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Abstract

Automatic image analysis is an efficient tool to quantify the morphology of materials. Moreover, it can aid to understand their
mechanical behaviour. Several applications of automatic methods are presented to investigate concrete reinforced by ribbon shaped
amorphous cast iron fibres. Introducing ribbons into the plain matrix entrapped air voids. This affected the workability and, later
on, the compressive strength of the fibre reinforced concrete (FRC). Both were improved by additions of superplasticizer in order to
keep the water to cement ratio constant. The influence of the superplasticizer and fibre contents on the compactness of the FRC was
characterized by the dimensional and the spatial distributions of the air voids. The orientations of fibres and microcracks were
quantified by Fourier image transforms. Due to the casting procedure of the FRC, the fibres were located in “horizontal layers”,
perpendicular to the casting axis. Whatever the direction of compression with respect to the layers of fibres, the microcrack network
was getting more and more oriented in the direction of compression as stresses increased. The analysis of fibre and microcrack
orientations suggests that, under uniaxial compression, the inelastic strain domain should be characterized by an anisotropic biaxial
damage model, whose principal axes are the orthogonal and parallel directions to the layers of fibres. © 1999 Published by Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Presently, to increase the strength characteristics of
materials — ceramics, concrete, metals and their alloys,
etc. — requires a control as accurate as possible of the
morphology of their particles, and of their homogeneity.
In that way, the methods of automatic image analysis
and of mathematical morphology have already become
familiar in many research and development laboratories,
for example in material science, in biology, but few in
civil engineering.

On the one hand, via a digitization of the image, they
can replace manual methods to determine the mean
parameters of the stereology with a more statistic point
of view (mean grain size, mean free path, volumic or
surface area, contiguity) [1-3], or compute rose of di-
rections, or roses of intercepts, used to characterize the
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anisotropy [4,5]. They are set up more rapidly and allow
to perform a great number of measurements to get a
statistical value in a given accuracy. On the other hand,
manual methods do not always permit a complete de-
scription. Only computer treatment of digitized images
allows the researcher (i) to determine anisotropic prop-
erties quickly, via the Fourier transform [6], (ii) to cal-
culate really statistically size distributions, (iii)) to
implement functions such as the covariogram, the dis-
tance function to investigate the dispersion and homo-
geneity of materials, etc. [7-10]. Moreover, for
interconnected networks analysis, the size distributions
and the covariograms require absolutely the use of
morphologic tools, accessible only by computer treat-
ments [8-10]. These developments have provided not
only automatic but also a better statistic quantification
of the morphology of bulk materials, and also of dam-
ages that materials can undergo. They offer a new tool of
investigation, very important for the mechanicians
[11,12].
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In the case of concrete materials, many morphologi-
cal parameters of concrete have already been measured
by manual or semi-automatic methods in the past de-
cades. The Delesse’s method, using the notion of surface
area and published in 1848, can be used for that purpose
[13]. For example, the ASTM standard proposes to use
the Rosiwal’s method of direct secants (published in
1898) to measure the pore characteristics [14,15]. Full
morphological investigations of concrete, conducted on
thin cuts, polished sections or X-ray radiographs, have
already been published in the international literature in
the past 30 years [16-19]. But they rarely made use of
automated methods and mathematical morphology to
perform image analysis. Thus, this paper does not pre-
tend to demonstrate the importance of morphological
measurements for the concrete knowledge, and it is be-
yond the scope of the present work to review all these
previous studies. But the examples given in the next
paragraphs indicate that from now on, computer based
automatic image analysis measurements should be pre-
ferred whenever possible.

As a typical example, in this research work, the
morphology of a concrete matrix reinforced with
amorphous cast iron fibres was investigated by auto-
matic image analysis methods. The only objective of this
paper is to present how these general automated mea-
surement methods were used to correlate the morpho-
logical aspects of a fibre reinforced concrete (FRC), to
its mechanical behaviour under uniaxial compression, in
terms of strength, possible anisotropy and damage. The
morphological investigation was limited at a scale where
features are detectable with the eye. At this scale, it was
essentially the influence of the morphology of entrapped
air voids, fibres and cracks, on the mechanical properties
which could be investigated.

The fibre properties, the concrete composition and
the casting procedure are described first. Techniques are
presented that are similar to those developed in the last
decades to prepare the material’s samples for image
acquisition. Even more than in the case of manual
analysis methods, achieving a good sample preparation
is a major requirement to conduct correct automatic
image analysis measurement. Introducing fibres in a
fresh concrete matrix, without adapting the composition
to this new constituent, leads to a loss of workability
and air voids can be entrapped. Once hardened, this
affects the compactness of the material and its corre-
sponding compressive strength. However, workability
can be restored by additions of superplasticizer. Usual
automatic image analysis treatments can be used to
quantify the variations in dimensional and spatial dis-
tributions of these air voids. Investigating the air void
morphology is then a direct way to characterize the
compactness and understand the strength variation as a
function of fibre and superplasticizer content.

Fourier image transform was applied to quantify
orientations of lines materializing either microcracks or
fibres. Such a measurement provides a fast image
treatment. It is also quite independent of the digitization
artefacts, which were due to the discrete nature of the
square grid of the analyser. Comments on all these
orientation measurements are finally collected to illus-
trate, and/or to suggest which model to adopt for the
mechanical behaviour of the FRC submitted to uniaxial
compression, when the material undergoes inelastic
strains.

2. Elaboration of the FRC

The composition of the plain concrete matrix was:
425 kg/m® of CPJ CEM II/A 32.5R Portland cement,
890 kg/m? of 6/10 mm crushed gravel, 890 kg/m?® of 0/4
mm rolled washed sand. All these parameters were kept
constant. Indeed, this study intends to assess separately
the effect of two variables only: the fibre volume fraction
and the superplasticizer content.

The amorphous cast iron fibres used to reinforce the
plain concrete matrix were 30 mm long, 1.6 mm wide,
and 0.03 mm thick. They were metallic glass ribbons
fabricated by a melt spinning process. Their main
characteristics were: high specific surface area, about 10
m?/kg, high resistance to corrosion, and tensile strength
of 1400-2300 MPa [20,21]. A 0.5% volume fraction (i.e.
36 kg/m?) of amorphous cast iron fibre was used [22,23].

The polymelamine superplasticizer content — given by
the dry mass of superplasticizer per mass of cement —
was increased from 0% up to 1%, to assess the optimal
workability and strength. For the water to cement ratio
(w/c) chosen here, 0.4, this content was optimum around
0.4% (i.e. liquid content=4.25 kg/m?) for the plain
matrix and for the FRC as well (cf. Fig. 6). The corre-
sponding workability is quantified by a flowing time of
6-8 s in the 40 1 vibrating LCL apparatus [24]. Two
450x450x450 mm? FRC cubes were cast with this
optimized composition. They were submitted to vibra-
tion parallel to the casting axis, during 50 s.

3. Experimental procedures

To characterize the material properties of a FRC, the
morphological measures should not be influenced by the
wall effects along the sides of the mold. Fibres are for
example oriented differently near the walls or the bottom
of the specimens [25]. That would not be representative
of the bulk material itself, but of the molding procedure.
For this study the concrete sections were sawn in the
central parts of the concrete blocks (Fig. 1).
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Fig. 1. Scheme of a FRC cube and location of the sections observed
for the measurement of fibre and microcrack orientation.

3.1. Detection of the air voids

Small concrete slices, about 40x40 mm?, were pol-
ished under water, using diamond grids. The regular
polishing facilities limited their size. Each section was
blackened with ink, and the air voids were filled with a
white paste to achieve good contrast [23,26]. A
33.5%29.0 mm? analysis field is presented in Fig. 2. The
longest distances between the air voids were on average
four times smaller than the specimen’s side length. The
biggest air voids, below 10 mm in diameter for the
poorly compacted FRCs, could be fully included in the
field. Despite the small specimen size, this allowed to
measure the size and spatial distribution of the air voids.

Fig. 2. Detection of the air voids in a non-reinforced concrete matrix
section, with 0.2% of superplastcizer.

3.2. Detection of the fibres

To detect fibre orientation, five longitudinal and five
transversal slices, 15 mm thick, were sawn in the FRC
cubes. Their surface was 100x 100 mm?. This ensured
that measurements are performed on observation fields
which are representative of the heterogeneity of the
FRC. Generally such a size corresponds to a represen-
tative element of surface area for a plain concrete [27].
This also ensures that the fibres were fully included in
the analysis field, as they were 30 mm long.

Without any specific preparation, the slices were
placed under a medical X-ray source (Fig. 1) [19,23,28].
In image A, the concrete is visualized in grey and the air
voids, in black, are surrounded by thin fibres, in white
(Fig. 3).

Such a 2D image is the result of the projection in the
direction of the camera of the fibre arrangement in the
volume of hardened concrete. However, as the intensity
of the X-ray source was limited, it was difficult to
achieve a good contrast and to threshold these images
automatically.

Although specific filters can be developed to extract
the contours of the fibres — such as Laplacian filters [3] —
the best visible fibres were traced off manually on
transparent films. Fibres, viewed as packed on the pro-
jected 2D X-ray images, were materialized by a number
of distinguishable lines depending on the importance of
the bundles. The traces of the fibres materialized by one
pixel large skeletonized lines [3,10] are presented in im-
age B (Fig. 4).

Fig. 3. Digitized, 100 x 100 mm?, grey level X-ray image A of a lon-
gitudinal 15 mm thick FRC slice.
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Fig. 4. Digitized image B of the traces of the fibres redrawn from
image A.

3.3. Detection of the microcracks

Eight 160 & x 320 mm® cylinders were cored in the
direction of the casting axis in the FRC blocks (6 =90°)
(Fig. 1). Each FRC cylinder was submitted to uniaxial
compression, in the direction of the casting axis. After
unloading, only one longitudinal FRC slice, with di-
mensions 100x 100 mm?, was cut off vertically in the
middle part of each cylinder. Each slice corresponds to a
given applied strain level.

These cight slices were then impregnated in low vac-
uum conditions for 1 h, with a fluorescent epoxy resin.
The sections of these specimens were straightened and
polished under water, using high rotating speed (1500
rpm) oscillating diamond grids. Similarly to the For-
rester’s method [29] — spray of oil containing fluorescent
particles — used by the team of Stroeven at Delft Uni-
versity of Technology [17,30], here the fluorescence of
the resin in the pores and the cracks was revealed under
UV light [31]. Visible microcracks, roughly larger than
100 pm, have been manually drawn on transparent films
for different strain levels (Fig. 5(a)—(c)).
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3.4. Image acquisition and treatment

The images of the air voids, fibres and microcracks,
were all acquired with a black and white CCD camera.
The corresponding video images were digitized on the
discrete square grid, 512x512 pixels in size, of an au-
tomatic image analyser — Morpho Pericolor 3100 Matra
MS2I (St Quentin en Yvelines, France). They were then
thresholded to get binary images.

4. Compression strength and morphology of the air voids

Due to the fact that concrete exhibits a wide size
distribution of air voids, the chosen magnification did
not allow detection of pores smaller than 3 pixels in
diameter (i.e. 206 pm). Moreover, smaller air voids are
more closely related to the microstructure of the fresh
cement paste. Thus, they are less likely to give infor-
mation on the loss of compactness due to a loss of
workability.

For samples having the same superplasticizer content,
the tests confirmed that the compressive strength of the
FRC at 28 days was lower than the plain concrete ma-
trix’s one. Rossi [32] has already observed that the use of
this ribbon fibre does not lead to higher concrete com-
pressive strengths. But increasing the superplasticizer
amount, up to an optimum content, close to 0.4%, en-
hanced the FRC strength from 40 up to 45 MPa, and
that of the concrete matrix from 38 up to 53 MPa (Fig.
6). A larger increase caused strength degradation as also
observed by Gagne et al. [22,33], for high strength-
concrete containing no silica fume.

4.1. Granulometry of the air voids

To assess freeze-thaw durability, pore analysis has
been conducted on concrete, even by automatic ap-
proaches, for many years [26,34]. In the present study,
only the effect of air voids on the compressive strength
was investigated. For the plain concrete matrix and
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Fig. 5. Microcrack pattern for increasing axial compression strains, ¢, visualized on 100x 100 mm? sections: (a) e=1.5x107* ; (b) e=9.6x107%; (c)

e=1.9x1073.
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Fig. 6. Change in compressive strength as a function of fibre content
and of superplasticizer content (% of dry mass of superplasticizer per
mass of cement), for a concrete matrix and for a FRC.

FRC investigated here, two types of air void size distri-
butions were established as a function of the super-
plasticizer and fibre contents. If the total number of pixels
corresponding to a given size is numbered, a granulome-
try in number is obtained (size distribution). But, if the
total surface area occupied by all the air voids of a given
size is measured, it defines a granulometry in measure
corresponding to a weighted granulometry [3,10].

By automatic image analysis, the surface of an air
void can be measured: it corresponds to a number of
pixels. The size of a pixel corresponded here to 68.5 pm.
Both granulometries were performed on twenty-seven
33.5%29.0 mm? observation fields.

The granulometry in number reveals that the number
of large air voids, whose diameter is greater than 1.5
mm, is negligible in the concrete matrix and in the FRC
too. It also reveals that the number of air voids is larger
in the concrete matrix than in the FRC (Fig. 7). How-
ever, in the case of the matrix, the granulometry in
measure indicates that a major part of the total air void
surface area corresponds to small voids (Fig. 8).

Conversely, in the case of the FRC, the total surface
occupied by large air voids is as important as that cor-
responding to air voids whose diameter is less than 1.5
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Fig. 7. Granulometry in number: number of air voids as a function of
their diameter, for 0.2% of superplasticizer, and for air voids larger
than 206 pm.
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Fig. 8. Granulometry in measure: total surface area occupied by the
air voids as a function of their diameter for 0.2% of superplasticizer,
and for air voids larger than 206 pm.

mm. The trend is the same for superplasticizer contents
ranging from 0% up to 0.4%.

The surface fraction of the air voids, A4,(V), was also
calculated. It corresponds to the total surface area of the
air voids divided by the surface of the 27 observation
fields. The air void surface area fraction was not much
larger in the FRC (Table 1), than in the concrete matrix
[4.(V)=9.7%, for 0% superplasticizer content;
A.(V)=6.2%, for 0.2%; A,(V)= 4.2% for 0.4%]. The
number of air voids per cm?, N,, has also been averaged
on these 27 observation fields for the FRCs (Table 1). It
is always lower than the one measured on the matrix

samples having similar superplasticizer contents
[N.(V)=21, for 0%; N,(V)=19, for 0.2%; N,(V)=13,
for 0.4%.

When fibres were introduced in the fresh concrete
matrix, the observed strength loss was due to a loss of
compactness. Indeed, the macroporosity of the FRC
mainly consisted of large air voids, which were not
present in the plain concrete matrix [23,35].

4.2. Distance between the air voids

By automatic image analysis, using a distance func-
tion algorithm, the percentage of the solid phase of
concrete (i.e. hardened cement paste, gravel, sand and

Table 1

Mean distance, 7, between the air voids larger than 200 pm, and its
corresponding standard deviation, G, number of air voids per cm?,
N,(V), and surface fraction of the air voids, A4,(V), in FRC as a
function of the superplasticizer content, s%

Superplasticizer 0% 0.2% 0.4%
content

7 (mm) 0.97 1.28 1.40

@ (mm) 0.76 0.90 0.96

G/F 0.78 0.70 0.68

N.(V) 13 8 9

A, (V) 12.00 6.80 5.40
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fibres) located at a given distance, r, from surrounding
dispersed individual air voids in IR? can be measured
[3,22,36]. The distance function is a distribution function
where the parameter is the distance rather than the size.
From this distance function, it is possible to compute the
mean value, 7, the standard deviation, &, and also the
normalized standard deviation, /7, for several super-
plasticizer contents (Table 1).

If the superplasticizer content increases to 0.4%, the
mean distance between the air voids is enhanced and the
normalized standard deviation decreases. The increasing
value of 7 can be explained geometrically by the de-
creasing values of 4, and N,. The decrease of G/F cor-
responds to a more regular dispersion of air voids, not in
the sense of a Poisson’s process, but with an equilibrium
between “‘attraction and repulsion process in air void
interaction”. So, these measurements on the hardened
material suggest that a correct adjustment of the su-
perplasticizer content provided a better compactness.
With the aid of all these morphological parameters,
whose values were obtained by automatic image analysis
methods, it appears now that the compactness can be
directly quantified, as opposed to indirectly estimated,
for example by compression tests.

5. Fourier image transform to measure orientations of
lines

5.1. Artefacts of the digitalization

The rose of direction measurement corresponds to a
function, L,(X, «), which gives, in polar coordinates, the
length of the contours of an object X, oriented in the
direction a*da (Fig. 9) [3,10]. All orientations o are
achievable in continuous space, but not in the discrete
space which is defined on the square grid of the analyser.
Consider the example of a 14° actual direction. As a
result of the digitization artefacts, this line is discretized
in small joined 0° segments.

Usual rose of direction algorithms are based on a hit
or miss process based on the configuration of 3- or 5-
pixels long structural elements. But at the 3x3 pixels

Fig. 9. Illustration of the principle of the rose of directions to measure
LZ(X, CX).

63,5°

90°

L digitized 14° line

Fig. 10. Discrete square grid of the analyser: structural elements which
can be defined at the 3x3 pixels scale (in black), and digitization ar-
tefacts for an actual 14° line.

scale, only 0°, 45°, 90°, £26.5° and +63.5° orientations
can be detected (Fig. 10) [3,10,37]. In that case, the 14°
orientation will be quantified as a succession of very
local 0° directions. To detect an actual 14° orientation,
either longer structural elements have to be used, which
would be an intermediate solution, or the image should
be considered at a global level, that is to say at the
512x 512 pixels scale. In this last case, the angular pre-
cision can be as accurate as arctg (1 pixel/512 pix-
els)~0.11°. This is achievable by the Fourier image
transform [6,23,38].

5.2. The discrete fourier image transform

The discrete Fourier transform X(u, v), of a grey level
image defined by a bidimensional function, x(k, /), is a
complex image:

1 N—1 » |
X(u,v) =— Zx(k7 1) x e~ (in/N)x(wkel 0

k,1=0

for u, v=0,...,N — 1; and N corresponding to the im-
age width given by a number of pixels (here N =512).

Defined in the discrete frequency domain, the Fourier
spectrum of image B (Fig. 4) is presented in Fig. 11(a).
This new grey level image reveals the anisotropy of the
fibre orientation in image B. Indeed, the highest grey
levels are located in a 60-120° angle. As the Fourier
transform induces a 7/2 shift from real to frequency
domain, the fibres in image B are oriented in the +30°
range. For example, the detection of the portions of fi-
bres in the 20° direction is obtained by the convolution
product with the mask H(u,v) oriented at 110° (Fig.
11(b)). This mask is centred on the middle of the spec-
trum and its length is limited to the low frequencies
corresponding to the fibre representation in the Fourier
domain. Its width is determined depending on the ac-
curacy required for the quantification of the orientation,
here £5°. It was not possible to achieve such an accuracy
at the 3 x3 pixels scale. The inverse Fourier transform,
y(k,1) is operated by the convolution product:
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Fig. 11. (a) The Fourier spectrum of image B; the 110° convolution mask is drawn in white; (b) the inverse Fourier transform of (a); (c) the 20°
portions of fibres detected by the Fourier transform algorithm on image B.

1 N-1 )
v > X (u,v) x H(u,v) x /Mxked, (2)

u,v=0

y(k, 1) =

The white traces in the inverse Fourier transform
image reveals the portions of fibres of image B which are
in the 20° direction (Fig. 11(b)). These traces are
thresholded and the inverse Fourier transform image is
then intersected with image B. Thus, all the portions of
fibres aligned in the 20° direction are isolated (Fig.
11(c)). The mask H(u,v) has been rotated every 10°, to
get an accurate rose of directions of the fibres.

5.3. Fibre orientations in the hardened FRC

In the past decades, many publications have dealt
with the quantification of fibre orientation [19,28]. But
the researcher should refer to Debicki’s work dealing
with orientation measurements of the identical ribbon
shaped amorphous cast iron fibres reinforcing a mortar
[39]. The same tendency is observed for the concrete
investigated in this work. The fibre orientation, , is
approximately isotropic in the 2D projected images of
the transversal sections, which are perpendicular to the
casting axis (Fig. 12(a)). However, the fibre orientation
is highly anisotropic in the projected images of the
longitudinal planes, parallel to the casting axis. All fibres
are located in a 0 = +30° angle (Fig. 12(b)).

90

fibres %
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180 0o L
210 330
240 300
®
(a) 270 casting direction

The gravity forces of the concrete falling, and the vi-
brations during the casting, tend to align the fibres in
“horizontal layers” perpendicular to the casting axis.
Indeed, fibres are very sensitive to gravity as they are
ribbon shaped and as their specific surface area is im-
portant. The layers of amorphous ribbons tend to pre-
vent air extraction during the vibration. As seen on
X-ray images, this can lead to the formation of large
horizontal flat air voids surrounded by the fibres.

5.4. Microcrack orientation as a function of compression
strain

Cracking, in compression or in tension, has been
studied extensively by image analysis in plain concrete
and FRC materials [17,40]. The microcracks’ morphol-
ogy has even been investigated by automatic methods
which were also generally making use of the concept of
the total projection and of the rose of intercepts [4,41—
43]. In the case of the FRC investigated here, the use of
the Fourier transform revealed that the contribution of
the 8 =90° microcracks increases with the strain level.
Conversely the length of the 0 = 0° microcracks remains
approximately constant (Fig. 13). It is clearly apparent
that the microcracking process is more and more an-
isotropic, being oriented in the direction of the com-
pression (Fig. 14(a)—(c)) [23].

90 %
. /—> fibres % 0

120 60
150 X 30
“ &
180 ==7\\‘:\;\ 0~
2107 330
240 300 1
®) 270 casting direction

Fig. 12. Mean fibre orientation measured in five transversal (a) and in five longitudinal (b) FRC slices (see Fig. 1).
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Fig. 13. Evolution of the # =0° and 90° microcrack length per unit
surface area (given in m~') as a function of the compression strain.

In a non-reinforced concrete matrix, both direct ob-
servations on sections and X-rays or ultrasonic methods
have revealed that microcracking develops axially,
mainly in the direction of compression [44-46]. The
same trend is observed for the FRC investigated here.
The global microcrack orientation is not considerably
deviated by fibres arranged in perpendicular horizontal
(6=230°) layers. A complementary investigation
showed that if compression was applied in a direction
parallel to the layers of fibres, the final microcrack ori-
entation was also mainly parallel to the compression
axis [23]. This confirms Debiki’s research on failure
modes in a mortar reinforced with the same fibres.
Whenever the FRC was stressed in a direction parallel
or perpendicular to the layers of fibres, he had noticed
that the failure cracks were running in the direction of
compression. Conversely, he observed that a shear mode
failure occurred when the compression axis was inclined
about 0 =60° to the fibre layers [39].

6. Discussion on anisotropic damage in compression

The 3D spatial arrangement of the fibres in the FRC
is said to be isotropic transverse. This means that it is

microcracks %

330

270

a) strain=1.5.10"

270

b) strain = 9.6.10™
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close to a laminate system. It is isotropic within the
layers of fibres and has a revolution axis, which corre-
sponds here to the casting axis. Transverse isotropy
means that a symmetry of revolution is defined around
this axis [23,39].

As the fibre spatial arrangement is isotropic trans-
verse, since flat horizontal air voids surrounded by fibres
may be encountered, it should imply that the FRC
stiffness will be different following the casting axis or the
“layers” of fibres. Thus, the stiffness matrix Ay, relating
elastic strains, &;, to the compression stresses, g;, which
is also isotropic transverse, should be written under the
form [27]:

Eel i I I o1
Va1 1 —v3n

b2 | _ Ey Ey Ey 72 , (3 )
—V21 —V3 1

&e3 I I 5 03

with i=1, and 2, or 3, respectively in the direction of the
casting axis, and in two orthogonal directions perpen-
dicular to the casting axis, E| ,, respectively, the Young
modulus in the direction 1 or 2 (or 3), vy;, and v3;, the
Poisson coefficients.

However, compression tests have revealed that the
stiffness matrix of this FRC was isotropic in the elastic
strain domain [23]. Thus, the anisotropic morphology
does not always imply an anisotropic mechanical be-
haviour. It can be understood that a fibre volume frac-
tion as low as 0.5% is not likely to influence any elastic
parameters.

But as soon as microcracking takes place in the FRC,
the material undergoes inelastic strains. The mechanics
of concrete failure has been a wild topic of research in
the past decades [47,48]. In the present work, the com-
pressive strength degradation was investigated by the
concept of damage mechanics firstly introduced by
Katchanov [49]. Sidoroff and then Benouniche [50,51]
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Fig. 14. Microcrack orientation, 6, in longitudinal sections as a function of increasing compression strain, from (a) to (c).
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modelled damage microcracking of plain concrete under
uniaxial compression, by stating that the original 4,
stiffness matrix is modified into a new A(4,, D) stiffness
matrix function of the damage variable D. As mentioned
in Section 5.4, microcracking is becoming anisotropic as
the strain increases. D should then be written as a di-
agonal matrix defined by two components: d; in the
direction of compression and ¢, in any radial direction,
perpendicular to that axis (Eq. (4)). The evolutions of
these two damage variables are to be measured, by
mechanical tests, to quantify the loss of stiffness of the
FRC as strain is increased:

d 0 0
D=0 & 0. 4)
0 0 d

In the inelastic strain domain, in fact, it was observed
that the decrease of stiffness was greater and faster when
the FRC was compressed in a direction parallel to the
planes of fibres. Fibre/matrix debonding occurred by
microcraking in the direction of the compression, in the
weak interface transition zones around the fibres. On the
contrary, the loss of stiffness was delayed when the FRC
was compressed in the direction of the casting axis
[23,52]. In that case, fibres located in a 6 =130° sector
delayed the predominant 6 =90° microcracking process.

7. Conclusion

The objective of this paper is to show that today it is
possible to use automatic image analysis methods to get
access to information about mechanical behaviour and
modelling of materials. Such automated methods are
suitable to investigate civil engineering materials, as has
also recently been illustrated in a publication of Nemati
et al. [43]. Such information confirms all the previous
morphological parameters measured manually or semi-
automatically by many authors. In the present case, the
morphology of a concrete reinforced with amorphous
cast iron fibres (ribbons) was quantified to investigate its
mechanical behaviour under uniaxial compression.

The quantification of the macroporosity has revealed
that the introduction of fibres in the concrete matrix
lead to the formation of large entrapped air voids. This
loss of compactness explained why the measured com-
pression strength of the plain concrete matrix was gen-
erally higher than the FRC one. However, the
compactness was partially recovered by the use of an
optimum superplasticizer amount, about 0.4%. For this
content, indeed, the distance between the air voids was
increased.

In such an optimized amorphous cast iron fibre rein-
forced concrete, the fibre 3D arrangement was isotropic
transverse. The nearly horizontal orientation of the fi-

bres, in a direction perpendicular to the casting axis, was
evidenced by the 2D Fourier image transform. As this
method is not sensitive to the digitization artefacts, it is
well suited to determine the orientations of a line pattern
on the discrete square grid of the automatic analysers.

Similarly, axial microcrack anisotropy was apparent,
being oriented in the direction of the compression.

It appeared that the loss of stiffness of the FRC is
anisotropic, depending on the direction in which uni-
axial compression is applied. Thus, only in the inelastic
strain domain, the mechanical behaviour could be re-
lated to morphological features, essentially with regard
to fibre and microcracking orientation.
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