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Abstract

The scope of this paper is to investigate by an automatic image analysis technique the dispersion of phases in concrete. Three
morphological and statistical tools were used: co-occurrence matrices, and simple and crossed-covariance. It was shown (1) that
there is a repulsion between gravel, (2) that gravel and air-voids are surrounded by matrix (cement paste and sand), and (3) that the
dispersion of gravel and air-voids is perfectly uniform. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Concrete is a complex material because of its multi-
scale aspect and the number of present phases. In this
study, one has chosen to consider three phases: gravel,
air-voids and matrix (cement paste+sand). In that
work, coarse and/or aggregate particles will be consid-
ered as gravel. The dispersion of the air-voids has an
influence on the freeze-thaw resistance in concrete [1,2].
But in a multi-phase material, it is also interesting to
study the dispersion of one phase in another, and also
the dispersion of each phase independently. Image
analysis methods allow this type of investigation. The
tools used are co-occurrence matrices and the covari-
ance.

First, we have tried to evaluate the global homo-
geneity of the dispersion of the phases, and secondly
to analyse this dispersion by a finer way using a sta-
tistical tool of order 2: the covariance [3,4]. Ofcourse,
using these tools need to acquire and process images
of these materials. That will correspond to the first
part of this paper which will be followed by the pre-
sentation of the methods used; then the results are
given and discussed.

* Corresponding author.

2. Initial preparation
2.1. Sample preparation

Samples used for this work are from test blocks of
microconcrete 40 x 40 x 160 mm? in size. Three batches
were fabricated and each one was realised with and
without air entraining additive (AEA) (AER, SIKA,
Paris, France). Their compositions are given in Table 1.
Coarse or aggregate particles of sand were smaller than
4 mm, and between 3 and 6.3 mm for the silica particles.
The air entraining presence is noted by ““a”, and
corresponds to batches without this additive. After one
month of curing, 20 thick slices (50 x 50 mm?) were cut
in each test block: 10 slices parallel to the casting axis
and 10 slices perpendicular. These slices were embedded
under vacuum in a green fluorescent resin and then di-
amond ground.
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2.2. Image acquisition and segmentation

One coloured image 33 x 33 mm? (Fig. 1) by sample
was acquired on a scanner (HP Scan-Jet 4c) with a
resolution of 800 dpi (1 pixel equals 31.75 um). That
means that the smallest detected air-voids were larger
than about 100 um. The segmentation of the phases was
realised in different coloured spaces.

The segmentation of the gravel was obtained with the
green component of the red, green, blue (RGB) coloured
space. That of the air-voids was made on the Q com-
ponent of the YIQ (Y: luminance component; / and Q:
chrominance components) coloured space. The image of
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Table 1
Mixture characteristics of test blocks

Batch Cement (g/1) Gravel + sand Water/cement AEA (weight of
(in weight) cement)%o
Total (g/1) Gravel (%) Sand (%)
A 450 2000 60 40 0.5 0.03
B 450 2000 40 60 0.5 0.03
C 450 2000 20 80 0.5 0.03

Fig. 1. Image of a scanned sample of batch Bs (cement B without
AEA).

Fig. 2. Image of the detected three phases: gravel in grey; air-voids in
black; matrix in white.

the matrix was the complementary of the combination
of gravel and air-void images (Fig. 2). For more infor-
mation see also [5,6].

3. Tools of image analysis

The statistical tools to investigate the homogeneity of
a material and its dispersion are probabilistic functions
of order 2. Two main classes of functions have been used
in this work: the co-occurrence matrices to estimate the
macroscopical homogeneity and the simple or crossed-
covariance to investigate in more detail this phenome-
non.

3.1. Co-occurrence matrices

In image analysis, the co-occurrence matrices are
used to characterize the texture of an image [7-11]. It is
like a second-rate probability matrix. For an image, the
probability of transition for a pixel of level i to a pixel of
level j is calculated. The two pixels are separated by a
distance d in the direction 6.

Given f(x), the grey level function with 0 < f(x) <7,
and the co-occurrence matrix, My,, one element
My4(i, ) of that matrix is defined by

MOAd(i’j) = P(.f(x) = ivf(x07d) :j)
with

D Mia(ij) =1,
ij

where P is the probability and x,, is the translation of x
by distance d in direction 6.

Each co-occurrence matrix informs on homogeneity
as a function of 4 and 6. Some parameters are used to
resume this complex matrix:

homogeneity:

H= Z Z(Mﬂ,d(iaj»Z)
i J

contrast:

C — Z Z(i — ) Moa(i, ).

The value of the homogeneity parameter, H, is high for
a homogeneous material and low for a heterogeneous
one. The contrast, C, informs on the high content
transition. It varies reciprocally.
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3.2. Simple covariance

Covariance function [3,4,12,13] represents the prob-
ability that one point x and another point (x + /) belong
to a set X. In mathematical morphology, this function is
obtained by the measurement of the eroded set, E"(X),
by the bi-point structuring element, 4

A[E"(X) N E'(Z)]

D ="

where Z represents the frame of measurements and 4 is
the surface area.

This function has an asymptotic value equal to the
square of the phase content and its origin allows to
calculate its specific surface area and specific perimeter
in R%.

For a two-phase material, the simple covariance is
sufficient to characterize the material, but in a multi-
phase material the crossed-covariance must also be used.

3.3. Crossed-covariance

The crossed-covariance between one phase X; and
another phase X; is the probability that x belongs to X;
and (x + /) belongs to X;. It is noted C(X;: X;,h). In
terms of set operator, this function is given by
A(X N X N ENZ)

AB@)
where X} represents the translation of X; by A.

As for the simple covariance, this function has an

asymptotic value equal to the product of the phase

contents and its value at the origin allows to obtain the
specific surface area of contact between phases.

C()(, :XiJh) =

4. Results

Results for parallel and perpendicular slices to the
casting direction will be similar. About 50 images were
analyzed for each cement batch in this investigation.

4.1. Homogeneity of the dispersion of the phases by co-
occurrence matrices

At the macroscopic scale, the homogeneity of the
dispersion of the cement phases can be investigated from
the co-occurrence matrices. In this work, it was chosen
to transform the definition of co-occurrence matrices to
study the homogeneity of a binary image. One has then
substituted grey level by a characteristic parameter and
pixel by a mask of measurements centered on one point
of the image. A binary image is then divided in 8 x 8
small images (approximately 4 x 4 mm?). The chosen
parameter is the surface area content. The distribution

Fig. 3. Example of a grey tone image representing gravel content after
having divided a binary image of gravel in a cement (A) batch in 8 x 8
small images; black zone represents a content equal to 0.

of this parameter is ranged on 16 classes of grey tone
levels for one image. One then obtains a 8 x 8 table
which can be represented by a grey tone image (Fig. 3).
The co-occurrence matrices (16 x 16) are calculated
from these tables. Four distances d and two directions
0 (0° and 90°) were analyzed. The results are the mean
of the measurements on six images by cement batch.
Homogeneity and contrast parameters summarize these
results.

First, one notes that the parameters of the co-occur-
rence matrices, My, and My 4, give similar results. One
can then take the mean of the two results. One obtains
its variation as a function of d. Fig. 4 presents the
change in the homogeneity parameter.

One notes that there is any variation of H as a
function of d. The same result is obtained for the con-
trast. So one has represented the variation of H# and C as
a function of the phase content (Fig. 5).

To complete these results, one has calculated the co-
occurrence matrices for the complementary of air-voids
and gravel, i.e., for content higher than 0.5 (Fig. 6).

4.2. Dispersion study by the simple covariance

The simple covariance enables first to test the repre-
sentativity at the analysis scale, and then to analyze the
dispersion of each phase.

Fig. 7 presents typical covariance curves for air-voids
and gravel for a cement (B) without AEA (s).

First, it should be noted that the air-void covariance
reaches rapidly its asymptotic value. Moreover, this
parameter for gravel presents a minimum value under
its asymptotic value: this indicates a repulsion
between gravel. Both # and C(%) have a minimum which
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Fig. 4. Variation of the homogeneity, H, as a function of the distance, d, for gravel (a) and air-voids (b) for three cements (A, B, C) with (a) and

without (s) AEA.

corresponds to a repulsion distance p: this distance
decreases when gravel content increases (Fig. 8).

Specific surface area of air-voids and gravel obtained
by the covariance are presented in Table 2. Specific
surface area of gravel increases with gravel content and
its value is similar for the same batch (Fig. 9(a)). For the
air-voids, if one considers separately batches without (s)
and with (a) AEA, the specific surface area decreases
when gravel content increases. The AEA has no effect
for an important gravel content, and its effect increases
when gravel content decreases (Fig. 9(b)).

4.3. Dispersion of the phases between them

There are three types of crossed-covariance: gravel—
matrix, air-voids—-matrix and gravel-air-voids. A first
study has shown that C(X; : X;,h) and C(X; : X;,h) are
similar: that means that X; is not preferentially on one
side of X; and reciprocally.

4.3.1. Gravel-matrix

Fig. 10 presents an example of a crossed-covariance
between gravel and matrix. One notes the presence of a
maximum value greater than the asymptotic value. As
for the minimum encounter by the simple covariance of
gravel which corresponds to a repulsion, this maximum
corresponds to an attraction between gravel and matrix.
This phenomenon is characterised by the attraction
distance p (h value as C(h) is maximum) and the pa-
rameter ¢ which corresponds to the height of the maxi-
mum (difference between C(p) and the asymptotic
value). This phenomenon is greater for higher gravel
content, and it disappears for batch C(¢ < 0), (Fig. 11).

4.3.2. Air-voids—matrix

For the system air-voids—matrix, the same result as
previously were found: air-voids are surrounded by the
matrix (Fig. 12). Again this phenomenon is greater for
high air-void content (Fig. 13(a)), but the attraction
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Fig. 5. Variation of the homogeneity, H, and contrast, C, as a function of the phase content, /4 (X).

distance depends directly on the gravel content (Fig.
13(b)).

4.3.3. Gravel-air-voids

Compared with previous crossed-covariance curves,
those for the system gravel-air-voids are irregular (Fig.
14). However, there is a little maximum for concrete
without AEA when gravel content is sufficient. It may
mean that there is a lightly preferential distance between
gravel and air-voids for these batches. This distance
decreases when gravel content increases. This phenom-
enon disappears for concrete with AEA.

4.3.4. Behaviour at the origin of the crossed-covariance
The derivative at the origin of a crossed-covariance
between two phases allows to calculate the specific sur-
face area of contact between the two phases. The results
obtained for our samples are given in Table 3. One notes
that the specific surface area of contact between on
the one hand gravel and matrix, and on the other hand
air-voids and matrix are exactly equal to the specific

surface area of gravel and air-voids obtained from
simple covariance.

5. Discussion

As it has been recalled, co-occurrence matrices and
simple and crossed-covariance are the result of a prod-
uct of probability. In our investigation, they differ in the
size of the domain where they are applied.

The co-occurrence matrices which have been calcu-
lated are related to regionalised variables representative
of a large domain, which corresponds in our measure-
ments to the surface of a small image, while the co-
variances are calculated from the pixels. So the scale of
analysis is not the same. At the macroscopic scale, the
co-occurrence matrices enable to calculate synthetic
parameters such as the contrast or the homogeneity
which can be followed by the mean surface fraction
content of the phases. The resultant curves are sym-
metrical with regard to the surface fraction content of
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Fig. 6. Variation of homogeneity, H, and contrast, C, (calculated on the complementary phase for contents higher than 0.5) as a function of the

phase content, Fy (X).

50% and are cancelled for 0% and 100%. This behaviour
is comparable with that of the variation of entropy for a
bi-atomic homogeneous solid solution.

Then the resultant is perfectly homogeneous in dis-
persion whatever be the fraction content, which does not
systematically involve a similar behaviour at the mi-
croscopic scale.

The scale of analysis used for these matrices is con-
firmed by the range of the covariances (the value of the
distance 4 for which the asymptote is reached).

Moreover, these curves present a minimum under the
asymptotic value or a maximum above: it informs on a
repulsion or an attraction effect. In the case of gravel,
the simple covariance shows that there is a repulsion
effect. Moreover, no AEA effect has been observed if the
gravel content is important.

The crossed-covariance in the case of gravel-matrix
and air-voids—matrix have evidenced a maximum: it
means that there is an attraction between matrix and
gravel, and matrix and air-voids. So the gravel and the
air-voids are surrounded by the matrix. Moreover, the

change of the attraction distance as a function of the
gravel content (Fig. 11(a)) also informs that the attrac-
tion distance between gravel and matrix, and air-voids
and matrix decreases when gravel content increases.
Such results are also confirmed by the specific surface
area of contact between gravel and air-voids, which is
quite equal to zero; it means again that there is no
contact between gravel and air-voids: they are sur-
rounded by the matrix.

In the case of the crossed-covariances concerning
gravel and air-voids, variable results were obtained if
AEA is used: one can conclude that the presence of this
additive leads to a more uniform air-void dispersion
which is a well-known result.

6. Conclusion
This study has shown that automatic analysis is a

well-suited tool to investigate, for example, the disper-
sion of the different phases in a multi-phase material like
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Table 2

Values of the specific surface area of gravel (G) and air-voids (¥), respectively, Sy(G) and Sy(V), for three different cement specimens (A, B, C) with

(Aa, Ba, Ca) and without (As, Bs, Cs) AEA

Batch (mm™') As Bs Cs Aa Ba Ca
Sv(G) 0.602 0.427 0.184 0.598 0411 0.184
Sv(V) 0.082 0.150 0.252 0.093 0.316 0.525
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Fig. 9. Variation of the specific surface area of gravel, Sy(G), and air-voids, Sy(¥), as a function of the gravel content, V4 (G), for cement with and

without AEA.

concrete. Co-occurrence matrices can be adapted to in-
vestigate the binary images. It has been shown that the
dispersion of gravel and air-voids is perfectly uniform:
homogeneity and contrast parameters vary only with the
phase content.

Simple covariance indicates that there is a repulsion
between gravel. An important morphological feature
has been evidenced by the crossed-covariance between
air-voids and gravel: there is no direct contact between
air-voids and gravel; the air-voids are surrounded by the

matrix (cement paste and sand). This is an important
result for civil engineers regarding the morphology of
these materials.

This investigation was limited to the macrostructure,
i.e., for air-voids larger than about 100 pym (1 pix-
el=31.75 um). But it has been shown, in other works
using scanning and transmission electron microscopies,
that the size distribution of air-voids follows an expo-
nential law [5]. Although that was not the scope of this
paper, and as a simple morphological analysis is limited
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by the pixel size, only a model can enable access to the
integrality of the size distribution of the air-voids in

concrete.

So modeling appears as a very important tool. Not
only it enables to virtually construct microstructures,

but to calculate the evolution of physico-chemical
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Table 3

Values of the specific surface area obtained from the crossed-covariance (gravel: G; air-voids: V; matrix: M): Sy(GM), Sy(VM) and Sy(GV)

Batch (mm™') As Bs Cs Aa Ba Ca

Sv(GM) 0.597 0.421 0.182 0.595 0.406 0.180
Sv(VM) 0.079 0.147 0.252 0.090 0.310 0.525
Sv(GY) 0.006 0.003 0.001 0.003 0.005 0.002

properties as well, in a way which is less time consuming
and which requires few parameters if probabilistic
models are utilised. Information obtained through this
work is important not only to know but also to simplify
a model too [14].

Finally, the different methods proposed to investigate
the phase dispersion can also be probably utilised
to characterize other particles such as in ultra high
performance concretes, new light weight concretes, or

reactive powder concretes [15-18], if a correct magnifi-
cation is used and the threshold possible.
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