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Abstract

This paper illustrates the use of automatic image analysis technique to investigate the morphology of cement, concrete and fibre-
reinforced concrete. First the methods to be used for powders and secondly for mortar and concrete are introduced. The dispersed
phases are characterized by classical morphological parameters: these also enable to accede to the hydration process. The covari-
ances give quantitative information on the homogeneity and dispersion of the different components: gravel, air-voids and cement
paste. Air-voids are characterized by granulometric distributions and their mean free paths. Rose of directions gives information on
feature orientation: fibres, microcracks for fibre-reinforced concrete, etc. Finally probabilistic models can be used to simulate the
microstructure of such materials. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

For a long time morphology of cement, mortar and
concrete has been considered to play an important role
on their mechanical properties, freeze-thaw resistance,
etc., [1-4]. To increase these characteristics requires a
control of their morphology and homogeneity.

Former studies have shown the interest of the meth-
ods based on image analysis [5-11]. But most often they
were developed manually or semi-automatically using,
for example, a digitizing table. But in this way they do
not permit a complete morphological description.
Moreover if one wants to describe statistically the
morphology of these materials, automatic image analy-
sis and processing allow to solve this problem [12].

The objective of this paper is to give briefly some
examples to illustrate the use of automatic image anal-
ysis techniques to measure some morphological char-
acteristics of cement, concrete and fibre-reinforced
concrete (FRC). The image analysis methods used will
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not be really detailed: they are recalled in the first paper
of this special issue [13]. They are always based on
classical methods described previously [14-17].

2. Cement powders

As particulate cement is obtained by grinding clinker,
gypsum and different additives, any morphological in-
formation will be obtained from projected images of
powders.

2.1. Cement powder

Due to chemical complexity of the cement powder,
the only morphological investigation to be considered
is the size distribution studies with a possible extension
to shape studies. For such purpose the powder must be
dispersed on a support taking care that each “grain”
will be separated from its neighbours. To avoid the
presence of agglomerate is, in practice, very difficult.
When SEM observations are made, in order to have a
correct contrast between the cement and support one
must choose an appropriate support to facilitate the
threshold step.

0958-9465/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0958-9465(00)00059-7



158 J.-L. Chermant et al. | Cement & Concrete Composites 23 (2001) 157-169

By individual analysis many size criteria [18] can be
used, such as surface area, perimeter, Feret diameters
(the greatest and the smallest dimension in a given di-
rection), etc. The combination of these parameters can
give shape index [17,19], such as lengthening index
(Ferety, /Feretyx ), concavity index, etc.

Nevertheless a valid analysis requires the measure-
ment of many grains (1500-2000 is a minimum) that can
be time-consuming, compared to the use of physical
methods, such as laser granulometry or sedimentation
methods. These latter methods are unable to give in-
formation on the shape and cannot be used correctly if
the particle size is smaller than the wavelength of the
laser beam, despite Mie’s theory in the case of laser
granulometry.

2.2. Cement clinker

To improve the clinker process, morphology of the
different components of the clinker can be characterized.
As the clinker is crumbly and brittle, it must be im-
pregnated, under vacuum, by a resin before the grinding
and polishing steps. A chemical etching will facilitate the
phase differentiation.

Although many qualitative investigations have been
published [20], only a few concern quantitative studies
due to the complex microstructure of the clinker.
Nevertheless one can quote the work of Roux [21-23]
where an image analysis method has been developed
to identify and quantify the different clinker phases.
Complex procedures were developed: they are based
on a segmentation procedure from the local histo-
grams [24], an algorithmic processing of the images
[25] and an automatic threshold [26]. To improve
segmentation of the different phases, many morpho-
logical tools (closing, erosion-reconstruction, etc.) were
used [16,17].

0.25

3. Mortar and concrete

On mortar and concrete one can investigate the
morphology of its phases, their dispersion, homogeneity
of the materials, the air-void distances, the hydration
process, the microcrack orientation, etc. Some of these
morphological aspects will be presented here.

3.1. Morphological parameters: morphology of the dis-
persed phases

Among the different morphological and stereological
parameters [they are defined in [14-17] the most useful
can be the volume fraction of a phase, V4/(X), its specific
surface area, Sy(X), its integral of mean curvature per
unit volume, My (X), its surface area fraction, A, (X), its
number of connectivity per unit surface, Na(X), and also
the mean free path in a given phase in R',L;(X), the
mean surface area in R?>, 4(X), and the mean curvature
in R3,ﬁ3 (X)

Fig. 1 presents the evolution of the specific surface
area of the volume fraction of the anhydrous phase
(NH), Sv(NH), as a function of the volume fraction of
the anhydrous phase, /4(NH) for two cements with a
water/cement ratio, w/c, of 0.3 and 0.5 [27,28]. The same
type of curve is obtained for other morphological pa-
rameters such as H3(NH), [29]. Such evolution informs
on the influence of the w/c ratio. A value of 0.42 cor-
responds to the full hydration of cement, as it has been
shown by Dupain et al. [30]. The change in Sy(NH)
appears more or less pronounced if w/c is below or
above the 0.42 value due to the chemical reactions on
the surface of particles. For a value of 0.3, the material
contains more anhydrous grains per unit surface than
for a material with a value of 0.5. Moreover, the anhy-
drous grains are larger for materials with w/c=0.3 than
with 0.5.
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Fig. 1. Change in the specific surface area, Sy(NH), as a function of the volume fraction of the anhydrous phase, 74, (NH), for different cements with

a water/cement ratio of 0.3 and 0.5.
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The knowledge of the fraction of air-voids and their
number per unit surface area (Fig. 2), respectively,
Aa(air-voids) and Nu(air-voids), allows to illustrate and
better understand the role of the morphology of air-
voids on the compressive strength of an ordinary cement
(m) and the same cement reinforced by metallic glass
ribbons (f), (Fig. 2), [6,31,32]. In this as formulated
FRC, the maximum strength values correspond to an
optimum superplasticizer content close to s=0.5%
(superplasticizer dry content related to the cement
mass). For this value the number of air-voids per unit

159

surface has been found to be the smallest, after which
there is an increase in a larger amount of the superp-
lasticizer, s. The lower the N, values so long as A
equally goes down, the better the compressive strength,
the better the compactness. One also notes that the
fraction of air-voids for the same concrete but rein-
forced by ribbons is a bit higher than for an ordinary
concrete, but globally the number of air-voids per unit
surface in this ordinary concrete is larger than in those
reinforced ones. So the mechanical strength evolution
can be explained from a correct knowledge of some
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Fig. 2. Change in the surface area and number of air-voids (larger than 200 um in diameter), respectively, 44 and N, and in the compressive
strength, oy, as a function of the superplasticizer content, s, for ordinary, m, and reinforced, 1, concrete. r, d and p correspond to three different
parameters related to the air-void distances. Automatic image analysis was conducted on 27 (3 x 3 cm?) longitudinal and 27 transversal observation
fields, for each superplasticizer content, in the case of an ordinary concrete (1), as well as in the case of a reinforced concrete (f). Longitudinal and
transverse sections of the specimens correspond to their orientation with regard to the casting axis, respectively, perpendicular and parallel.
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Fig. 3. (a) SEM image in backscattered electron mode of cement with a pore; (b) image after a threshold by maximum contrast; (c) thresholded

image; (d) final image.

morphological parameters directly related, in that
example, to air-voids. In this case an usual global
porosity measurement would not have given any in-
formation on the presence of large-shaped air-voids
responsible for the low compactness (density) of the
(m) concrete.

3.2. Morphological parameters: hydration process

If now the variation of similar morphological pa-
rameters is plotted as a function of time, ¢, one can get
access to information on the hydration process
[27,28,33].

As by scanning electron microscopy it is possible to
distinguish, by backscattered electron mode, clear zones
corresponding to anhydrous phases (NH) from dark
ones corresponding to hydrated (H) ones, one can fol-
low by automatic image analysis the degree of hydra-
tion, oara. It can be estimated from the volume fraction
of the anhydrous phase, /4(NH). This 3D parameter is

equal to the surface fraction, 44 (NH), measurable in 2D
by image analysis [34]. The degree of hydration, a, is
calculated from:
weight of non-hydrated cement
initial weight of anhydrous cement

N Panhydrous cement * AA(NH) : Vspecimen
initial weight of anhydrous cement’

where Pynnydrouscement 18 the volume weight of anhydrous
cement, Ao(NH) the surface fraction of anhydrous
phase on the images of the cement paste and Vpecimen 18
the volume of the specimen.

Then automatic treatment can be easily performed by
filtering, threshold and the use of a binary treatment
based on an opening-reconstruction (these terminologies
are defined in [13,16,28]). Fig. 3 presents the process
sequence.

Some morphological evolutions are presented in
Fig. 4, corresponding to the degree of hydration, oaya,
the specific surface areca of the anhydrous phase,
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Fig. 4. Change in the degree of hydration, aa1a, the specific surface area of the anhydrous phase, Sy(NH), and the reciprocal mean curvature of the
anhydrous phase in R®, 1/H;(NH), as a function of time, 7 (in days), for two cements with w/c=0.3 and 0.5.

Sv(NH), and of the reciprocal mean curvature of the After two days for a cement with w/c=0.3, the
anhydrous phase in R®, 1/H;(NH), as a function of hydration increases slowly, while for a cement with
time, ¢, for two cements with w/c=0.3 and 0.5, [27,28]. w/c=0.5 it increases significantly between 2 and 15 days
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and then reaches an asymptotic value (about 0.80). Such
evolutions agree with classical investigations already
published on the kinetics of hydration of a cement [35].
The w/c has limited influence on the rate of hydration
during the first days. But later on, the lower the w/c, the
lower the hydration rate. Of course other parameters
also have influence, such as temperature, chemical
composition, etc.

The change in the mean curvature in R* shows that
the anhydrous phase reaches rapidly a constant curva-
ture (which is the reciprocal of the curvature radius)
after seven days. The low increase of this parameter
during the first days corresponds to the disappearance of
the smallest anhydrous grains. This was also confirmed
by the change in the mean chord length (i.e. the mean
length of an object intersected by a straight line),
L;(NH), [28]. It shows that morphological parameters
linked to curvatures are important to correctly follow
the change in the evolution of the microstructure during
the hardening process. Moreover the change in the

specific surface area of the anhydrous phase can be in-
terpreted from the energy of the system: during the first
days, there is a minimization of the superficial energy
between phases, then the interfacial parameter takes a
stationary value. The decrease of Sy(NH) confirms the
free energy of the system by minimization of the inter-
facial energy which tends to stabilize.

3.3. Dispersion and homogeneity: morphology of the
martrix

As it has been recalled [13] the dispersion of a phase
in a matrix can be quantified using either a distance
function or the distribution of the nearest neighbours
[29]. The covariance function, C(X, %), appears to be a
suited tool, as it informs on the dispersion and homo-
geneity [16,17]. One has used either the simple covariance
for air-voids and gravel, and the crossed-covariance for
air-voids and matrix, gravel and matrix, and air-voids
and gravel, [27,29].
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Fig. 5. Covariance curves of gravel, C(G,H), (a), and crossed-covariance of gravel-matrix, C(GM,h), (b), for a concrete without air entraining

additive.
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Fig. 5 presents a typical covariance curve of gravel
for a concrete without air entraining additive, C(G, 1),
and a crossed-covariance curve for gravel and matrix,
C(GM, h), for the same concrete. Such curves indicate
that a minimum distance of 3 mm is necessary to an-
alyse to have a correct representativity of an experi-
mental parameter [27]. From any observation of
concrete one notes large areas of matrix with pores
between gravel as there is generally few gravel. The
crossed-covariance is the result of an intersection of
one phase with another one of the initial image: it in-
forms on the correct dispersion of gravel in the matrix
for a batch of concrete. As the pores are in contact
with the matrix, the asymptote of the covariance plot is
rapidly reached as there is no obstruction by the
gravel.

The same result is obtained for the gravel/matrix
phases, as the pores are very small compared to
gravel. That is the reason why the plateau is rapidly
reached. The slope at the origin gives the specific
surface area of contact between gravel and matrix,
Sv(GM). The experimental value obtained (0.42) is
rigorously equal to the total specific surface area of
the gravel, Sy(G), determined from the stereological
parameters and the simple covariance on gravel. It
confirms that gravel is only surrounded by the matrix
and that there are no air-voids in contact with gravel.
Such an information is very important, especially if
one wishes to model the microstructure of such ma-
terials [36].

As it will be also shown in this issue [29], the co-
occurrence matrices give access to the dispersion
homogeneity of the fraction of surface area on the
16-grey levels.

3.4. Granulometry of air-void distances: morphology of
voids

Air-voids generally induce strength loss, it can give
access to the water, and consequently diminishes
strongly the freeze-thaw resistance [37-39]. Thus it is of
importance to know their size and spatial distribution
within the hardened concrete.

By individual analysis one can obtain the size distri-
bution of air-voids, and consequently their mean size
and standard deviation. But the main difficulty is to
choose a correct magnification which does not give a
bias to the size distribution (eliminating too much small
air-voids and the largest ones if they cut the frame of
measurements). Fig. 6 shows an example of such a
curve. One notes that this curve is spread out and that
the standard deviation, @, is higher than the mean value,
D. Nevertheless 95% of the observed air-voids have a
diameter between 10 and 200 um: Dy = 86.5 pm with
o =947 um.

With regard to the measurements of distances be-
tween air-voids, there are many ways to perform them.

Several approaches were investigated in our labo-
ratory [27,31,40-43] regarding the distances between
air-voids: (1) the distribution of distances, d, between
two voids’ nearest neighbours, (2) the distances, p,
between all neighbours which correspond to the use of
the skeleton by the influence zone (SKIZ) method,
and the (3) map-making of distances, r, between one
point of the concrete to a void [44]. These methods
were used in the euclidean and geodesic spaces. Fig. 7
illustrates the results obtained by the SKIZ method
for a hardened cement paste [27,43]. One notes that
the geodesic mean distances are always greater than
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f F
0.06 - o4
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L 0.2
0.02 -
0 : ; : . , : 0
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Fig. 6. Granulometric density, f, and cumulated distribution, F, of air-voids, Dy, by individual analysis.



164 J.-L. Chermant et al. | Cement & Concrete Composites 23 (2001) 157-169
0.16 — 1
—euclidean
014y 7 | .
.‘ geodesic L o8
0.121]
0.107 r 0.6
f 0.087 : F
: - 0.4
r0.2
0.027
0 e e = 0
0 100 200 300 400 500 600 700 800
p (um)
SKIZ method

Fig. 7. Distribution (granulometric density, f, and cumulated distribution, F)) of the distances, p, between air-voids, according to the SKIZ method.

the euclidean ones. However the distributions stay
similar: their reduced quartiles and standard devia-
tions are identical. So such methods bring a statistical
aspect and a reproducibility for the measurement of
such distances, which are classically measured by
manual methods. Moreover there is now a panel of
air-void distance parameters available to correlate
with the freeze-thaw resistance.

Regarding air-voids it is also possible to reach other
information, such as the number of air-voids per size
classes or the surface occupied by the air-voids as a
function of their size [27,40].

3.5. Microcrack orientation: morphology of damages

When a cement or a concrete is loaded (in tension or
in compression) many microcracks result after the
elastic strain domain [10,11,45-47]. The morphological
knowledge helps to understand their mechanical beha-
viour and to develop mechanical models [31,48]. A
correct quantification of these microcracks can be pos-
sible, such as their length, number, mean free path and
their orientation.

If the first three parameters are obvious (easy) to
measure (when the problem of magnification is chosen),
the orientation of the microcracks requires the use of
specific methods. One can use the rose of intercepts
(where the number of intercepts in a given direction is
measured [15,17]). But when there are more than two
main orientations, it is better to use the rose of direc-
tions (where the length of microcracks in a given di-
rection is measured [15,17]). The orientation can also be
investigated via the Fourier transform [49].

An example will be given in the next section, con-
cerning the fibre-reinforced concrete.

4. Fibre-reinforced concrete

The morphology of fibre-reinforced concrete, FRC,
can be quantified from all the morphological parameters
previously described for mortar and concrete. But in
addition one can define the morphological characteris-
tics of the fibres.

4.1. Fibre orientation: morphology of fibres

The determination of the fibre orientation in an FRC
is an important knowledge if one wants to check its
isotropy and verify if it can or not be loaded evenly in
any direction. Indeed an anisotropic fibre orientation
may induce, or reciprocally delay, microcrack damage
growth along specific axes of the structure.

One has used the Fourier transform [49] on X-ray
photographs on a concrete reinforced by amorphous
cast iron ribbons (from SEVA, Pont a Mousson,
France), [31]. The advantages of this method are to
promote a rapid global estimate of orientation, to be less
sensitive to the digitizing artefacts induced by the dis-
cretized grid of the analyser [50], and, moreover, quite
narrow angular sectors can be investigated. Fig. 8 shows
the fibre orientation in transverse and longitudinal sec-
tions. One notes that the fibre orientation is approxi-
mately anisotropic in the 2D projected images of this
particular FRC in sections which are parallel to the
casting axis [31,49]. Such information is important with
regard to mechanical characteristics.

These results are in agreement with the works of
Debicki [51] dealing with orientation measurements
performed by the total projection methods [8] on a
similar material. So there is an effect of the casting di-
rection on the morphology (architecture) of the as-made
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Fig. 8. (a) X-ray image of a transverse section of 10 x 10 cm? of an FRC; (b) digital image of the fibres; (c) roses of fibre directions in sections

perpendicular and (d) parallel to the casting axis.

structure. This information will be of interest to the
mechanical engineers, as it will be seen in the next pa-
ragraph.

4.2. Microcrack orientation: morphology of damages

As for cement and concrete, one can characterize the
microcrack orientation. Such an investigation was un-
dertaken in the case of FRC cylinders (& = 16.3 cm,
h =32 cm) loaded in uniaxial compression. The con-
crete was reinforced with amorphous cast iron ribbons
(already described). Fig. 9 presents the results. One
notes that microcracks are rather oriented in the 90°
direction for loaded material than in the 0°-180° one for
the unloaded material. Moreover the microcrack lengths
increase in the +90° direction with the strain level. As it
corresponds to the direction parallel to the loading axis,
it means that the fibres must be oriented perpendicular
to the compression axis in order to block the microcrack

propagation. Such information is of importance to civil
engineers when they want to choose a model of me-
chanical behaviour [48].

5. Simulation of concrete and fibre-reinforced concrete

As topological parameters in R®, the state of phase
dispersion, etc., are not accessible from measurements in
R, so stereology is often inefficient to estimate 3D
morphological parameters. Probabilistic models are an
elegant solution to solve this difficulty [52,53]. They al-
low, for example, access to the number of particles per
unit volume, without any hypothesis and without using
serial sections. So it could be interesting to simulate the
morphology of a concrete, as it can also avoid to un-
dertake some experiments on such materials which are
very time consuming. The best methods, which give re-
sults very close to real microstructures, are based on
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probabilistic models such as Boolean schemes and on The simulation, in R?, of a concrete can be obtained
Voronoi partitions [52-55]. Other ones can be based, for from [27,36]: first, the modelling of the gravel from a
example, on discrete numerical modelling [56]. Voronoi partition (followed by different morphological



J.-L. Chermant et al. | Cement & Concrete Composites 23 (2001) 157-169 167

Fig. 10. Simulation of a concrete in 2D: (a) true microstructure; (b) simulated image.

operations), followed, secondly, by the modelling of the
voids carried out from a Boolean scheme of spherical
primary grains implemented with an exponential distri-
bution law and by eliminating the pores/gravel inter-
sections, as it has been shown by Dequiedt [27]; so by
union one obtains the simulated microstructure
(Fig. 10(b)) which is very close to a true 2D micro-
structure (Fig. 10(a)). The covariance obtained on the
true microstructures and the simulations are very similar
[36].

In the case of FRC such probabilistic models can also
be used, but in addition in using now a simulation with
three components [57].

6. Conclusion

In this paper many illustrations are given of the use of
automatic image analysis methods in order to quantify
the morphology of cement powder and clinker, the
morphology of the dispersed phases, of the matrix,
of the air-voids, of the microcracks in concrete, of the
fibres in FRC, and to quantify the evolution of the
hydration process.

The results presented are not always new ones, some
were already obtained by manual or semi-automatic
methods a long time ago by other authors. But, here, all
the presented results were performed automatically by
image analysis techniques, which means that they were
obtained in a statistically and repeatable manner.
Moreover homogeneity and dispersion can only be sta-
tistically measured from the covariance functions, which
can only be performed by automatic technique.

Automatic image analysis appears as a suitable tool
to access to many morphological parameters. That
should allow to establish a better understanding be-
tween morphological parameters and the process or/
and physical properties of such civil engineering ma-
terials.
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