and thus avoid biases due to these problems
[24]. The prablem is simplified by considering only the
crack ends stored in each field. For each crack (i) contained
in agiven field, al potentia “twin” cracks (j) in the neigh-
boring fields are tested. Two criteria must be fulfilled for
connecting i and j cracks:

1. The distance between two cracks must be lower than
Ao, Which is an error value due to the imperfect
trandlation of the specimen (mechanical gap in the
guidance system of the stage) and which has been
carefully estimated.

2. The angle between the two cracks must be larger
than 90 °.

A simplified description of the image analysis procedure
isgivenin Fig. 5.

4. Validation of the method

During the development of this technique, several tests
were performed to validate the various steps and algorithms

of the image analysis procedure. Some of these tests were
carried out on real cracked materials, while others dealt with
model (artificial) specimens.

To validate the portion of the algorithm that had been de-
veloped to reconnect the various fields together, we have
analyzed abundle of 24 metallic fibers (approximate length
12 mm, diameter 0.1 mm) at amagnification of 20X. At this
magnification, the elementary field size is 3.6 mm and the
macroscopic image contains 416 elementary fields. Fig. 6A
shows the first result of the analysis, where the object sizeis
limited by the field size. Fig. 6B gives the size distribution
after reconnecting. As can be seen, the large majority (23 of
24) of the objects are in the 11- to 14-mm interval, which
validates the algorithm.

4.1. Sources of error

The electronic treatment can induce noise in the image.
This noise can subsequently modify the shape of the objects
after thresholding and therefore the microcrack density. This
effect can be quantified when the entire processis performed
twice while all parameters are kept constant. By summing
images obtained through successive acquisitions, it is possi-
ble to make the noise spatialy uniform, therefore improving
the signal/noise ratio [17]. Tria tests indicate that summing
six images (of the same field) gives a coefficient of variation
of the microcrack length of about 10%. Each initial image is
thus built by repeating the acquiring phase six times.

Another source of error comes from the threshold value
of the shape factor F_, set at 0.2 [see Eq. (6)]. In the case of
highly microporous cement pastesin which cracks are linked
to pores or cannot even be distinguished from the porosity,
this value is questionable. However, as soon as the material
has a sufficient density, the threshold value yields correct re-
aults. It isimportant to note that a preparation of quality (uni-
formity of impregnation and polishing) is an essential de-
mand of the technique at all stages of the processing.

4.2. Reproducibility and magnification effect

A test was performed to verify the reproducibility of the
measurement and the influence of the magnification factor.
A 0.38 water/cement ratio concrete was subjected to a heat
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Fig. 5. Description of the image analysis procedure.

curing treatment at 50°C during 8 h, then kept at 20°C in the
laboratory. After preparation, a surface of 3.5 cm? of con-
crete has been analyzed three times for each of the three fol-
lowing magnifications factors: 25, 40, and 80X. As can be
seen from Fig. 7, good reproducibility is obtained for the
three tests carried out at the same magnification. Specific
crack length values and degrees of orientation are similar
for all measurements. The measured degrees of orientation
(which range from 4 to 6.3%) are characteristic of a weakly
oriented pattern. The results also indicate that the crack
length is very sensitive to the magnification factor, since it
is doubled with magnifications from 25 to 80X. A higher
magnification allows detection of smaller defects. However,
the degree of orientation appears to be affected much less
by a change on the magnification.

5. Study of materials subjected to a mechanical loading

The image analysis technique has been applied to two
mechanically damaged cement-based materials. The first

one is a high-performance concrete that had been loaded in
uniaxial tension. The second one is a mortar subjected to
uniaxial compression. Table 1 gives al information on the
mixtures and their respective mechanical properties.

5.1. High-performance concrete in tension

Samples of high-performance concrete were tested in
uniaxial tension according to the BIPEDE procedure [3,25—
28]. Test specimens had a diameter of 110 mm and a thick-
ness of 40 mm. To produce samples with different cracking
patterns, three levels of loading were selected. A first series
of specimens were tested, up to a maximum strain of 2 X
1074, a second series was brought to a maximum strain of
6.5 X 1074, and a third series was tested to a maximum
strain of 8 X 1074,

At the end of the mechanical test, the concrete specimens
were impregnated with a fluorescent solution. A rectangular
areaof 41 cm? in the central part of the disc was analyzed at
a magnification factor of 40X. Table 2 gives the specific
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crack length, degree of orientation, and percentage of the
uncracked area within specimen.

Ascan be seenin Table 2, an increase in loading from A
to B significantly increases the specific length as well asthe
degree of orientation. However, no significant changein the
values of those two parameters is observed when loading is
further increased from B to C. Closer examination of the
cracking patterns (Fig. 8) provides additional information.
These patterns show the coexistence of two localized cracks
at the levels B and C, which are more or less continuous
throughout the specimen. These cracks are perpendicular to
the axis of loading and do not exist at the initial level of
loading (level A). The presence of these macrocracks con-
tributes highly to the degree of orientation of the crack net-
work. The measurements confirm that the cracking pattern
is not significantly modified once it has been created. At
this stage, all global deformations of the specimen corre-
spond to the gradual opening of the existing macrocracks.
Unfortunately, the mean value of the crack opening can hardly
be calculated on the basis of the image analysis procedure.
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g 700 -
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(7] um/pix) pm/pix) pm/pix)

Magnification factor

A complementary study of the third specimen (level C)
consisted in using two different magnification factors for an
investigated area of 8 X 2.7 cm. Magnifications of 40 and
20X have been used (respectively, corresponding to a pixel
size of 7.2 and 14.4 pm and to a number of 640 and 160 el-
ementary fields). While the crack specific length is only
sightly affected by the magnification (7.5 X 1072 mm~* at
20X, 8.7 X 1072 mm~* at 40, which correspondsto an in-
crease of approximately 16%), the degree of orientation is
decreased by 30% (36.8% for 20X and 27.7% for 40X).
These results confirm that a lower magnification is more
sensitive to the anisotropy. A higher magnification reveals
more defects, which are more isotropic, and this lowers the
degree of orientation.

5.2. Mortar under uniaxial compressive loading

The cracking pattern of a second series of samples that
had been subjected to mechanical compressive loading was
also determined. The measurements were carried on a series

Otest 1 mtest2 mtest 3

Degree of orientation (%)
O 2 N W s 1 O~

X 25 x 40 x 80

Magification factor

Fig. 7. Reproducibility of the test results and influence of the magnification.
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Tablel
Mixture characteristics and mechanical properties of the materials

High-performance

Constituents concrete Mortar
Cement ordinary

Portland cement 400 kg/m® 639 kg/m®
Silicafume 40 kg/m? -
Water 120 kg/m® 256 kg/m®
Fine sand 746 966 kg/m?®
Coarse sand - 414 kg/m?®
Gravel 4-10 mm 1,145 -
Superplasticizers yes no
Slump 200 mm -
Water/binder 0.3 04
E average 45,000 MPa —
f. average 91.3 MPa® 69 MPa®
f, average 6.5 Mpa® -

2t 28 days; Pat 42 days.

Table2
Crack pattern characteristics of the high-performance concrete tested
intension

Specific crack Degree of
Level of length Ly X 1072 orientation  (Virgin/total)
loading  Strain X 107 (mm/mm?) w (%) area (%)
A 20 1.30 8.50 92
B 6.5 8.06 16.0 81
C 8.0 8.11 17.6 67

of mortar samples. The analysis was performed on afirst se-
ries of three reference samples (named T,, T,, T5) that were
not subjected to any loading. The three reference samples
were sawn from the central part of three cylinders (110 mm
diameter, 220 mm length). A second series of three samples
(named P;, P,, P;) was also analyzed. These samples were
sawn off a cylinder that had been loaded at its ultimate
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Table3
Crack pattern characteristics of amortar subjected to a
compressive loading

Specific crack Degree of
length Ly X 1072 orientation (Virgin/total)
Specimen (mm/mm?) o (%) area (%)
T1 25 7.3 17
T2 28 9.4 33
T3 16 135 57
Average 23 101 35.7
Coefficient of
variation (%) 271 312 56.4
P1 38 7.7 16
P2 43 6.7 16
P3 37 85 9
Average 393 7.6 13.7
Coefficient of
variation (%) 8 11.8 29.5

strength (peak load). Discs P;, P,, and P; were taken at
three different locations within the cylinder (distances of 20,
30, and 100 mm from its end).

After the impregnation with the red dye, an area of 11.6
cm? in each disk was analyzed at a magnification of 40X.
The crack pattern characteristics of each sample are summa-
rized on Table 3.

Test results indicate a significant difference for the mi-
crocrack specific length between the reference and the
loaded samples (with an average increase of 71%). Further-
more, the previous mechanical loading appears to reduce
the scatter on Ly, between the samples. The same can be
said about the variability of undamaged area.

For the loaded sample, the microcrack specific length
does not appear to vary markedly along the axis of the cyl-
inder. It isaso clear that in the plane of analysis (perpendic-
ular to the axis of loading), the degree of orientation is low
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Fig. 9. Crack patterns of the mortar samples: (A) virgin and (B) loaded at peak stress.

and remains unaffected by loading. Fig. 9 confirms that the
cracking pattern appears spatially homogenous within the
specimen at this scale.

6. Concluding remarks

A technique for the quantification of microcracks in ce-
ment-based materials has been developed. It includes:

« an experimental process during which samples areim-
pregnated without inducing any spurious microcrack-
Ing;

« agorithms for the image analysis that enable determi-
nation of the crack pattern characteristics (i.e., the spe-
cific crack length and the degree of orientation) of a
given sample and to map the defects.

Various tests run as part of the development of the
method have shown that the image analysis algorithms are
reliable and lead to reproducible results. The whole process
makes possible the systematic analysis of specimens of a
significant size (with respect to the mechanical representa-
tive elementary volume of the material) that have been dam-
aged by various mechanisms. The measurements can be
qualitatively as well as quantitatively compared for several
magnifications.

Among the first results, the crack pattern of high-perfor-
mance concrete samples that had been subjected to tensile
loading was determined. The sensitivity of the two crack
pattern parameters to the magnification factor has been
evaluated on the basis of these results. This point will be
further studied in the future and results will be used in the
framework of micro-macro mechanical models.

Future research will also focus on the identification of
the relevant scale at which the material can be considered as
statistically homogeneous (representative volume element).
This evaluation will be made on the basis of micromechani-
cal considerations.
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