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This paper presents a new technique based on dynamic X-ray radiography that can be used to assess fibre
orientation during pouring of steel fibre reinforced cementitious composites. Synthetic examples were used to
assess the suitability and robustness of the technique, which was shown to provide reliable measurements of fibre
orientation even when the signal-to-noise ratio is relatively high. A study was then carried out on the effect of
formwork aspect ratio, time/duration of pouring, and rebar placement on the fibre orientation while pouring

self-compacting cementitious composite slabs. Results demonstrated the ability of the technique in monitoring
the movements of fibres while pouring, and the strong effect of the flow in inducing preferential fibre alignment
within the slabs. Fibre orientation was found to vary progressively over time and could take about half of the
duration of pouring to fully stabilise.

1. Introduction

Steel fibre reinforced self-compacting cementitious composites are a
bi-functional cement-based material that benefits from high flowability
and post-cracking tensile capacity provided by fibre reinforcement
mechanisms [1,2]. The addition of fibres also ensures a more diffused
cracking process with smaller widths, which contributes to enhanced
durability. The combination of self-compacting cementitious composite
(SCC) and fibre reinforced cementitious composite (FRC) technologies
has a high potential for accomplishing significant gains in engineering
performance and economy owing to the elimination of vibration and
reduction or even complete substitution of conventional reinforcement
[3].

The performance of FRC is highly dependent on the concrete
strength, as well as on the fibre content, geometry and type [4,5]. In
addition, the residual strength of FRC is strongly dependent on the
distribution and orientation of fibres within the cement matrix at the
end of pouring [6-10]. Fibres aligned in the direction of tensile stresses
are preferential for a member loaded in one direction. The efficiency of
fibres decreases from 100% when aligned along the direction of tensile
stress to 30% when randomly distributed [11]. A random fibre
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orientation can be beneficial for members acting without a preferential
stress field [12]. Therefore, it is important to properly understand and
control the factors related to fibre orientation to ensure that the required
— or even enhanced — material and structural performance is obtained
for real applications [13,14]. This will also support the development of
more accurate computational models for predicting and designing fibre
reinforced composites, which are capable of taking into account the
explicit location of the fibres [15].

A non-comprehensive understanding of the effects of fibre orienta-
tion on mechanical properties of fibre reinforced concrete is limiting the
confidence of designers for the use of this composite in developing
innovative construction systems [16]. A range of factors impacts fibre
distribution and orientation, which include type and length of fibre
[17-19], volumetric fibre content [20,21], specimen size and shape
[16], concrete flowability, reinforcement layout [22], and casting pro-
cess [6,23,24]. Concerning the latter, conditions for preferential orien-
tation can be created by geometrical restrictions and shear stresses
caused by concrete flow [22], placing methodologies, and compaction
process [25]. Flow- and gravity-induced segregation of fibres into layers
may also occur while concrete is placed and left to cure [26].

The effect of specimen geometry on fibre orientation and resulting
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Table 1
Specimen and fibre dimensions reported in the literature.
Specimen Fibre
Authors Height  Width Length  Type Diameter  Length
(mm) (mm) (mm) (mm) (mm)

Abrishambaf 60 1000 1600 Hooked- 0.55 33
et al. [29] end

Andries et al. 150 150 600 Hooked- 0.9 30/60
[18] end

Ferrara et al. 30 500 1000 Straight 0.16 13
[3]

Lameiras et al. 150 150 600 Hooked- 0.55 35
[31] end

Sanal and 50 100/ 500 - 0.16 6/13
Zihnioglu 200/
[16] 300

Stahli et al. 90 900 1800 Straight 0.6 30
[32]

Suuronen et al. 25 1000 5000 Hooked- 1 50
[33] end

Zerbino et al. 90 1800 925 Hooked- 0.45 35
[34] end

mechanical performance was studied by Sanal and Zihnioglu [16] for 25
and 50 mm thick concrete slabs. The width of the structural element can
indeed constrain fibres to align in the longitudinal direction of the
member, particularly in the case of fibres with lengths of the same order
as the width of the specimen. Such an increase in the direction of gravity
can decrease the flexural strength of the member given that fibres
crossing the flexural cracks are not efficiently oriented for resisting the
principal tensile stresses which are nearly orthogonal to the planes of
those cracks.

Barnett et al. [27] studied the flow of concrete in three round con-
crete panels and observed the tendency of fibres to align orthogonally to
the radius when poured in the centre, and parallel to the radius when
poured near the formwork edge. It was also found that the panel poured
from the centre had the highest anisotropy, followed by the panel
poured near the edge and by the panel poured randomly. It was noted
that although the panel poured from the centre was the most aniso-
tropic, image analysis showed the concrete in that region to be indeed
isotropic. This is because the fibres are not affected by the radial flow
there. It is worth mentioning that the panel poured from the centre had
the highest flexural strength, followed by the panel poured randomly,
and by the panel poured near the formwork, which was the weakest. The
strongest panel was 1.7 x stronger than the weakest, which shows that if
adequate control measures are in place, concrete flow can be used to
have a positive impact on fibre orientation and structural strength.

Theoretically, SCC flows radially outwards from the point of pouring.
If concrete is left unconstrained, it would continue to flow radially
[28,29], such as when formwork edges are at a significant distance away
from the pouring [3] or when specimens are of circular shape [27].
However, SCC begins to flow parallel to formwork edges in specimens
where the flow is constrained by those edges [30]. The presence of re-
bars also constraints concrete flow similarly to formwork edges [22].
Table 1 summarises some of the additional studies found in the scope of
SCC FRC slabs, including their specimen dimensions and fibre
properties.

Several methods exist for measuring fibre orientation inside cast
concrete panels, with either image analysis using optical microscopy
[10], scanning electron microscopy [35] or X-ray radiography [36-39].
Although the image analysis is a relatively simple method, the main
drawback is that the FRC specimen needs to be cut in thin slices, and the
sample faces need to be polished to make fibres and other material
constituents visible before taking high-resolution 2D images. Thus, the
destructive sectioning of specimens is not ideal for obtaining a complete
3D description of fibre orientation and distribution in the volume [40].

There are alternative non-destructive methods such as electrical
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resistivity [41] and electrochemical-impedance spectrometry tests
[42,43]. These relate the electrical properties of FRC to the fibre
orientation and distribution. However, their main shortcomings are that
they only assess fibre orientation and distribution tendencies, and can
only be applied to FRC with conductive fibres.

The previously aforementioned challenges can be resolved with 3D
computed tomography (CT) scanning and advanced 3D image recon-
struction techniques [33,44-52]. X-ray based CT scanning is a promising
method that can be used to find each individual fibre. A summary of
some of the important CT-based investigations on fibre orientation and
distribution in FRC over the last decade is presented in [53]. Despite the
advantages and availability of modern X-ray CT tools, powerful
computational resources, and advanced image processing techniques,
the analysis of FRC samples poses several specific challenges. For
example, many fibres remain in contact with each other inside samples,
which makes their individual analysis in images difficult. Also, the
bleeding effect in FRC tomograms renders the fibres thicker and exac-
erbates the problem of contact between fibres in the tomograms.
Furthermore, since X-ray CT scanning requires long scanning times,
small specimens are preferred for imaging, which are typically cored
from different locations of a structure to be able to effectively map the
fibre dispersion across the whole structure. This renders X-ray CT un-
suitable to study the real-time flowing properties of cementitious
composite.

Having taken into account the limitations of existing techniques and
the interest in monitoring the fibre distribution in the self-compacting
cementitious composite while pouring, an innovative approach using
dynamic X-ray radiography is proposed in this paper. The technique
enables the ability to monitor the flow of fibres during pouring and to
track the changes in orientation, despite the natural agglomerations and
interactions of fibres. The technique is applied to provide experimental
evidence and data to help understand how cementitious composite flow
relates to fibre reorientation of small SCC FRC slabs. The slabs were
continually monitored during pouring until fibres were in their ultimate
position. Given the importance of boundary constraints introduced by
formwork edges and specimen size [3,11], a range of specimens with
varying aspect (width to length) ratio was considered and compared.

The paper is outlined as follows. In the next section, the X-ray radi-
ography technique is presented together with the main principles gov-
erning the detection of fibre orientation. Synthetic examples are used to
validate the applicability of the technique and assess its ability to
measure orientation. In Section 3, the experimental programme, selec-
tion of specimen sizes, and materials used are presented. Results and
their discussion are given in Section 4, whereas Section 5 summarises
the main findings.

2. X-ray radiography

X-ray radiation can be used to image the interior of specimens. The
specimen is typically located between a source of X-rays and a detector
panel. The detector panel measures the intensity of the X-ray beam after
passing through the specimen. The nature of X-ray radiation is such that
the intensity of X-rays exponentially decay as they pass through matter,
following:

F =Fye ™™, (@)

where F is the intensity of X-rays measured at the detector panel, Fj is
the intensity at the source, « is the attenuation coefficient, which is
material dependent, and [ is the path length of the X-rays passing
through the material. A material with a large attenuation coefficient,
such as steel, absorbs a higher number of X-rays than a material with a
lower attenuation coefficient, such as aggregates, cement and water. For
this reason, it is relatively straightforward to distinguish macroscopic
steel fibres within a cementitious composite matrix when illuminated
with X-ray radiography. In this work, advanced image analysis
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Initial atch Windowed patch Power spectrum

Fig. 1. Schematic representation of the orientation algorithm. Top: Poorly
aligned fibres. Bottom: Well aligned fibres. In each case, an initial patch is taken
from a larger image, which is then multiplied by a radial Hamming window and
then processed with a 2D Fourier transform (FFT). Aligned fibres are evident as
streaks in the FFT that are orthogonal to the original fibre orientation. Note that
the power spectrum is presented on a log scale.

techniques are proposed to find the statistical properties of the radio-
graphs themselves, without distinguishing between the solid matrix and
the steel fibres.

2.1. Fibre orientation measurement

A technique by Guillard et al. [54], Jiang et al. [55], originally
validated against manual measurements of the orientation of individual
fibres mixed in with rice and lentils, is herein implemented to assess the
orientation of steel fibres in SCC. A summary of the method in the
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context of fibre orientation is shown in Fig. 1. The proposed algorithm
works by calculating a two-dimensional power spectrum of a given
radiograph (or image), which describes the frequency distribution of the
intensities recorded in the radiograph. In this instance, since the
radiograph represents physical space, the frequencies can be inverted to
give spatial wavelengths. This two-dimensional wavelength space is
related to the spatial domain of the original image. If more power is
found along a specific direction in the wavelength space, a preferential
direction of the fibres can be inferred. The magnitude of the alignment
can then also be related to the strength of the alignment in the power
spectrum. Specifically, images are split into square patches of width w
pixels and normalised to have zero mean and standard deviation of one.
A two-dimensional Fourier transform of a patch can be expressed as:

2

S(k):‘ // Flx) x 7 (r(x) Jetmks o | | ®)

where S is the power spectrum, k = (ky,k,) the wavevector, F(x) the
normalised X-ray intensity at location x and 7(r) = cos(2zr/w)/2 is the
radial hamming window, with r being the vector from the centre of the
patch to a given pixel.

As is done commonly when modelling liquid crystals [56], a struc-
ture tensor, Q, is created, and by summing the structure tensor weighted
by the power spectrum, a nematic order tensor T, can be produced as:

K+ Aky /2 /k,d—Ak,»/Z kok
k

a |
k)=——"" ——= dk, 3
k) Ak Ak Ji sk 2 Bk, /2 \k|2

Fig. 2. Three examples of the performance of the orientation algorithm. Left: Original images. For each horizontal strip Top rows: Principal orientation field 6.
Bottom rows: Alignment magnitude field ||T||. From left to right, increasing patch width. The colour of the border of each image indicates the patch size used to
produce it, as shown with the correspondingly coloured dashed lines on the original images.
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Fig. 3. Validation of the image analysis technique for idealised fibres. Top:
Three examples of artificial radiographs of idealised fibre orientation profiles
with principal angle of 6 = 0 (oriented horizontally) and left to right x = 107,
10! and 103. Middle: Principal orientation field, 0p, as measured by the image
analysis method of a single patch. Bottom: Alignment magnitude field, | T]|, as
measured by the image analysis method of a single patch.

SSlk)

where I is the identity matrix. This nematic order tensor T has the
property that its magnitude ||T]|| is zero when the power spectrum is
isotropic (e.g. when fibres are distributed isotropically) and is one when
all of the energy in the power spectrum is aligned in one direction (e.g.
for an image that contains only fibres which are perfectly aligned). This
magnitude || T|| is referred to as the alignment magnitude. Additionally, by
calculating the eigenvectors of this tensor, the principal orientation, 6, of
the power spectrum is recovered in the given patch, which is taken to be
the direction of the principal alignment of the fibres. A graphical sum-
mary and further explanation of this method is shown in Fig. 2 of
Guillard et al. [54].

Three simple examples are represented in Fig. 2 to illustrate the
performance of the image analysis technique. In the first example, a
black and white image with a spiral was processed for various patch
widths w. The principal orientation 6§, and alignment magnitude || T
fields are shown for each of these patch widths. Robust and stable
measurements of the orientation of the spiral are recovered when the
patch size is large enough to cover more than one arm of the spiral.
When the patches are smaller than this limit, the measured orientation
field either measures the orientation of the only spiral part in the image
or nothing, depending on the content of the patch. In this instance, a
spatial map of the presence of the spiral and its orientation is recovered.
Note that the size of the patches has a significant effect on the measured
result. Larger patches produce smoother, more continuous fields. As is
common with all up-scaling methods (i.e. making continuum measure-
ments from micro-scale data), a length scale must be chosen over which
to make this continuum assumption. In this case, that length scale is
related to the size of the patch.

The second and third simple examples show the performance with
idealised images of radiographs of fibres. These images were produced
by randomly positioning line elements that are semi-transparent. The
technique is able to recover both the principal orientation and alignment
magnitude of the images for a wide range of patch sizes. It should be
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Fig. 4. Effect of speckle on the image analysis technique for idealised fibres.
Top: Three examples of artificial radiographs of idealised fibre orientation
profiles with principal angle of § = 0, alignment of x = 10° and varying speckle
level left to right of 6 = 10°%, 107! and 10~2. Middle: Principal orientation field,
0p, as measured by the image analysis method of a single patch. Bottom:
Alignment magnitude field, || T||, as measured by the image analysis method of a
single patch.

noted that at the edges of these images when the patches protrude
beyond the image boundaries, the patches are filled with a value of 0,
and the results become less valid. This becomes more visible with the
larger patch widths. For all experimental data reported in Section 4 the
analysed patches are fully within the observed experimental domain.

2.2. Validation of measured fibre orientation

To assess the performance of the imaging processing technique
quantitatively, idealised fibre radiographs were produced with known
fibre orientations based on the circular von Mises probability density
function:

excuxé'

27[10 (K),

P(0,x) = 5)

where 0 is the orientation of the fibres, « is a parameter representing the
alignment, and Iy is the modified Bessel function of order zero. This
probability density function has the advantage that at x = 0, the fibres
have an isotropic distribution, and at xk = oo, the fibres are perfectly
aligned in the direction 6. In Fig. 3, the performance of the image
analysis algorithm is shown for a wide range of « for a single patch.
Examples of those patches are given at the top of the Figure. It should be
noted that the performance would only increase after averaging over
many patches.

Additionally, an investigation of the level of noise in the image
(speckle) is presented in Fig. 4. Noise is present in all images, and can
come from a variety of sources, including fluctuations in X-ray intensity,
scattering of X-rays, and noise in the detector panel. Normally distrib-
uted noise was added to each pixel of the generated images of artificial
radiographs as:

)

1
2
Fspeckled _ i 4 ,
F oV2rn

(6)

where ¢ is the width of the normal distribution, X is a random variable
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Fig. 5. Schematic representation of the pouring and monitoring scheme. The X-
ray source is mounted vertically above the formwork and detector panel.

and F is the mean of the artificial radiograph F. The signal-to-noise ratio
(SNR) is defined for this case as SNR = (17 The measurement of the
principal fibre orientation and alignment magnitude are shown in Fig. 4
to be insensitive to the noise level as long as SNR Z 1 and 10, respec-
tively. This means that even when fibres are visually very hard to
identify, e.g. for SNR ~ 1, the algorithm still provides adequate results.

3. Experimental programme

The flowability of cementitious composite is one important factor
affecting fibre orientation [29]. During pouring, fibres are often
assumed to be distributed isotropically within cementitious composite
[27]. However, elongated particles, in general, are known to reorient
due to several factors such as wall effects [57], and alignment induced
by a flow field [58]. Several authors have observed that when the flow is
radial, fibres orient perpendicular to the direction of radial flow
[28-30]. Alternatively, when concrete flows parallel to the edges of the
formwork, fibres reorient in the direction of the flow [11,30,59].

The reorientation of fibres is more pronounced in flows with higher
velocity and is therefore related to the casting rate and potential energy
[12]. Although the time taken for fibres to reorient has been reported to
be considered instantaneous on a larger scale [6], this follows an inverse
relation relative to the shear rate of cementitious composite flow [11]. It
was found through simulated models that fibre reorientation increased
with flow duration [28]. However, no experimental studies detailing the
continuous change in fibre orientation are available without resorting to
the substitution of cementitious composite with a material model [30].
Therefore, the experimental programme developed in this section was
designed to monitor the fibre orientation in concrete slabs while pour-
ing. Both velocity measurements and the algorithm proposed in Section
2 are used in conjunction to analyse the fibre behaviour. In the
following, a description of the image acquisition, specimen dimensions,
nomenclature, and materials used is presented.

3.1. Image acquisition

The experiments were conducted in the DynamiX laboratory at The
University of Sydney, Australia. During pouring, cementitious compos-
ite specimens were exposed to an X-ray flux from a Spellman XRV
Generator at 180 keV and a current of 2 mA. The source was positioned
vertically above the specimens, such that X-rays would pass downwards
through the sample. The X-ray intensity was recorded on a PaxScan
2520DX detector at a spatial resolution of 960 x 768 px and at a tem-
poral resolution of 30 frames per second, positioned as shown in Fig. 5.
The radiographs produced by this method were processed using the
routines described earlier to recover measurements of particle orienta-
tion fields and their evolution over time. Velocity analysis was also
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Fig. 6. Specimen geometries investigated in this work.
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Table 2
Specimen notation. The thickness of all samples was 50 mm.

Specimen Length (mm) Width (mm) Rebars Aspect ratio
C0.375 150 400 - 0.375
C0.750 300 400 - 0.750
C1.0 400 400 - 1.000
R1.0 400 400 v 1.000
$1.333 400 300 - 1.333
$2.667 400 150 - 2.667

performed by examining the bulk behaviour of the medium.

3.2. Specimen dimensions and nomenclature

Several factors were considered when setting specimen dimensions
for this study, including the specimens investigated by other authors
[3,16,18,29,31-34] and the specific constraints of the X-ray laboratory
(e.g., size of panels and X-ray penetration). Table 1 summarises some of
the studies found in the scope of SCC FRC, including specimen di-
mensions and fibre properties.

Based on the constraints mentioned above, a maximum dimension of
400 mm was set to assure enough area could be monitored during the
tests given that the available panels cover 200 x 300 mm? The
maximum thickness (or height) of the slab, was also set at 50 mm to
allow adequate X-ray penetration and good image quality. The adopted
fibres were 35 mm in length providing a slab thickness to fibre length
ratio of about 1.5. The fibres selected could constrain the free rotations
in the vertical direction. However, this study focused only on 2D flow, in
which case the fibre length was deemed acceptable [11]. The adopted
fibre length versus thickness of the FRC slab is also representative of
several real applications of this composite [60].

A total of six specimens were designed to obtain a wide range of
aspect ratios, from compact to slender, i.e. from slab to beam type ele-
ments. Three specimens were designed with 400 mm width and 50 mm
thickness, and 150, 300 or 400 mm length. The other three specimens
had 400 mm length and 50 mm thickness, and 150, 300 or 400 mm
width. Two PVC bars of 16 mm diameter were included to recreate the
presence of steel rebars in a second specimen with dimensions of 400 x
400 x 50 mm®>. Therefore, a total of five aspect ratios yielded from the
specimens selected, as represented in Fig. 6. It is worthwhile denoting
that the dimensions selected for the slabs were very similar to the ones
reported by Sanal and Zihnioglu [16] (also see Table 1).

The specimens were labelled based on their aspect ratio, in the order
of increasing lengths and decreasing widths, as shown in Table 2.
Specimens were considered slender (S) for aspect ratios larger than one;
and compact (C) for aspect ratios smaller or equal than one. In addition,
one specimen contained PVC rebars (R).

3.3. Materials, mix proportions and fibre properties

The self-compacting cementitious composite mix design developed
in this study took into account other works, namely
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Table 3
Mix design (proportions by weight).
Water Cement Sand Viscocrete 10 Steel fibres
% 12.5 42.4 41.2 0.63 3.27¢

# Corresponds to volumetric fibre content of 1%.

[3,16,18,29,31-34,61]. In the casting process, CEM I 42.5 R cement
from Bastion was used. Furthermore, river sand from Bastion with a
density of 1600 kg/m> was used as aggregate. Sika Viscocrete 10, a third
generation, high range water reducing superplasticiser with a density of
1060 kg/m® was added to the cementitious composite mix. Finally,
Dramix hooked-end steel fibres with a length of 35 mm, and an aspect
ratio of 65 were used. The fibres were manufactured from very high
strength steel with a density of 8050 kg/m>. Table 3 summarises the
final cementitious composite mix design.

In the mixing process, all dry components (cement, sand, and fibres)
were first mixed together for 1 min for homogeneity. During dry mixing,
the superplasticiser was stirred-in with the water for 10 s [16]. The
water-superplasticiser mixture was then added to the dry mix in 100 ml
intervals. After that, the whole mixture was stirred for an additional 3
min [16,62]. Continuous mixing was maintained, and regular checks
were done until reaching the desired consistency.

After mixing, the specimens were cast in lubricated slab moulds

t = 10s
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represented in Fig. 6 and cylinders. The cylinders were kept in the fog
room in adequate curing conditions, after which they were tested for
ultimate compressive strength at 28 days of age according to the Model
Code 2010 [63]. The average compressive strength of these cylinders
was found to be 59.6 MPa. In addition, the fresh mixture was subjected
to the ‘Slump Flow and Tsq test’ [64]. The slump diameter for all
mixtures reached 500 mm for an average 4.4s and a maximum average
diameter of 629 mm.

4. Results and discussion
4.1. Concrete flow

The total pouring time lasted, on average, about 23 s and was
recorded over approximately 700 frames. For analysis, examples of the
radiographs recorded for a single test are shown in Fig. 7.

Flow streamlines were obtained using a particle image velocimetry
technique [65] (alternatively referred to as digital image correlation).
This technique is commonly used in fluid, soil and structural mechanics
to characterise the deformation of materials orthogonal to an optical
imaging plane. The same technique can be applied to radiographs to
recover the velocity field in the imaging plane, but in this instance the
measured velocity is the median velocity of the material in the X-ray
beam direction [54,66,67]. In this work, the radiographs were split into

t = 15s t = 20s

)
2

s}
qg Attenuation

Low

Attenuation

High

ol
6, (rad)

0 z (mm) 168

o

N[

T} ()

0

Fig. 7. Processed experimental data for S2.667 at four times. Flow is in the positive x direction. (left to right) with formwork at y = 0 and 150 mm. Left to right: Time
from first material being observed in viewing window is t = 5, 10, 15 and 20 s. Top row: Attenuation field of X-ray radiographs showing the movement of the FRC
from left to right. Fibres are the darker lines spread through the cementitious composite mixture. Dark rectangular areas in the bottom left and top left corners of each
image are related to the quick release gate mechanism and should be ignored. Second row: Velocity field represented as streamlines overlaid over the radiographs.
Thickness of the streamline is proportional to the local speed of the flow. Third row: Principal orientation of fibres. Colour represents the principal orientation, where
an angle of angle of 90° represents fibres aligned vertically (perpendicular to the bulk flow), and 0° and 180° represent fibres aligned horizontally on the printed page

(parallel to the bulk flow). Bottom row: Alignment magnitude field.
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Fig. 8. Schematic representation of the velocity field of the cementitious composite flow. Grey regions mark the location of the detector panel. Data outside of these

areas have been inferred. Solid black lines represent reinforcing bars in R1.0.

a number of smaller interrogation patches. Images were pre-processed
by digitally removing the formwork from the radiographs and were
post-processed to remove statistical outliers in the velocity field. Each
pair of images was then compared at times ty and ty + At to identify the
displacement of the patches travelled during the time interval. The
process was repeated for all image pairs and identified patches. The final
velocity field in mm/s was computed by using the pixel size and time
difference for recorded images. In this study, patches of 32 pixels with an
overlap of 50% were analysed with images recorded at 30 frames per
second (At = 31—0 seconds). As with the fibre orientation measurement,
the smoothness of the measured velocity field depends on the patch size.

For ease of understanding, a schematic representation of the
streamlines is represented in Fig. 8. Note that in each image, ‘X’ marks
the pouring location, and the streamlines illustrate the progression of
the flow from the pouring point. In addition, the grey square denotes the
area monitored by the X-ray detector panel. The observed flow was
qualitatively consistent with those obtained in Ferrara et al. [3], Sanal
and Zihnioglu [16].

As a general observation, radial flow was found at the pouring point
for all compact specimens and flow continued radial throughout
observed areas if the width was not constrained by formwork edges. As
the aspect ratio increased from 0.375 to 1 through increasing specimen
length, there was no significant effect on flow. This was observed by
Deeb et al. [28] in slump-flow simulations of fibre reinforced cementi-
tious composite, and by Barnett et al. [27] on circular slabs poured from
a central point.

A significant effect from the formwork edges on flow was found for
aspect ratios greater than 1, similar to Ferrara et al. [3]. Even though the
flow could not be observed at the pouring point since it was outside of

the X-ray monitored area, the flow in slender specimens was found to be
parallel to the specimen length in all cases.

The reinforcement bars had an apparently comparable effect on the
cementitious composite flow to constraining the width of the specimen.
For example, compare the flow found in R1.0 and C1.0. The addition of
the reinforcement caused the cementitious composite flow to become
parallel to the bars and formwork instead of flowing radially from the
pouring point. In addition, a significantly higher cementitious composite
flow velocity is noted in the specimen section within the rebars
compared to the section without the rebars. Such results are in agree-
ment with the observations reported by Zirgulis et al. [22]. However,
despite the observed flow, as it will be discussed next, the fibre distri-
bution in the central region of this the specimen shows that there was
vertical flow of fibres across the rebars, which means that the width of
the specimen was not sufficiently constrained by the rebars.

4.2. Ultimate fibre orientation

An example output of the technique described earlier for retrieving
fibre orientation is shown in Fig. 7 for S2.667. In this figure, the average
orientation of fibres was calculated from 64 x 64 pixel patches of the
original images. This patch size was chosen such that sufficient fibres
were imaged in each patch to produce relatively smooth results. The
choice of this patch size is relatively arbitrary, with a trade-off between
spatial resolution and homogeneity. This figure shows the average
orientation within each patch, where an angle of 90° represents fibres
aligned vertically, and 0° and 180° represent fibres aligned horizontally
on the printed page. From analysing such data for all specimens, dia-
grams were prepared to illustrate the main findings concerning the
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Fig. 9. Schematic representation of the impact of the formwork aspect ratio and position of reinforcing bars on the fibre orientation profile. Grey regions mark the
location of the detector panel. Data outside of these areas have been inferred. Solid black lines represent reinforcing bars in R1.0.

ultimate fibre orientation profile — see Fig. 9. Similarities were found in
fibre orientation among specimens of the same category, i.e., compact
and slender. There were, however, important differences between those
as will be discussed ahead.

Fibres were generally oriented radially, perpendicular to the direc-
tion of flow in compact specimens, whereas, for slender specimens, two
distinct orientations were identified: parallel to flow when close to
formwork edges and isotropic when in the central region away from the
formwork. When rebars were present, the radial orientation was dis-
rupted, as fibres aligned parallel to the flow in their neighbourhood.

The alignment of fibres perpendicular to the flow was consistent with
those registered by Ferrara et al. [3], Barnett et al. [27], Deeb et al. [28],
Abrishambaf et al. [29], Boulekbache et al. [30]. The orientation of fi-
bres perpendicular to the flow in compact specimens can be explained
by the differences in the velocity field observed in these cases. When the
flow is principally radial, the strain rate field is such that the material is
being extended in the orthoradial direction. There is a strong effect of
this extensional orthoradial flow, which causes fibres to align orthor-
adially (perpendicular to the radial flow). This effect has been referred
to as ‘extensional stresses induced orientation’ by Svec et al. [68] and
modelled for continua of elongated particles in Nadler et al. [58].

The effect of shearing near formwork boundaries was also found to
control the ultimate fibre orientation in slender specimens. This flow
was dominated by boundary layers, which formed as cementitious
composite flowed parallel to the longer formwork edges, as shown in
Fig. 9. The properties of this boundary layer are known to depend on the
viscosity of cementitious composite [3]. In this case, fibres were
observed to align generally subparallel (close to parallel) to the flow.

Near formwork edges, in both slender and compact specimens, the
orientation of the fibres was also influenced by the wall effect. This ef-
fect is a geometrical constraint forcing fibres to align parallel to the

formwork edge if their centroid is at a distance less than half the fibre
length [11]. The above shear-induced effects are typically coupled with
these wall effects, and in many cases, dominate over wall effects, thus
resulting in stronger fibre alignment parallel to formwork edges [11]. A
comparison of $2.667 and S1.333 showed that the parallel alignment
near the formwork was more noticeable in the first specimen, given that
the width was 150 mm compared to 300 mm in the second specimen.

There exists a plug-zone in the central region of slender specimens
where the velocity gradient of cementitious composite was low. Within
that area, the fibres were dragged without any torque, in which case
they remained isotropic [11]. Such an area is quite noticeable in S1.333
and S2.667. For instance, in Fig. 7 for S2.667, the bottom row shows
darker colours in the alignment magnitude field associated to the central
region of the specimen, which is due to the random distribution of fibres.
The size of the plug zone depends on the cementitious composite yield
stress. However, this parameter could not be measured for the purpose
of this work [69].

Boundary layer flow was also found due to the presence of rebars and
caused fibres to orientate parallel to both them and formwork edges.
However, given that rebars did not entirely constrain the flow in the
vertical plane, cementitious composite could indeed flow above and
below them. Therefore, radial flow could possibly develop near the
formwork bottom, causing fibres to orientate perpendicular to the flow
direction. Hence, neither a circumferential (like in C1.0) nor an almost
isotropic (like in the central part of the $2.667) distributions were found.

4.3. Fibre orientation versus time

Fibre orientations were not constant during pouring. In fact, fibres
were observed to progressively reorient while cementitious composite
flowed until their final position. In this section, patches were selected in
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commonly imaged areas among the specimens — see Fig. 10: (i) green-
(a) is horizontally aligned with the pouring point for compact speci-
mens; (ii) red-(b) and purple-(c) are located near formwork edges for
slender specimens.

The average orientation inside each patch during pouring is repre-
sented graphically in Fig. 11. Here we show the magnitude of the dif-
ference in angle between the horizontal (as defined in Fig. 9) and the
principal orientation. The specimen dimensions compared in each graph
are the same, except that, relatively to the pouring, one specimen is
compact, and the other is slender or contains rebars.

Fibre orientations inside the patch closest to the pouring point
(green-(a)) remained generally above 65° — see Fig. 11(a) and did not
change significantly with time. Therefore, the fibres remained approx-
imately perpendicular to the flow during pouring.

The red-(b) curve in Fig. 11(a) represents the patch analysed close to
the edge of S2.667. Alternatively, the patch analysed close to the edge
for S1.333 and R1 is represented by the purple-(c) curves in Fig. 11(b)—
(c). The realignment of fibres with time was most significant at slab
edges, where a drop in the average orientation values was seen. Both
specimens S2.667 and S1.333 start with an orientation above 60°, which
then progressively reduces to an orientation close to 10 to 15°. This takes
about 13 s to occur, which is about half of the duration of pouring. Please
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note that in related works, an angle of 30° is often considered to be
parallel [11].

5. Conclusions

This paper presented an imaging technique that enabled the ability
to monitor, in real-time, the changes in fibre orientation while pouring.
The technique is robust and insensitive to the agglomeration and in-
teractions of fibres that occur naturally while monitoring. As result,
maps of the principal fibre orientation and alignment magnitude for
individual images of fibres are produced. A sensitivity analysis of this
technique was performed, and it was shown that reliable measurements
of the principal fibre orientation were produced for signal-to-noise ratios
z1.

The new technique investigated the impact of specimen aspect ratios
and time/duration of pouring on the average orientation of fibres within
steel fibre reinforced self-consolidated cementitious composite. The ef-
fect of including a reinforcement bar in the specimen on fibre orienta-
tions was also explored. As expected, the flow of cementitious composite
has a strong effect in inducing preferential fibre alignment within the
cementitious composite slabs. It was found that fibres may change
orientation progressively over time. Fibres near slab edges can take
some time to align parallel to the flow, with the orientation changing
progressively from perpendicular to the flow. In the observed slender
samples, this could take about half of the total duration of pouring. Such
a finding could not be obtained with any other monitoring techniques
currently available. This anticipates the possibility of developing stra-
tegies to control fibre orientation based on the location of pouring point
and duration of pouring.
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