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Effects of steel fibre-aggregate interaction on mechanical behaviour of steel
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ABSTRACT
This work investigated the effects of fibre type, dosage and maximum aggregate size on the
mechanical behaviour of concrete reinforced with steel fibres. Hooked-end steel fibres with
50 and 60 mm length and aspect ratios (length/diameter) of 45, 65 and 80 were used with
maximum sizes of coarse aggregate of 10 and 20 mm. The same mix proportions of concrete
were used throughout the investigation. Flexural testing of 600 mm square panels was
performed. Subsequently, cores were taken from these panels and X-ray computed
tomography was used to analyse the positioning of fibres in hardened concrete. The
experimental results show that the performance of steel fibre-reinforced concrete improved
drastically when compared to plain concrete without fibres. Longer, thinner fibres and
smaller aggregates were noted to give the best results.
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Introduction

Concrete remains the most widely used man-made
material in the world. However, the tensile strength
of concrete is very low when compared to its compres-
sive strength. The introduction of conventional
reinforcement bars to complement the weakness of
concrete in tension does not stop the propagation of
macro from micro cracks. In conventional reinforced
concrete, the tensile failure strain of the concrete is sig-
nificantly lower than the yield strain of the steel
reinforcement and the concrete cracks before any sig-
nificant load is transferred to the steel [1]. In order to
further prevent or control the initiation and propa-
gation of cracks, short discrete fibres are introduced
into the matrix which substantially improves many of
its engineering properties such as flexural strength, ten-
sile strength and ductility. This is achieved by the abil-
ity of steel fibres to bear some of the stress that occurs
in the matrix themselves as well as to transfer stress to
the stable components of the concrete matrix [2,3].

The usage of fibres as reinforcement for brittle
matrix materials is not new; Brandt [4] reported that
since Biblical times, approximately 3500 years ago,
brittle building materials like sun-baked clay bricks,
were reinforced with horsehair, straw and other agri-
cultural fibres. In more recent times, asbestos fibres
have been used to reinforce cement products for over
100 years, cellulose fibres for at least 60 years, and
steel, polypropylene and glass fibres for the past 50
years [5]. The inclusion of fibres improves the rheology
or plastic cracking characteristics of the material in the

fresh state, and improves the tensile or flexural
strength, impact strength and toughness, ductility
and durability in the hardened state [6,7,8].

Previously, the effects of different types and geome-
try of steel fibres on the post-cracking strength of steel
fibre-reinforced concrete (SFRC) have been studied.
Holschemacher et al. [9] researched hooked end and
corrugated type of steel fibres, Soulioti et al. [10]
have worked on waved or wavy profile and hooked-
end steel fibres, while Soutsos et al. [11] did not only
investigate the hooked end, wavy profile, flattened
ends types of steel fibres but also worked on synthetic
fibres commonly used in reinforcing concrete. In all
these studies, hooked-end type of steel fibres were
found to show the best result in post-cracking strength
and ductility of SFRC exhibiting higher values of
toughness and residual strength as compared to all
other types of fibres. The addition of steel fibres with
high aspect ratio (ratio of length to diameter of fibre)
has been noted to give significant improvement in
the post-cracking behaviour while the higher the
dosage of steel fibres within the concrete matrix, the
better the flexural strength. However, the compressive
strength of concrete is observed to be only slightly
improved with the addition of steel fibre [6,12].

The Concrete Society [1] guidance reported that
steel fibres can be combined with conventional
reinforcement in order to control cracking, and
hence reducing the amount of bars required in some
applications such as water retaining structures in
which it is necessary in the design to control the
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width of early-age thermal cracks. Also, it was stated
that a reduction in the amount of reinforcement is
possible up to 50%, while still maintaining the same
crack width in some applications. It further ascertained
that fibres are increasingly being used to replace con-
ventional steel fabric in ground bearing slabs, and in
some cases replacing all, in suspended ground floor
slabs on piles. The study carried out by Niwa et al.
[13] experimentally examined the possibility of using
steel fibre-reinforced concrete to reduce conventional
reinforcing bar (rebar) in beam-column joints, consid-
ering the excessive amount of rebar in such joints using
a rigid frame railway bridge as a case study. It was con-
cluded that the addition of 1.5% of steel fibres and
removal of 29% joint hoops, 27% column longitudinal
rebar in T joints and 17% beam longitudinal rebar not
only significantly reduced the congestion at the joints,
but also eliminated a remarkable amount of shear
cracks within the beam-column joints. Also, it was
reported that sufficient ductility was obtained after
substituting certain amount of steel rebar with steel
fibres in the experiment. In agreement with these find-
ings, Meda et al. [14] investigated hooked-end steel
fibre contribution to shear reinforcement and the
possibility of substituting the minimum shear
reinforcement with steel fibres. The experimental
results obtained from beams reinforced only with
steel fibres showed a similar, or even better, post-crack-
ing behaviour than the beams with the minimum
amount of transverse reinforcement. It further con-
firmed that when fibres are used in addition to conven-
tional transverse reinforcement the shear strength
significantly increases and shear crack width was
reduced, which in turn improves durability.

There is no doubt that demands for a better and
high strength concrete can be met by the inclusion of
steel fibres. However, design codes for fibre-reinforced
concrete structural elements are not currently available
despite the fact that SFRC is used for a wide variety of
applications. The technology is still evolving and guide-
lines are under development [6]. It is clear therefore
that more research into the material behaviour and
the effects on structural performance is required.
More understanding of the internal mechanism, flex-
ural properties and general workings of steel fibre-
reinforced concrete is needed to fully exploit this
potential in practice, especially for those in construc-
tion industries and academic communities. Conse-
quently, the fundamental behaviour of fibres within
the concrete matrix must be fully investigated and eval-
uated so as to maximise the contribution of fibres to the
post-cracking ability of SFRC. In spite of many studies
on SFRC with results showing relationship between
post-cracking strength and fibre volume, type, geome-
try, and with varying specimen geometry and binder
formulation [9,10,15], the experimental results on
monitoring of detailed mechanism of steel fibres within

the concrete matrix and how the positioning affects the
maximum output of the resulting material are con-
sidered few.

This research work studies the effects of fibre geo-
metry and coarse aggregate size on the behaviour of
fibres within the concrete matrix and the subsequent
influence on how fibres are orientated and distributed
and hence, the effects on flexural properties of steel
fibre-reinforced concrete.

Experimental programme

The experimental programme for the work presented
here was structured to include investigation of mech-
anical performance of SFRC and scanning of cores by
X-ray CT. The experimental variables were fibre length
and aspect ratio and maximum aggregate size. The
techniques used allowed investigation of how these
variables affected the mechanical performance and
the distribution and orientation of the fibres within
the matrix, in order to evaluate the links between the
two.

Variables selected for this study were those con-
sidered to influence how steel fibres and concrete matrix
associate together during mixing, affecting the position-
ing of steel fibres within the SFRC. Fibre dosages of 0
and 50 kg m−3 were used with maximum sizes of coarse
aggregate of 10 and 20 mm. Dramix hooked-end type of
steel fibres supplied by Bekaert were used for the inves-
tigation. Three different types were investigated, desig-
nated 45/50, 65/60 and 80/60 (where the two numbers
refer to the aspect ratio and length of the fibre, respect-
ively). Portland cement (CEMI 52.5R, complying with
BS EN 197–1 [16]), tap water, polycarboxylate poly-
mer-based superplasticiser and sea-won coarse and
fine aggregates were used in the mixes. The mix pro-
portions of the concrete matrix were kept constant
throughout and are given in Table 1. Mixing of the con-
crete was accomplished using a pan mixer of 0.05 m3

capacity. Gravel, sand and cement were placed into
the mixer and mixed for 3 min, then water was added
in the space of 1 min immediately followed by super-
plasticiser and allowed to mix for another 3 min. The
fibres were added last and then a further 1–2 min mix-
ing was allowed to have the material sufficiently mixed.
The workability of each mix was checked through slump
test.

Three replicate square panels of 600 mm by 600 mm
by 100 mm were produced for each fibre/aggregate size

Table 1. Concrete mix proportions.
Material Quantity (kg m−3)

Cement, CEM 1 310
Sand 786
Gravel 1179
Free water 155
Superplasticiser 1
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combination. Companion 100 mm cubes were pro-
duced for compression testing to assess variability
between batches. Compaction of all specimens was
done using a vibrating table for about 1 min to avoid
segregation of the fibres in the matrix. All samples
were removed from their moulds after 24 h. The square
panels were covered with polythene sheet and kept in
moist conditions through regular spraying with water
until testing at 28 days. Cube samples were cured
under water.

The panels were tested for flexural properties
according to BS EN 14488–5 [17] using a Zwick/Roell
Z250 universal testingmachinewithmaximumcapacity
of 250 kN. The test setup is shown in Figure 1. A linear
variable differential transformer (LVDT) was posi-
tioned beneath the slab to measure the deflection at
the centre.

After the flexural testing of the panels, two core
samples of 100 mm diameter were extracted from
each of the tested panels. In order to assess the effects
of the chosen variables on fibre distribution and orien-
tation and the subsequent effects on mechanical

performance of the material, X-ray computed tom-
ography (CT) imaging was carried out on the core
samples using a 350 kV X-ray source. In this process,
a flat fan-shaped beam was directed at the core sample
which was rotated slowly in the beam through 360°.
The attenuated beam was then captured by a detector
consisting of a single line array of over 3000 light-sen-
sitive diodes. The rotation and vertical movement of
the core sample were made possible by a manipulator
on which the concrete core was positioned and after
each scan, which took around 7 min to perform, the
manipulator moved the core up or down in order to
complete the next scan. This process is the same as dis-
cribed by Barnett et al. [18] Each scan produced an
image which corresponded to a ‘horizontal slice’
through the concrete core. Ninety images were gener-
ated for each 100 mm high core. The resulting data
generated was then transferred to algorithms which
reconstructed the image. Insight software is being
used to analyse the images obtained to assess the distri-
bution and orientation of fibres in the concrete.

Results and discussion

The load deflection curves, showing the effect of fibre
type and aggregate size, are shown in Figure 2. The

Figure 1. Test set up for square panel.

Figure 2. Load-deformation curve of square concrete panels: (a) 10 mm maximum aggregate size and (b) 20 mm maximum aggre-
gate size.

Figure 3. Effects of fibre and aggregate size on load bearing
capacity of concrete panels.
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figure shows the typical test result for each fibre type/
aggregate size combination. The results are summar-
ised in Figure 3 which shows the maximum loads
obtained. As can be seen in the figures, the addition
of steel fibres to the concrete slabs clearly improved
the load carrying capacity of concrete. SFRC with
10 mm maximum aggregate and the 65/60 had the
highest load capacity of all the mixtures, 152% higher
than obtained for plain concrete. The results also

revealed mixtures of 10 mm coarse aggregate size out-
performing the mixtures with 20 mm coarse aggregate
size after the addition of steel fibres in the mix, whereas
the plain concrete had the 20 mm aggregate mixture
showing better load carrying capacity than 10 mm
aggregate mixtures.

Figure 4 shows the crack pattern of the slabs, it can
be deduced that more and narrower cracks are formed
when the maximum aggregate size is 10 mm regardless

Figure 4. The crack pattern of square slabs at failure.
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of the fibre type as seen in Figure 4(e), slab of a mixture
of steel fibre 65/60 with maximum aggregate size
10 mm compared the slab of mixture of the same
fibre 65/60 with maximum aggregate 20 mm in Figure
4(a) in which the cracks are fewer but wider than that
of 10 mm. The unreinforced concrete slabs shown in
Figure 4(c) showed brittle behaviour immediately
after first crack.

The X-ray imaging can be observed directly to view
the arrangement of fibres within the concrete matrix
as typically presented in Figure 5. The fibres show up
as white elements all over the surface of the round hori-
zontal slices as seen in Figure 5(a,b). The shape of a fibre
on these images provides information about its orien-
tation relative to the plane of the image. Fibres lying
close to parallel show as long ellipses while fibres lying
perpendicular to the plane of the image (i.e. parallel to
the axis of the core) show as circles. The 3D view
shown in Figure 5(c) was achieved by the analysis car-
ried out on a typical core combining all slices to visualise
the positioning of the fibres within the SFRC core.

Open source medical image processing C++
libraries, The Insight Toolkit (ITK) [19], was used
to process the volumetric images acquired from CT
scan presented in horizontal slices through the
100 mm diameter core at different heights. This is
being developed to allow quantification of distri-
bution and orientation of the fibres within each

image slice and within the whole core. Figure 6
shows how the average nearest neighbour distance
of fibres varies with height within the core. It is com-
puted via a ‘distance transform’ [20] that computes
and transforms for every pixel in the data the closest
object. Then what is done here is that for every
slice, for all pixels in that slice, the maximum distance
in that slice is found. The transform here is computed
in 3D so it quantifies the fibre non-occupancy space
across all three dimensions and provides an idea as
to if there is a big gap or not in a particular slice.
The plot therefore provides information on fibre

Figure 6. Plot of variation in mean nearest neighbour distance
with height in the core.

Figure 5. Images obtained from X-ray CT scan and 3D view.
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distribution in each core. All results from the plot in
Figure 6 show lower nearest neighbour distances in
the middle and base of the core height, suggesting
generally that fibres are more closely distributed
here than at the top. This is most likely due to segre-
gation, which appears to be most severe in the mix
containing 65/60 fibres and 20 mm aggregate.

Conclusion and future work

Visually, more cracks are formed in the slab when the
maximum aggregate size is 10 mm regardless of the
fibre type. This correlates with a higher load bearing
capacity. The cracks in SFRC slabs with 20 mm maxi-
mum size aggregates were fewer but wider with lower
load bearing capacity while the unreinforced concrete
slabs exhibited brittle failure.

The X-ray CT analysis has shown so far that fibres
are reasonably evenly distributed within the cores but
there is possibly a slightly higher density of fibres in
the middle and base of the core.

Development of image analysis tools for X-ray CT
images of core samples is on-going to assess both the
distribution and orientation of fibres within the con-
crete matrix and the outcome will then be compared
with the mechanical performance results. Further
analysis of data from mechanical tests is also on-going.
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