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Abstract. Traditional fiberconcrete structures have fibres in the mix oriented in all spatial directions, distributed in the struc-
tural element volume homogenously, what not easy to obtain in practice. In many situations, structurally more effective is the
insertion of fibres into the concrete structural element body by forming layers, with a predetermined fibre concentration and
orientation in every layer. In the present investigation, layered fibre concrete is under investigation. Short steel fibres were at-
tached to flexible warps with the necessary fibres concentration and orientation. Warps were placed into the prismatic
mould separating them by concrete layers without fibres. Prisms were matured and tested under four-point bending. The
bending-affected mechanical behaviour of cracked fibre concrete was simulated numerically by using a developed struc-
tural model. Comparing the simulation results with experimental data, material micromechanical fracture mechanisms

were analysed and evaluated.

Keywords: fiber reinforced concrete, fibers orientation, fibers pull-out, oriented fiber distribution.

Introduction

Plain concrete is brittle; its tensile strength is much lower
than compressive one. Short fibre is added to the concrete
with the main goal to improve its internal tensile mechan-
ical properties: strength, impact resistance, etc. Tradition-
al fibre reinforced concrete consists of a concrete matrix
with short fibres chaotically distributed over the mate-
rial volume. Fibres are added to the concrete with other
ingredients on the stage of mixing, after mixing FRC is
filled into the mould and the concrete gradually hardens.
Such FRC structure design, as well as the relevant sci-
entific research, is based on two assumptions: first, fibres
in the mix are oriented in all spatial directions with equal
probability; secondly, fibres are distributed in the struc-
tural element volume homogenously. Respectively, FRC
is macroscopically isotropic material. In reality, after the
mixing process, several operations with the fresh FRC
mix are carried out: pumping and transporting, pouring
into a mould, while the others involve significant shear
deformations leading to case sensitive non-uniform fibres
distribution in the volume, having non-random fibres ori-
entation (Ng et al. 2016; Bordelon, Roesler 2014; Ferrara

et al. 2010, 2011; Ponikiewski et al. 2015; Krasnikovs
et al. 2012). Non-predictable location and orientation of
fibres (which are strongly dependent on mould filling pro-
cess) invoke a large scatter in material strength and in
the load-bearing structural elements. As regards structural
elements designed mainly to work under bending load
conditions, another approach is worth to be mentioned.
It is possible to place a fibre fully predictably into the
concrete structural element — beam or slab, forming re-
inforced layers (Lusis, Krasnikovs 2014). Another possi-
bility is to reinforce concrete by arranging long fibres in
layers parallel to each other. With such a material being
placed under bending load, fibres are breaking up. In our
case, the important difference observed when comparing
with such a situation is the usage of short fibres. Short
fibres are used with such a length that all of them are
pulled out of the concrete during concrete cracking. Fi-
bres geometry allows us to manage the pull-out process
and to create material with strain softening or strain hard-
ening behaviour during cracking as required.
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Fig. 1. Warps with attached sets of fibers oriented under the angle 75° (a) and (b) 90° to the prism longitudinal axis

The aim of this research is to create and investigate
mechanical properties of steel fibre-reinforced (SFRC)
concrete prisms with oriented fiber distribution inside.
In this investigation, each concrete prism produced had
been reinforced by prefabricated planar elements — flex-
ible warps with the attached short steel fibres (SF). Each
element had the necessary fibre concentration and orien-
tation (see Fig. 1). Warps were placed into the prismat-
ic mould being separated by concrete layers containing
no fibres, thus, forming a layered “pie”. Layered prisms
were tested mechanically by bending, comparing the re-
sults with similar ones obtained for concrete prisms with
chaotically distributed fibres and with numerical simula-
tion predictions done when running the elaborated struc-
tural model.

1. Experimental FRC samples fabrication

Concrete ingredients (see Table 1) were placed into a
concrete mixer where they were mixed without wa-
ter and plasticizer in order to avoid any accumulation
of particles of one fraction. Then water and plasticizer
were added until liquid condition of the mix was reached.
Short steel fibres were attached to the flexible warp. All
specimens with fibres were made by using high strength
concrete (HSC). Commercially available wavy SF Tabix+
1/60 mm: length L = 60 mm, wire diameter d 1 mm, as-
pect ratio I/d = 60, wave depth 0.40-0.65 mm, wave length
8 mm, tensile strength of drawn wire 1500 N/mm?, were
used in experiments (ArcelorMittal Bissen & Bettem-
bourg 2011). A polymer plastic net was used as a flexible
warp. Each warp may have fibres oriented at some angle
towards basic longitudinal direction (see Fig. 1). Beams

Table 1. Composition of SFRC with fibers of different types

Tables ingredients Qli‘gfrgﬁy’ Pri(;lpi)nrit)i(on

Sand (fraction 0.3/2.5 mm) 469.5 0.71
Sand (fraction 0/1 mm) 469.5 0.71
Dolomite flour 187.8 0.29
Cement Cem [ 42.5 N 657.3 1
Silica fume Elkem 971 U 93.9 0.14
Water H,O 238.7 0.36
Plasticizer 6.6 0.01
Fibers, steel 54.4

were made in moulds. Warps with fibres were placed into
the prismatic mould separating them by concrete layers
without fibres. Compressive cube tests were conducted
to determine the concrete compressive strength. The ob-
tained concrete strength, according to the average value
of the test results including eight specimen data, was
87.3 MPa, which corresponds to the concrete strength
class C70/85.

SFRC research of prisms with dimensions of
100x100x400 mm was carried out. Prisms were fabri-
cated, matured and tested under four-point bending for
evaluating mechanical and fracture properties of SFRC
under the crack propagation mode. Comparative analy-
sis of three and four-point bending mechanical testing of
fiberconcrete beams can be found in Bencardino et al.
(2013). Four-point bending is recommended by AFGC-
SETRA, DAfStB, GOST, ASTM (AFGC-SETRA 2002;
DATStB 2003; GOST 10180-2012 2012; ASTM C1399/
C1399M 2015). Tree-point bending in many situations
is associated with the formation of a notch when sowing
the bottom part of the prism, which is not convenient in
our case (for prisms, the main load-bearing reinforcement
would be cut). The prisms testing scheme is shown in
Figure 2. Two HBM WA20 LVDTs sensors installed on
both sides of each prism recorded the midpoint of verti-
cal deflection of the prism during the tests. For load ap-
plication control, the load frame of Automax 5 loading
machine was used. Loading rate was 0.25 kN per minute.

The load vs. vertical deflection curve F-A (A — ver-
tical deflection of the prism midpoint) was obtained in
every experiment (with respect to the middle of a span).
Sensors were connected to the data acquisition unit and
the computer where the obtained data was recorded and
available after experiments. In process of loading, a
macro-crack on the bottom part of the prism started to

150 ; 100 ;; 150

Fig. 2. 4PBT scheme
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take shape. The crack is growing, reaching 0.7-0.8 of
the prism thickness (if the crack opening displacement
(COD) is less than 6-8 mm). Fibres are bridging the
crack and are slowly pulling out of the crack flanks. A
simple geometrical evaluation shows that the crack open-
ing displacement is in a good correlation with the prism
midpoint vertical displacement A. The characteristics of
the material are determined by this test; moreover, the
equivalent flexural tensile strength can be obtained based
on that data.

In total, 72 warps with attached fibres were pre-
pared, with the fibres incorporated at a specific degree
angle; four warps were incorporated in each specimen.
Consequently, there were 140 fibres on each warp. 24
warps were with fibres oriented at an angle 90° in relation
to the expected direction of the macro-crack (fibres are
aligned along the prism’s longitudinal axes direction), 24
warps were with fibres oriented at an angle 75° in relation
to the expected direction of the macro-crack. In addition,
24 warps without fibres were prepared. Fibres were incor-
porated into the warp in such a way that two adjacent fi-
bres lying along at the ends of one line were at the middle
of the neighbouring fibre lying along the adjacent line in
the warp (see Fig. 1). The warps with fibres were incor-
porated into prisms in four different ways/groups. Each
group consisted of six specimens; 24 specimens with SF
were prepared in total.

2. Distribution and concentration of fibers in the
specimens

Specimen Group 1 — traditionally prepared SFRC.
60 mm-long wavy fibres with concentration 54.4 kg/m?
were added to the concrete mix. SF has random locations
and orientations in the concrete matrix (it was supposed
that fibres were homogeneously distributed over the vol-
ume of each specimen — the classic method).

Since the experiment had to find out if the “catch”
without fibres affects the overall results, Group 2 was
established which was similar to SFRC specimens pro-
duced by using traditional methods and adding 60 mm-
long wavy fibres with similar concentration 54.4 kg/m3
to the concrete mix. This time however, warps without
fibres were incorporated in four layers of fibre concrete
distanced at 5 mm from each other (see Fig. 3).

The production of specimens included the follow-
ing steps:

1. Concrete mix was poured into a mould up to 5 mm;
2. A warp was put into the mould on the first layer of
concrete mix; Steps 1 and 2 were repeated 3 times
so that the warp without fibres is encountered in eve-

ry 5 mm of the structure, namely — 5 mm, 10 mm,

15 mm and 20 mm from the base of the mould (see

Fig. 3);

3. The mould was filled with concrete to the brim,
reaching 100 mm respectively.

The maximum fibre content in the prepared beams
was concentrated at the bottom side of the beam. For

1093

Fig. 3. Group 2 specimens scheme (four warps without fibers
are in the specimen)

Groups 3 and 4, warps with oriented fibres were incor-
porated in the FRC beams in four layers.

In Group 2, SF is assumed to have random loca-
tions and orientations in the concrete matrix; they are ho-
mogeneously distributed over the entire volume of each
specimen. Each specimen had four incorporated warps
without fibres.

In Group 3, specimens constituting 1/4 of the total
amount of 60 mm-long wavy fibres (54.4 kg/m?) were
introduced in each warp. Fibres were oriented at an angle
75° with respect to the potential macro-crack direction,
or, 25° in relation to the longitudinal axis of the prism.
Four warps separated by 5 mm-thick concrete layers
without fibres were placed in the mould and were cov-
ered with 80 mm of concrete without fibres (see Fig. 4).

Fig. 4. Group 3 specimens scheme (is shown warps location
and fibers orientation in them, in the specimen)

In Group 4 specimens, 1/4 of the total amount of
fibres (54.4 kg/m?) was introduced into each warp. Fi-
bres were oriented at an angle 90° to the potential macro-
crack direction or 0° in relation to the longitudinal axis
of the prism. Four warps separated by 5 mm-thick con-
crete layers without fibres were stacked in the mould and
were covered with 80 mm of concrete without fibres (see
Fig. 5).

Fig. 5. Group 4 specimens scheme (is shown warps location
and fibers orientation in them, in the specimen)
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Fig. 6. Comparison of the average deflection results in all Groups 0-2 mm (a) and 2-4 mm (b)

3. Experimental results and discussion

Prepared prisms were tested under four-point bending.
The testing results related to Groups 3 and 4 were com-
pared with prisms having homogeneously distributed fi-
bres of Groups 1 and 2. Force—deflection average curves
of the 4PBT are shown in Figure 6 (a) with regard to
0-2 mm deflection and in Figure 6 (b) with regard to
2—4 mm deflection.

When deflection is within the range of 0-2 mm
(which corresponds to COD equal to the same value),
Group 3 and Group 4 specimens show similar results
which are significantly higher than those referred to Group
1 and 2 (reference specimens). Samples with warps show
much higher load-bearing capacity as compared to sam-
ples having chaotically distributed fibres within the prism
volume. In the cross section of the macro-crack, more
fibres are bearing load in Groups 3 and 4 as against those
of Groups 1 and 2. More energy is necessary to separate
them from concrete and start to pull them out. The vol-
ume damage includes more cracks (fragmentation of con-
crete around wraps), which can be viewed in Figure 7. At
the beginning, Group 1 is by 7-10% higher as compared
to the results of Group 2, which can be explained by the
random orientation of 2D-fibre in the vicinity of warps
incorporating them without fibres in Group 1 specimens.
Group 3 (fibre orientation in the specimen at angle £75°)
and Group 4 (fibre orientation in the specimen at angle
90°) show very similar results. It looks like the angle of fi-
bres does not significantly affect the results if their length
is sufficient in relation to the direction of crack forma-
tion. The reason may be a quite high fibre concentration
on the warps, and the warps close location to each other.
The warps are working as a reinforcing layer and no fiber
pull-out mechanism works.

Three stages of each curve can be seen: the first one
is the linear elastic (deflection from 0 mm to 0.01 mm).
At this stage, the FRC prisms become deformed with-
out a visible crack opening. At this stage, concrete mi-
cro cracks accumulate and grow, forming a network of
cracks. The macro crack is shaped perpendicularly to the
longitudinal axis of a prism. The density of the crack net-
work depends on the specimen’s geometry, size of fibres,
and their amount. Fibres traversing the macro cracks be-
gin to bear load, while the cracks are still invisible on the
outer surface of the specimen.

It proceeds in the following way: load-bearing fibres de-
tach from the concrete and start pulling out from one or
both ends. The individual load-carrying capacity of fibre
depends on its orientation towards the crack plane and on
how far it is extracted. The next stage begins with a de-
viation of curves from the straight line and it terminates
when reaching the maximum value on the curve, with the
deflection of prisms equal to 0.1-1 mm (see Fig. 6). In
Groups 1 and 2, the scatter in results is more considerable
(a greater confidence interval) than in Groups 3 and 4.

It can be explained by the fact that fibres were incor-
porated in these specimens with the traditional method;
therefore fibre concentration and their distribution in the
specimens is non-homogenous affecting the results. Al-
though the results for 0.5-3.5 mm differ, a common trend
can be observed: in groups with oriented fibres more en-
ergy is needed in crack opening stage than in Groups
1 and 2. In Groups 1 and 2 load bearing mechanisms
is — fibres are individually pulling out of concrete and
are bearing load; In Groups 3 and 4 are pulling out layers
with high concrete fragmentation in reinforced by fibres
layers. It’s obvious to conclude: more effective result will

Fig. 7. a) Group 4 sample (bottom part) during macro-crack
opening; b) after total failure
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Individual fibres pull-out mechanisms is becoming
more energy expensive as against the layers of pull-out
mechanisms realized in samples of Groups 3 and 4. A
significant increase in tensile strength and compressive
strength is the most important SFRC property. These im-
proved properties stem from the fiber efficiency in con-
trolling crack widths that is based on the individual fibre
performance. Group 1 and 2 specimens showed a lower
load-bearing capacity in the cracking stage as compared
to the specimens with oriented fibres distributed with-
in the volume of specimens. The oriented fibres were
incorporated into the concrete specimens in two differ-
ent ways for Groups 3 and 4. Among the testing results,
Groups 3 and 4 with oriented fibres distributed in the
lower 20 mm of the specimens showed the most signifi-
cant difference as compared to the standard specimens
in Group 2. Namely, the load bearing capacity was by
61.8-77% higher than that of the specimens where fibres
were incorporated by the traditional method.

The testing results of Groups 1 and 2, where tradi-
tional methods were used for SFRC, are characterised by
rather scattered results that are necessary for designing
buildings as fibres were always randomly distributed.

Figure 7 (b) shows the failure surface in order to find
out whether the fibres are incorporated according to the
predefined parameters. It was demonstrated by the experi-
ments that in the situations where fibres are at an angle
in relation to the pull-out force applied, the importance

V. Lusis et al. Effect of short fibers orientation on mechanical properties of composite material — fiber reinforced concrete

of particle congestion is higher in comparison with the
other non-linear processes — friction and plastic deforma-
tion. Interaction of fibres is also important because high
volume of fibres usually invokes a start-up of new mi-
cromechanical mechanisms; fibres are working together
and are not pulling out individually, with the stress con-
centration resulting in crumbling of the concrete matrix
and decreased load-bearing capacity of the FRC structure.

The results obtained from these tests were critically
assessed, and it obvious that fibres contribute immensely
to the structural integrity. Although the same concrete
mixture and volume of fibres were used for the set of
beams, the post-cracking behaviour significantly differs.
As expected, the post-cracking capacity became higher
with the increasing amount of fibres. The results were
mainly influenced by the orientation and number of fibres
acting at the crack section. When examining the experi-
mental data it is easy to conclude that prisms with organ-
ized oriented fibres distribution, when all fibers in a ply
are oriented at the same angle (angles 75° or 90°) and
such a ply (or plies) is located in the stretched part of the
beam, have a higher load bearing capacity as compared
to the beams having the same amount of fibers distributed
uniformly in the prism volume. Fibers concentration in
every warp was too big. An individual fibre load bearing
mechanical mechanism works poorly. It may be expected
that, if fibres concentration were lower, the individual fi-
bres pull-out micro-mechanisms would work better and
would have a higher effect. The research revealed that SF
can increase the bending resistance of concrete structural
element significantly when SF are optimally oriented and
placed, thus ensuring the predictability of the cracking
process and the structure affected by the risk of crack-
ing as well as possibilities to control the crack opening
process.

4. SFRC cracking process numerical modelling

Finite element method (FEM) approach was used cal-
culating a single fibre pull out mechanical process. The
mechanical behaviour of such a material depends on the
amount, orientation and spatial distribution of fibres and
the particular fibre geometry, as well as design of the ce-
mentitious matrix mix and the way of concrete mix place-
ment into the mould (Swamy, Mangat 1974; Yazici ef al.
2007; Bencardino 2013; Bencardino et al. 2008, 2013;
Kurihara et al. 2000; Barros, Cruz 2001). Structural mod-
els simulated SFRC prisms mechanical behaviour under
bending were observed in Pupurs (2011), Li and Mobash-
er (1998), Prudencio et al. (2007) and Jones et al. (2007).
Pull-out tests with different fibres were performed and re-
ported in Pupurs (2011), Robins e? al. (2002), Krasnikovs
and Kononova (2009) and Ng ef al. (2010).

A model was developed suitable for estimating the
load-bearing capacity of FRC beam subject to bending
(Pupurs 2011). The macro-scale model can be briefly ex-
plained as follows: previously experimentally obtained
pull-out curves (force-pulled out distance) for all undulat-
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ed fibre embedment lengths and inclination angles were
stored in a database file. It is supposed that a macro-crack
will occur within the area between the two upper supports
where the bending moment is constant and maximal.
Crack surface is expected to occur at the cross-section
with minimal number of fibres crossing it. In the case
of uniform in volume fibres distribution (sample Group
1 and 2), Monte-Carlo simulations were used to obtain
each particular fibre location within a concrete sample.
A random distribution function was applied to assign
the location and orientation angle to each fibre inside a
concrete prism. Each fibre geometrical centre and spatial
orientation angles were obtained in a single Monte-Carlo
simulation run. The weakest cross section (place where
macro-crack will be formed) was recognized as the cross
section with the smallest amount of fibres crossing it. If
it is known where the weakest cross section is located,
the number, location and spatial orientation of each fibre
within the weakest cross-section is known as well as the
orientation to macro-crack plane. If a crack is opening
under load increase, it is suggested that the shortest fibre
end will start to pull out. The crack starts to open (this
procedure in the model proceeds step by step, increasing
crack mouth opening displacement (CMOD)). At every
step (known value of CMOD) every fibre which is cross-
ing the crack is pulling out and is bearing load. The load
value corresponding to the current CMOD magnitude is
numerically obtained from pull-out experimental data file
created earlier. Information about the location, orienta-
tion, type, and embedment length of each fibre is known
previously from the distribution procedure and is kept in
the model. Then the corresponding data from the data-
base file which contains all information obtained by pull
out experiments must be correctly read and applied. This
modelling approach enabling one to assess the type of
fibres, their amount and distribution in the FRC allows
one to obtain cost effective design solutions as well as
more realistic behaviour models of the FRC structures.
Modelling results were compared with the experimental
data. Figure 12 (a, b, c) shows the average experimental
curve in comparison to the results of numeric modelling
for specimens of Group 1, 3, 4.

Analysis of the obtained results (curves) show that
the modelling results are approximately close to the ex-
perimental results, thus confirming accuracy and reliabil-
ity of the modelling in the case of samples 1. At the same
time, attempts to get the idea of model samples mechani-
cal behaviour under bending with respect to Group 3 and
Group 4 have shown deviation from experimental data,
especially at the beginning of force-CMOD curve. The
explanation is that single fibre pull-out micromechanical
mechanisms are not working. Fibres in warps covered by
concrete are functioning as layers.

Conclusions

The research on load-bearing capacity of non-homoge-
nous FRC under the bending load has been done com-
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paring it with load-bearing capacity of the homogenous
FRC. The possibility to create SFRC prisms by using pre-
fabricated flexible warps with attached short fibres was
investigated both experimentally and numerically, in-
corporating warps in the tensile zone of a structure with
maximum tensile stresses, with the same amount of fibres
in homogenous and non-homogenous SFRC. The higher
flexural load bearing results were obtained at the begin-
ning of load-CMOD curve.

A numeric model was developed for estimating the
load-bearing capacity in the cracking and crack-opening
stage of the homogenous FRC elements with chaotic fi-
bres distribution. It was shown by comparing numerical
modelling results with experimental data that the micro-
mechanical mechanisms of a single fibre pull-out are not
working under the situation of non-homogenous FRC at
the cracking stage. Fibres in warps covered by concrete
are working as layers. Moreover, at the beginning layers
separate from each other.



1098

After the experiments and analysis of the obtained
information we can state with assurance that by using the
latest SFRC technologies — orienting and dividing fibres
into certain layers — it is possible to have the desired ef-
fect, namely, the fibre orientation and distribution have
significant impact on SFRC tensile strength.

At the beginning part of cracking for respective
specimens in Groups 3 and 4 (with non-homogeneous fi-
bres distribution in samples), more energy initiating mac-
ro-crack opening process is required. The highest results
were obtained for specimens from Group 3.

When macro-crack COD is increasing (COD equal
to 2.5 mm and 3.5 mm), energy balance between groups
is changing.

Individual fibres pull-out mechanisms are becom-
ing more energy expensive as compared to layer pull-
out mechanisms realized in samples of Groups 3 and 4.
Group 1 and 2 specimens showed a lower load bearing
capacity at the cracking stage as compared to the speci-
mens with oriented fibres distributed in the volume of
specimens. Oriented fibres were incorporated into the
concrete specimens in two different ways for Groups 3
and 4. In the testing results, Groups 3 and 4 with oriented
fibres distributed in the lower 20 mm of the specimens
showed the most significant difference as compared to the
standard specimens in Group 2, and a higher load bearing
capacity than the specimens where fibres were incorpo-
rated by the traditional method.
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