
Construction and Building Materials 122 (2016) 505–517
Contents lists available at ScienceDirect

Construction and Building Materials

journal homepage: www.elsevier .com/locate /conbui ldmat
Fibre distribution and orientation of macro-synthetic polyolefin fibre
reinforced concrete elements
http://dx.doi.org/10.1016/j.conbuildmat.2016.06.083
0950-0618/� 2016 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: jaime.galvez@upm.es (J.C. Gálvez).
M.G. Alberti, A. Enfedaque, J.C. Gálvez ⇑, V. Agrawal
Departamento de Ingeniería Civil: Construcción, E.T.S de Ingenieros de Caminos, Canales y Puertos, Universidad Politécnica de Madrid, C/Profesor Aranguren, s/n, 28040 Madrid, Spain

h i g h l i g h t s

� Fibres in PFRC-SCC specimens had better orientation factor poured from the side.
� PFRC-SCC positioning maps showed that there is not a constant flux along the mould.
� The fibre distribution in the VCC specimens was more uniform than in the SCC ones.
� In the vertical elements the coefficient of orientation was stable and around 0.60.
� The flux of SCC in the horizontal element raised the orientation factor.
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Fracture behaviour of polyolefin fibre reinforced concrete (PFRC) has proved to be suitable for structural
design in construction elements. As in other fibre reinforced materials, the tensile behaviour is strongly
affected by the positioning of the fibres. Previous research has assessed this influence by means of frac-
ture tests, showing reliable results. These were obtained by changing the most influencing parameters:
the fibre length, the pouring and compaction methods, the concrete type and specimen sizes.
However, the influence of these factors in fracture results is merely limited to the fracture surfaces, while
the positioning of the fibres in the rest of the piece may be a key factor for design in structural elements.
Furthermore, examination of the orientation factor within the whole piece provides relevant information
about the behaviour of the fibres during the pouring processes. It may also allow preparation of future
models to predict the final positioning of the fibres. This paper examines the positioning and orientation
of the fibres in elements which provided fracture results previously reported in the literature. In addition
to counting the fibres located in the fracture surfaces, the specimens were divided in portions. The fibre-
positioning maps obtained provide sound and useful conclusions that may be considered in future design
of PFRC elements. The data gathered showed how the orientation-factor varied with the flux and vibra-
tion, absence of any tendency to float and the noticeable influence of the pouring point in fibre distribu-
tion. It also showed that this type of fibre is suitable for structural-size elements, improving the
orientation factor for longer distances when using self-compacting concrete.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction allowed its use in several applications, such as industrial pave-
The composite material formed by concrete and fibres is com-
monly termed fibre reinforced concrete (FRC). The properties pro-
vided by the fibres have enhanced one of the major drawbacks of
concrete as a building material: its reduced tensile strength. Con-
ventionally, the majority of uses of FRC have entailed a combina-
tion of steel fibres and concrete [1], forming what has been
termed steel fibre reinforced concrete (SFRC). The improvement
of the properties of concrete provided by the steel fibres has
ments and tunnels, among others [2–4]. Furthermore, the contri-
bution of the fibres has recently been considered in structural
design [5–7] in the substitution of steel-bar reinforcement of con-
crete. Subsequently, codes and design standards [8–10] have spec-
ified mechanical requirements for structural use. Hence, those
fibres capable of meeting residual strengths are the so-called struc-
tural fibres, and are typically macro-steel fibres with several
shapes such as crimped or hooked-ended fibres.

However, the current concern of society as regards the environ-
mental cost of materials, building processes and infrastructure
refurbishment and rehabilitation has given rise to life spans of cer-
tain structures of up to 100 years. Therefore, the durability of
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materials has emerged as a key factor in the selection of building
materials in civil construction. In this regard, the deleterious
effects that the environment or soil might have on steel fibres,
which may be corroded, have awakened an interest in fibres that
are chemically stable and incremented the mechanical perfor-
mance of concrete. As well as being highly corrosive in nature, steel
is expensive to purchase, store and handle. In addition to this, the
efforts of the plastic industry have allowed production of a new
generation of polyolefin-based synthetic macro-fibres that are
inert in an alkaline environment and provide concrete with struc-
tural capacities to substitute steel reinforcement [11,12]. Poly-
olefin fibres have good tensile properties, abrasion resistance and
excellent resistance to chemical attacks, which when added to
their relatively low cost places them as an alternative to steel rein-
forcing meshes or steel fibres [13]. Polyolefin fibre reinforced con-
crete (PFRC) has considerable residual tensile strengths [14–18]
with lower weights in comparison with steel fibres. Both the scien-
tific community and the construction industry have identified sig-
nificant advances in the using plastic fibres to reinforce concrete
[19]. Mainly due to the lower cost of the material and lack of cor-
rosion when subjected to hazardous environments, the use of this
type of fibres has become attractive [20,21]. PFRC entails multiple
sustainability benefits. Recent research focussed on end-of-life
cycles has shown the reduction of impact compared with the com-
mon practice of using steel reinforcing mesh or steel fibres [22].
The lower dosages in terms of weight needed to reach similar
strengths reduce the transportation costs and the size of the carbon
footprint. Derived from the production methods, significant
decreases in carbon emissions compared with the production of
steel can also be found in the literature [23]. Plastic fibres can be
directly mixed with concrete without clustering problems and
with reduced impact to the workability. Even when using ready-
mix trucks the loss of fibres is limited compared with steel fibres
[24]. In addition, the handling of this type of fibres is safer, involves
less weight, and avoids time-consuming operations such as the
preparation and placing of the wire mesh. These aspects permit
continuous production of concrete setting with a reduction of
labour costs to about half of those when using steel [25]. Hence,
PFRC has become an appealing solution that has offered additional
benefits if the complete life cycle was considered [26].

The increment of the mechanical properties of PFRC, as in other
types of FRC, is significantly affected by a variety of factors, such as
the constituent materials of the fibres, geometry and surface treat-
ments. On another note, it is evident that fibre dosage influences
performance due to the presence of more fibres acting at a certain
surface. However, the action of such fibres varies with fibre inclina-
tion and the embedded length, as published research dealing with
fibre pull-out has shown [27–29]. Therefore, the distribution and
orientation of the fibres modifies the structural response because
it entails variations of the number of fibres involved, the fibre angle
and embedded length. In such a sense, the reliable use of the fibres
is directly associated with knowledge about fibre final positioning
in the concrete pieces. Some studies have analysed SFRC, both in
conventional and self-compacting concrete, the positioning of
fibres and their orientation by means of electromagnetic waves,
X-ray radiographies, X-ray computed tomography and image-
based analysis [30–34]. Such studies conclude that the rheology
of concrete might be a key factor in the positioning of fibres and
their orientation in the concrete bulk material. Some published
research has evaluated the positioning of polyolefin fibres by
means of a CT-scan or X-rays in limited portions of PFRC [35].

If one type of fibre is studied and its dosage is maintained at a
steady rate, the main factors that influence fibre distribution and
orientation are the concrete properties, pouring and compaction
methods, and the formworks and mould sizes. This is of high
importance due to the extrapolation of properties assumed when
analysing the mechanical performance of any FRC. Moreover, the
possible differences in the positioning of the fibres between the
structural-size concrete elements and the laboratory specimens
might be also influenced by the pouring processes and even by
the size of the fibres used. It is possible to use the formwork and
the wall effect with the aim of improving the mechanical response
[36]. Some other pouring conditions, such as vertical pours have
also been considered [37]. In addition, recent research has assessed
the variations on fibre positioning in PFRC elements due to the con-
crete properties, pouring methods, fibres length and specimen size
[38]. Focusing in this last issue, some other publications have
assessed the distribution of the fibres in structural-size elements
such as concrete slabs [39] or beam elements of more than 2 m-
long and vertical elements 0.45 m-long [40]. Most of the discussion
about the influence of the various factors involved comparison of
the fracture results with the orientation factor at the fracture sur-
faces. In such a sense, at the time of writing there is few published
research about the influence of such factors on the fibre positioning
within the rest of the concrete piece. This is of significant interest
for structural elements in which the critical section may be uncer-
tain and where a decision as regards the setting processes and con-
crete type used is required. It may also be decisive for the final
shapes of the pieces. The possibility of evaluating how the poly-
olefin fibres are distributed as a consequence of pouring processes,
different formworks and compaction procedures may allow future
modelling and a more reliable use of PFRC. This is particularly nec-
essary for the structural-size elements that will become closer to
reality.

This research offers an assessment of the distribution of the
fibres in the pieces previously studied in Refs. [38,40], examining
the effect on the final positioning of the polyolefin fibres by varying
the concrete properties and setting processes and specimen sizes.
The results provide relevant information for future orientation
models that may consider use of synthetic macro-fibres. In addi-
tion, this study contributes to a better comprehension of the posi-
tioning of the fibres and provides notable data and design
considerations for the structural use of PFRC. That is to say, this
is studied with a systematic analysis of the positioning and orien-
tation of 6 kg/m3 of polyolefin fibres added with a variety of exter-
nal differences. The evaluation was carried out in standard-size
specimens (150 � 150 � 600 mm3) of vibrated conventional con-
crete with 60 mm-long fibres (VCC6-60). In addition, it was
assessed in SCC with 60 mm-long fibres poured in standardised
moulds from one side (SCC6-60S) and in SCC with 48 mm-long
fibres poured in standardised moulds both from one side (SCC6-
48S) and from the centre (SCC6-48C). Moreover, elements similar
to real applications were evaluated by manufacturing vertical con-
crete elements of 150 � 450 � 600 mm3 manufactured with
vibrated conventional concrete with 60 mm-long fibres. Lastly, in
a long horizontal element manufactured with SCC with an addition
of 60 mm-long fibres, similar to a beam, of 2200 � 250 � 150 mm3

were analysed. The comparison of the elements with sizes similar
to those typically found in building and civil structures with the
standard specimens permitted evaluation of the use of laboratory
specimens to determine the behaviour and distribution of fibres
in PFRC. In addition, it could be argued that obtaining the distribu-
tion of fibres in such structural-size elements may provide relevant
information about the reliability of the use of this type of fibres in
structural elements.

2. Experimental programme

2.1. Materials and mix proportioning

The component materials included Portland cement type EN 197-1 [41] CEM I
52.5 R-SR 5 and a mineral admixture of limestone used as a micro-aggregate. This
has a specific gravity and Blaine surface of 2700 kg/m3 and 425 m2/kg respectively.
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The calcium carbonate content of the limestone powder was higher than 98% and
less than 0.05% was retained in a 45 lm sieve. A polycarboxylate-based superplas-
ticizer named Sika Viscocrete 5720 with a solid content of 36% and 1090 kg/m3 den-
sity was employed. The mixtures were made with siliceous aggregates composed of
two types of gravel with a size of 4–8 mm and 4–12 mm and sand of 0–2 mm. The
maximum aggregate size was 12.7 mm.

Polyolefin straight fibres with a rough surface and surface treatment were
employed with lengths of 60 and 48 mm. Table 1 shows the main characteristics
of the types of fibre, their properties and the geometrical pattern of a 60 mm-
long fibre. In all concretes 6 kg/m3 of fibres were added.

The proportions used in vibrated conventional concrete (VCC) and SCC are
shown in Table 2. The self-compacting formulation where 6 kg/m3 of 48 mm-long
fibres were used was named SCC6-48. Similarly, when 6 kg/m3 of 60 mm-long
fibres were employed in the self-compacting formulation, the concrete was termed
SCC6-60. In addition, the conventional mix with 6 kg/m3 of 60 mm-long fibres
added was named VCC6-60. All the fibre reinforced formulations are also shown
in Table 2.

The fresh and mechanical properties of all the types of concrete used can be
found in Refs. [38,40].

2.2. Concrete production

The mixing procedures followed for all the concretes used have been previously
described in the literature. The achieving of the SCC mix proportioning was
reported in Ref. [14]. In the case of the VCC mix proportioning, the basis of the
design was described in detail in Ref. [17]. This study has used the specimens tested
in Refs. [38,40] prepared with the concrete types and other affecting factors men-
tioned below. Fig. 1 is offered to aid comprehension of the wording.

The influence of fibre length in fracture results was analysed in Ref. [38]. The
same dosage of fibres was added to the same SCC formulation. Whereas one formu-
lation was prepared with 48 mm-long fibres (SCC6-48S), the other was manufac-
tured with 60 mm-long ones (SCC6-60S). In both cases, the SCC was poured in
the 600 � 150 � 150 mm3 formworks from one of the sides. Furthermore, the effect
of the casting procedure on the distribution of fibres was assessed by comparing
SCC6-48S with the same formulation poured from the centre of the specimen
SCC6-48C. In all the processes mentioned above, the specimens reached compaction
due to their own weight.

The differences in the orientation and density of fibres caused by the vibration
process when compared with the self-compaction of SCC were also studied. This
was performed by manufacturing a vibrated conventional concrete with a 6 kg/
m3 dosage of 60 mm-long fibres named VCC6-60. Two 600 � 150 � 150 mm3 spec-
imens were filled, following the standard process described in EN-14651 [42] and
RILEM TC 162-TDF [43]. The specimens were later consolidated for 10 s by means
of a vibrating table.

Furthermore, and in order to analyse the effect of the flow, the pouring method
and size of the specimens, a beam-shaped wooden mould 2200 mm long, 150 mm
high and 250 mm deep was prepared. The formwork was filled with SCC6-60 from
one of the sides. The total length of the element was chosen with the aim of obtain-
ing four 550 mm-long specimens suitable for flexural tests. Although the fracture
behaviour of the specimens is of great interest, examination of the results and dis-
cussion are beyond the scope of this paper and have been previously studied [40].
The specimens were numbered from the casting point (L1) towards the end of the
mould (L4). In order to neglect the influence of the wall effect on the specimens, a
50 mm thick lateral wall was removed from each side of the beam element.
Table 1
Properties of the polyolefin fibres (supplied by manufacturer).

Density (g/cm3) 0.91

Available lengths (mm) 48–60

Equivalent diameter (mm) 0.92

Tensile Strength (MPa) >500

Modulus of elasticity (GPa) >10

Fibers/kg 27.000

Table 2
Concrete mix proportions (kg/m3) [38].

Concrete type Cement Limestone powder SP (%CEM) Water

SCC 375 200 1.25% 187.5
SCC6-48* 375 200 1.25% 187.5
SCC6-60 375 200 1.25% 187.5

VCC 375 100 0.75% 187.5
VCC6-60 375 100 0.75% 187.5

* Both SCC6-48S and SCC6-48C were manufactured with the same formulation.
Finally, one more series of specimens based on VCC6 was manufactured and
named UHD. These research series were produced with the aim of determining
any possible floating of the fibre, due to its low density, after 30 s of consolidation
on a vibrating table. The moulds had the same dimensions as the standard speci-
mens in both length and depth. Nevertheless, the moulds were three times taller
than the standardised moulds. Therefore, the dimensions measured 600 mm in
length, 450 mm in height and 150 mm in depth. After 24 h in the laboratory, the
concrete was unmoulded and divided into three prismatic specimens of
600 � 150 � 150 mm3. The upper, central, and bottom ones were named, respec-
tively, U, H and D. Similarly to the above mentioned specimens L1–L4, the beha-
viour of the specimens U, H and D is beyond the scope of this paper and has
been discussed in the aforementioned references. In Fig. 1 a summary of the ele-
ments analysed in this paper is offered.
3. The fibre distribution and orientation factor

With the aim of analysing fibre orientation, it was considered
that if rigid and straight fibres were uniformly distributed and per-
pendicular to the crack, the theoretical number of fibres (th) placed
in any section of the specimens could be estimated by the expres-
sions (1) and (2). Likewise, if the total length of one single fibre
were known, with the same cross-sectional surface, and divided
by the length of the beam, the fibres would cross the beam th
times. If such an optimum fibre distribution took place, the number
of fibres resulting from the counting exercise would be equal to th.
When this value is compared with the number of fibres counted in
one particular section (n), the denominated orientation factor (h)
commonly used in previous research [18,40,43,44] could be com-
puted by using expression (3). The concept was first proposed by
Krenchel in 1975 [45] and Soroushian added such an expression
in 1990 [46]. Accordingly, if fibres were perfectly aligned, the num-
ber counted would match the theoretical value and, therefore, the
ratio hwould be the unity. Consequently, the counting process sup-
plies a value that deals with the orientation of the fibres.

Vf ¼ Wf

q � V ð1Þ

th ¼ A � Vf

Af
ð2Þ

h ¼ n
th

¼ n
Af

Vf A
ð3Þ

In (1)–(3) Vf was the fibre volumetric fraction, Wf the weight of
the fibres for a reference volume of 1 m3, q the fibre density and V
the total volume. In addition, A was the cross section of the speci-
men and Af the section of one fibre.

The prediction of the orientation factor h has been assessed for
rigid metallic fibres, obtaining values that range from 0.41 to 0.82
[46,47]. The emerging of polyolefin fibres has led to evaluation of
such a factor for non-rigid fibres. There are preliminary results
focused on the fracture surfaces of specimens manufactured with
SCC reinforced with polyolefin fibres [14,17,38–40] and SCC with
a cocktail of steel and polyolefin fibres [18], though many factors
under question still remain. One main issue of this theoretical per-
spective is that it neglects the effect of the fibre length. Although
Sand Grit Gravel 48 mm-long fibres 60 mm-long fibres

918 245 367 – –
918 245 367 6.00 –
918 245 367 – 6.00

916 300 450 – –
916 300 450 – 6.00



Fig. 1. Concrete elements manufactured in Refs. [38,40].
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overlooking this assumption provided reasonably accurate results
[46,48], some authors have incorporated more realistic features,
such as the wall effect or the use of self-compacting concrete
[36,49]. It is worth noting that such models offered by Soroushian
[46], Dupont and Vandewalle [48] or the adaptations made from
Laranjeira [36] were verified and focus only for the use of steel
fibres.
4. Cut surfaces: an orientation factor affected by frameworks
and concrete type

Analysis of the positioning of the fibres in concrete has been
performed in recent times [50,51]. Most of the published research
has examined fibres made from steel. The positioning of the such
fibres has been studied by means of a wide variety of methods,
such as visual inspection even in full-scale beams [7], electromag-
netic methods, X-ray radiography and CT-scan [52,53], among
others. However, some of those methods are based on the mag-
netic properties of the materials and, consequently, may not be
applied when the fibres added are polymeric-based materials.

Some published research has evaluated the positioning of poly-
olefin fibres by means of a CT-scan or X-rays [35,39]. However,
such studies have been performed by examining limited portions
of PFRC with only one type of concrete in each study used. Due
to the high cost of performing a CT-scan inspection of all the spec-
imens tested in this study, one method that incurred lower costs
and provided optimum results option was that chosen.

After performing the fracture tests and analysis of the fracture
surfaces carried out in previous studies [38,40] were analysed,
the resultant half of the specimens was divided into five portions,
as Fig. 2 shows. The width of the portions was 60 mm in all the
600 mm-long specimens and 55 mm in the 550 mm-long speci-
mens cut from the beam element. The amount of fibres in each sur-
face was assessed by a counting process. The latter provided the
information of the positioning of the fibres in the standardised size
specimens. Furthermore, by processing the results of the speci-
mens obtained in the vertical and long elements, the positioning
of the fibres in these real-size concrete pieces could be obtained.

In order to compile the data, Table 3 shows the results obtained
from the counting process of all the sections. It summarises the
positioning of the fibres along the main axis of the specimens
and widens the conclusions obtained if only the fracture surfaces
were analysed. It should be highlighted that the values obtained
along the specimens remained similar to those obtained for the
fracture surfaces. The small scatter with coefficients of variation
around 15% in most of the cuts is also noticeable. This coefficient
was obtained by comparing the theoretical amount of fibres in
each section (# th cut) with the average value of the fibres counted
in the cut section (#average cut). Therefore, the various values of h
shown in Table 3 were computed by expressions (4)–(6).

hfracture surfaces ¼ Number of fibres counted in the fracture surface
# th in the fracture surface

ð4Þ

hspecimen

¼ Number of fibres counted in all the portions of the specimen
# th in the complete specimen

ð5Þ

hsection ¼ Number of fibres counted in the cut section
# th in the cut section

ð6Þ



Fig. 2. Portioning of the specimens for the process of fibre counting to assess fibres positioning.

Table 3
Number of fibres on the cut sections, fracture surfaces and the complete specimens.

Concrete type Name Surfaces Fibre
length

# th
section

# average
cut

c.v. # th
specimen

# average
specimen

hfracture surfaces hsection hspecimen

Lab-size specimens VCC6-60 FC6-60 20 60 223 131 0.14 2232 1314 0.57 0.59 0.59
SCC6-60S SCC6-60 20 60 223 115 0.17 2232 1146 0.50 0.51 0.51
SCC6-48C SCC48 20 48 223 145 0.12 2790 1450 0.64 0.65 0.52
SCC6-48S SCC48 20 48 223 164 0.16 2790 1635 0.65 0.73 0.59

Vertical elements VCC6-60U U 40 60 223 133 0.13 2232 1329 0.58 0.60 0.60
VCC6-60H H 40 60 223 131 0.16 2232 1314 0.51 0.59 0.59
VCC6-60D D 40 60 223 143 0.14 2232 1428 0.65 0.64 0.64
VCC6-60 Vertical elements 120 60 223 136 0.15 6695 4072 0.58 0.61 0.61

Long element SCC6-60L1 L1 10 60 223 119 0.28 2046 1190 0.54 0.53 0.58
SCC6-60L2 L2 10 60 223 134 0.08 2046 1343 0.61 0.60 0.66
SCC6-60L3 L3 10 60 223 143 0.14 2046 1433 0.57 0.64 0.70
SCC6-60L4 L4 10 60 223 119 0.23 2046 1188 0.60 0.53 0.58
SCC6 L 40 60 223 129 0.25 8183 5154 0.58 0.58 0.63
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After counting the number of fibres in these sections, the orien-
tation factor was obtained in accordance with that previously
explained in Eqs. (1)–(3). In addition to the orientation factor of
the sections (h section), an average orientation factor of the speci-
mens was obtained (h specimen). Table 3 shows that the sections
of SCC6-48C or SCC6-48S recorded a value of h section above the
rest of the specimens. This effect might have been caused by the
greater amount of fibres added when the 48 mm-long fibre was
used. This increment of h section is caused because the formulation
of h does not take into account the physical characteristics of the
fibres, such as fibre length or equivalent diameter, and only consid-
ers the theoretical content of fibres. In the rest of the formulations,
similar values were obtained, ranging from 0.51 to 0.64. It should
also be noted that the highest values were obtained for VCC6-
60D specimens and SCC6-60L3. In the case of VCC6-60D, this value
might have been due to the influence of the three walls of the
mould. However, it should be pointed out that such a value of
the orientation factor in the SCC6-60L3 specimens was obtained
by removing the sides of the beam element and, therefore, the
influence of only one wall of the mould. Consequently, this remark-
able value of h section might be the result of the flux of the SCC.

When comparing the h section values of SCC6-60S and the SCC6-
60L1-L4, the influence of the flux of the SCC can be evaluated. The
lower values of h section identified when SCC6-60S was compared
with the SCC6-60L1-L4 values suggest that the limited length of
the specimen restrains the flux of concrete and, therefore, the
change of orientation in the fibres. This effect can be also assessed
in the final portions of the beam elements SCC6-60L1 and SCC6-
60L4, where the lowest values of h section inside the beam element
were obtained.

Some details of the experimental procedure performed that
should not be overlooked were evaluated by calculating the h spec-
imen. Such a value was computed by adding the partial counts of
all the sections cut and dividing it by the theoretical number of
fibres inside the specimen in volume (thspecimen). That is why for
thspecimen (as Table 3 shows) there should be more number of fibres,
in theory, when shorter fibres where used. Moreover, it should be
noted that in those specimens where the width of the portions cut
and the length of the fibres coincided with the values of h section
and h specimen were equal. However, h section and h specimen in
SCC6-48S and SCC6-48C are different, with h specimen being lower
than h section. This is because the width of the portions was 60 mm
and more fibres were not counted as they did not appear in the
surface of the portions and remained inside the portion. When
the cuts were made at a distance smaller than the fibre length,
some fibres were counted in two surfaces and the value of h spec-
imen was higher than h section. This was the case of the specimens
obtained from the beam element (from SCC6-60L1 to SCC6-60L4).

In order to obtain an even more detailed evaluation of the posi-
tioning of the fibres, all the surfaces processed to obtain Table 3



Fig. 3. Uniform theoretical distribution of fibres in a complete sawn surface. The
blue lines of the right image divide the concrete section in nine parts.

510 M.G. Alberti et al. / Construction and Building Materials 122 (2016) 505–517
were divided in nine sectors. A uniform distribution of fibres would
lead to a proportional distribution of 11.1% of the fibres placed in
each of the nine sectors, as Fig. 3 shows. It should be noted that
for this counting and also for the figures, the casting direction is
from top to bottom, leaving the free surface in the upper side of
the picture or figure.

5. Orientation maps of the concrete elements performed

5.1. Methodology

In order to provide a clearer and easier way to obtain conclu-
sions from the counting process performed, the orientation, and
therefore the distribution of fibres have been represented by
means of orientation maps. The process followed and explained
below can be better understood by observing Fig. 4. In the maps,
the values of h have been represented by means of a colour scale.
The process used comprised three steps. The first step was count-
ing the number of fibres placed in each ninth of all the cross sec-
tions obtained by means of the aforementioned process. Once
this has been done, the number of fibres encountered divided by
the theoretical number of fibres that should have appeared in the
sector provides the value of h. As the amount of data is enormous,
the average values of h in the three projections of the specimen
were plotted: the side view, top view and front view. Indeed, the
bottom-left value of the side view was obtained by averaging the
10 values of h obtained in the bottom-left sectors of the 10 cross
sections analysed. Similarly, the bottom-left value of h of the top
view is the average of the h values obtained in the nine sectors that
Fig. 4. Scheme of the methodology used
were in the same vertical line. In order to provide conclusions and
identify tendencies among the values evaluated, colour maps
where the distribution of fibres can be easily distinguished were
prepared. For instance, if the area evaluated had no fibres then
the value of h would be zero and the colour of the sector blue.
On the contrary, if the amount of fibres counted were equal to
the theoretical number of fibres, the value of h would be one and
the colour of the sector red. However, in most cases the colours
of the maps range from green to yellow with some reddish areas
where the number of fibres is higher.

The especially meticulous manufacturing processes, of key
importance in previous studies, in addition to the accuracy pro-
vided by the equipment and measuring devices that permitted
the reduction of the scatter, should be noted. In the case of the
counting procedures, several meticulous counts were made and
checked by both calculation and re-counting of the pieces. Thus,
the degree of scatter was remarkably low in the case of the vertical
elements having four specimens as well as on the two laboratory-
size specimens. In the case of the long element, given that only one
specimen was produced the conclusions obtained might be
strengthened with additional results in future campaigns.

5.2. Fibre positioning in PFRC standard-size elements

Fig. 5 shows the average results obtained in the cut surfaces of
the specimens made with SCC6-60S. In the top-right part the aver-
age orientation factor of the specimens along the main dimension
can be seen. One specimen is represented by the blue line and the
other one by a red line. The direction of the flux has been sketched
in this plot with an arrow. According to the plot, the orientation
factor remains quite stable along the beam, although the pouring
location was at one the sides of the mould. It is also important to
highlight that at the pouring point the lowest values of the orien-
tation factor were registered for the two specimens. In the middle-
right picture of Fig. 5, a sketch of the front view of a specimen with
the variation of the orientation factor along can be seen. In addi-
tion, the data shown in the front view of the specimen is the aver-
age of the orientation factor at every point studied, considering the
whole depth of the specimen. Similarly, in the top view of the spec-
imen every point of the map has been obtained as the average ori-
entation factor of the total height of the specimen. The cross
section shows the average value of the orientation factor across
the length of the specimen. The front view, top view, and the top
cross section have been prepared by taking as the extreme values
of the orientation factor in the colour scale 0 and 1 which enables
a direct comparison among all the concretes studied. In addition,
the bottom-side view was prepared by considering, at the sides
of the scale, the highest and lowest values of the orientation factor
for obtaining the orientation maps.



Fig. 5. Average orientation factor in two SCC6-60S specimens.
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within the specimen. This section detects tendencies within the
formulation studied. Furthermore, the distribution of fibres in
terms of percentage of the total amount of fibres can be seen in
the bottom-left part of Fig. 6.

The front view of the average of the orientation factor of SCC6-
60S shown in Fig. 6 presents a quasi-homogeneous distribution.
The central-bottom part of the specimen concentrated the best ori-
entation of the fibres, while the left and right sides recorded the
worst orientation. This is consistent with the limited effect of the
flux at the pouring point and the reflux of the concrete towards
the centre of the specimen after reaching the wall of the mould.

The top view shows a higher value of the orientation factor in
the last part of the specimens. This might be also a consequence
of the reflux of concrete. When the cross section is analysed by
observing the side view, it may be perceived that it is quite con-
stant, with all the values being between 0.45 and 0.59. However,
the highest values confirm the aforementioned wall effect. The dis-
tribution of fibres is nearly homogeneous within the section,
though it displays higher amounts of fibres in the regions near
the walls of the moulds.

Fig. 6 contains the results for VCC6-60 specimens that revealed
higher values of the orientation factor in the vibrated concrete with
the same dosage of fibres. Similarly to Fig. 5, there are two lines
that correspond to the two specimens studied. Scatter along the
beam was also small and the orientation factor also increased in
the areas close to the corners, probably due to the existence of
two physical boundaries. The central sector remained at a below-
par percentage value of 10%. The lower third of the cross section
also had more fibres counted. In all events, the vibration com-
paction procedure showed an increment of the orientation factor
in the cut surfaces for the 60 mm-long polyolefin fibres as com-
pared with the results obtained for SCC6-60S. Since the upper third
of the cross section had the lowest values, no floating effect could
be clearly observed in the average distribution.
If Fig. 8 is observed, a remarkable increment of the orientation
factor when compared with SCC6-60S may be seen. This has taken
place for the two specimens and is quite stable within the length of
the specimens. By observing both the front and top view, it is easy
to locate a clear concentration of fibres in the whereabouts of the
pouring point. The fibres were better oriented in the central sec-
tions from the bottom of the specimen almost to the top. It seems
that many fibres stayed close to that position and the flux carried
some fibres to the sides and flowed to the lower parts of the mould.
This effect left more fibres in the centre, near to the fracture surface
position and in the lower part of the beam. It should be noted that
when there are more fibres in these areas, close to the fracture sur-
faces, this filling procedure might lead to higher fracture results as
shown in [38,40]. It can be also observed that the fibres tend to
reach the sides of the moulds quite uniformly in the rest of the
beam. When the orientation factor of the cross section is analysed,
it can be seen that the orientation factor along the length is clearly
influenced by the presence of the walls with the highest values
being near to them. The distribution of fibres is consistent with this
observation and gathers the highest amounts of fibres in the lowest
two thirds of the sections.

When themouldswere filled fromone side by using 48 mm-long
fibres, as in SCC6-48S, the orientation factorwas higherwith respect
to the values of SCC6-60S or VCC6-60. Moreover, it is somewhat
more regular along the specimen, with it being above 0.70 in most
of the specimens. This was expected, as explained in the case of
SCC6-48C. The orientation of fibres also improved with respect to
SCC6-48C. This can be seen by comparing Fig. 7with Fig. 8. However,
it is clear that SCC6-48S had more scatter than SCC6-48C. It is also
remarkable that there was a high improvement of the orientation
factor in the areas near the pouring point of the concrete, both in
the front and top view, as happened in SCC6-48C. The lowest values
of orientation factor were obtained for the central sectors, though
they were still remarkably high. According to this, the flux enabled



Fig. 6. Average orientation factor in two VCC6-60 specimens.

Fig. 7. Average orientation factor in two SCC6-48C specimens.
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the fibres to reach the end of the beam with high orientation factor
values. Only at the very beginning of the beam, could a low value be
noticed. This area was probably behind the pouring point of the SCC
andwas filled in the finalmoments of the pouring process. The front
view placed in Fig. 7 shows the preferential positioning of the fibres
in red. The fibres both reached the end of the beam and also became
alignedwith the direction of the flux. In addition, the improved pref-
erential orientation due to thewalls of themould can be observed in
the bottom of the front view and the sides of the top view.

5.3. Fibre positioning in PFRC structural-like elements

Fig. 9 shows the orientation factor of the average of the four
specimens of the same relative position. The scatter was small



Fig. 8. Average orientation factor in two SCC6-48S specimens.

Fig. 9. Orientation factor along the four beams: (a) U specimens; (b) H specimens; (c) D specimens.
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among them (U, H and D). In addition, there were no changes in
tendency in the positioning of the fibres in the length of the spec-
imens of this vertical element along their main dimension, as can
be seen by comparing Figs. 9 and 6. Moreover, in Fig. 9 it can be
seen how the values of H in the D specimens were slightly higher
than those found in the standardised specimens, as well as in the H
and U specimens.

In order to assess the possible floating of the fibres caused by
the consolidation process within the vertical elements, the orienta-
tion factor in the three specimens obtained by cutting each vertical
element was evaluated. These results are included in Fig. 10. As can
be seen in the figure there were only slight differences in the ori-
entation factor values within the same concrete element, main-
taining the h values obtained in the same range than those
obtained in the standard specimens. Although it seems that there
has been no displacement of the fibres towards the free surface,
a further and deeper analysis was performed to confirm this
tendency.

The variation of the orientation factor in height in the four ver-
tical elements manufactured can be seen in Fig. 11. Each point of
each vertical element is the average orientation factor of the ele-
ment for that height, according to Eqs. (1)–(3). Fig. 11 shows, by
a black and dashed line, the average value, around 0.6, which is
similar to those obtained in SCC with steel fibres. In addition, the



Fig. 10. Evolution of the orientation factor in height in the three specimens of the four vertical elements.

Fig. 11. Average value of the orientation factor in height for the four vertical elements.
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orientation factor is quite stable within the height of the concrete
element and, consequently, the floating effect of the fibres can be
discarded. It is also remarkable that near the bottom of the mould
all the values of the orientation factor are close or above the
average.

Fig. 12 offers a panoramic view of the distribution of fibres and
the variation of the orientation factor in the vertical elements. Sim-
ilarly to Figs. 5–8, Fig. 12 shows the average values of the orienta-
tion factor processed in the four concrete elements in top and front
view. Furthermore, it also shows the orientation factor at its cross
section in both relative and absolute scale. In addition, the distri-
bution of fibres within the three specimens obtained can be seen
in the right part. The top view shows that the orientation factor
of the vertical element has been quite uniform along the main
direction of the element. There are only slight changes at both
extremes of the element and in one zone near to 450 mm. The front
view of the vertical element is of remarkable interest, given that it
determines if there is any floatation of the fibres. According to this,
it is clear that no vertical displacement of the fibres has occurred.
There are greater concentrations of fibres in the lower part of the
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tall element and in the upper half of the element. If any floatation
had taken place, the distribution of fibres would be higher as the
height increases (it was noted that this phenomenon did not hap-
pen). This tendency can be more distinguishable in the cross sec-
tion where the distribution of the orientation factor in the
vertical element clearly displays a higher concentration of fibres,
and therefore a higher orientation factor, in the lower half of the
bottom specimens cut from the complete vertical element. Above
Fig. 12. Average orientation factor in

Fig. 13. Summary of the orientation fa
this zone there is a more uniform distribution with subtle incre-
ments in the proximity of the walls of the mould.

A similar analysis was performed in the specimens obtained
from the long-horizontal element. However, it should be noted
that as the sides of the beam element were removed, there was
no influence of the lateral walls of the mould on the distribution
of fibres. If the orientation factor along the beam element is evalu-
ated, as Fig. 13 shows, it is clear that at the beginning and at the
four VCC6-60 vertical elements.

ctor in the SCC6-60 Long element.
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end of the element the orientation of the fibres is worse than in the
rest. This effect could be attributed to the reflux of the concrete
when reaching the end of the mould and to the absence of flux
in the proximity of the pouring point. Apart from these two areas,
the orientation factor is quite stable and in most cases close to 0.6
which is similar to the experimental values obtained for SCC with a
the addition of steel fibres [12]. Furthermore, it is important to
highlight that the positioning of the fibres within the element
was only influenced by the bottom wall of the mould. It should
be emphasised that the central beams reached improved orienta-
tion factors even with only one wall at the bottom. The improve-
ments achieved began at the first quarter of L1 and ended at the
last quarter of L4, which involves around two meters. Therefore,
once the flux developed, it helped the fibre to become aligned with
it for such a notable distance and reached orientation values above
0.65.

If the cross section shown in Fig. 13 is analysed, it is noticeable
that it has more fibres in the lower third. It can be seen that the ori-
entation factor in the lower third of the section reaches values of
up to 0.74. This is a clear sign of the preferential orientation that
the flux develops in the concrete element. In addition, in the rest
of the element it seems that the orientation of the fibres is quite
homogeneous. Moreover, there are two aspects that should not
be overlooked: the orientation factor of these areas being slightly
superior to 0.5 (that predicted for isotropic areas); and the areas
near the free surface of the element not showing an increment
with respect to the isotropic areas [48].

The top view of the orientation factor shows a remarkably
homogeneous distribution of fibres at the same depth, although
there were variations along the length. However, it can be seen
how the greater values of the orientation factor gather in the cen-
tral third of the concrete element. Conversely, in the front view it
can be clearly observed that the fibre distribution in height was
not uniform and that there was a higher value of the orientation
factor in the lower surface of the end of L2 and in the middle of
L3. In addition, it should be mentioned that the influence of the
bottom wall of the mould was clearly noticeable in many parts
of the beam if the front view is considered. This tendency con-
firmed the results obtained from the analysis of the cross section
of the beam where the greatest values of the orientation factor
were located in the lower third, with the lowest values being at
the upper third. Moreover, if the average distribution of fibres
along the beam is considered, it is clear that there is a greater
amount of fibres in the lower third than in the middle or upper
third of the section.
6. Conclusions

In previous works [38,40], the fracture behaviour and the frac-
ture surface analysis showed that the scatter and the residual
strengths with 48 mm-long fibres were improved by pouring the
self-compacting concrete from the centre. Having said that, this
study performed on the specimens a counting exercise that
allowed further conclusions that were somewhat unexpected and
not measurable without the counting of the portions. It should
be noted that even the meticulous procedures allowed a limited
degree of scatter, the use of four specimens of each type for the
vertical elements, two specimens for the laboratory-size speci-
mens and one specimen for the long element implies that a wider
campaign is suggested in order to strengthen some of the following
conclusions. Nonetheless, the orientation factor was clearly on
average higher in those standard specimens poured from the side.
Therefore, the complete concrete piece had, again on average, a
better orientation factor when poured from the side even though
the fracture results provided the opposite conclusion.
Fracture results also permitted to find that the 48 mm-long
fibres showed a better orientation factor when compared with
60 mm-long fibres. The fracture results of both formulations were
analogous due to the compensation caused by the higher amount
of 48 mm-long fibres pulled out. The orientation factor signifi-
cantly increased up to 0.73 in the case of 48 mm-long fibres poured
from the side. The value of the 60 mm-long fibres poured from the
side was confirmed to be 0.51. In all cases, this was measured by
using self-compacting concrete.

Continuing with the standard size specimens, the absence of
external consolidation energy of self-compacting concrete resulted
in a less homogeneous distribution of fibres along the main direc-
tion of the standardised specimen when it was poured from one of
its sides. In addition, when self-compacting concrete was poured in
the centre of the specimens, or when a conventional concrete was
used, the distribution of fibres was more uniform.

By analysing the maps of the coefficient of orientation in the
specimens manufactured with self-compacting concrete, it was
clear that there is not a constant flux along the mould. This effect
was explained by the high concentration of fibres in the proximity
of the pouring point. Consequently, if the moulds are filled from
the centre, the amount of fibres in this area is greater than in the
rest of it. Nonetheless, it was concluded that self-compacting con-
crete would lead to more reliable and comparative results by pour-
ing the mould from the side. In this regard, it is advisable to
establish in the testing recommendations that when self-
compacting concrete is employed, pouring should be performed
from one of the sides of the mould. By manufacturing by such a
procedure, the distribution of fibres would represent more reliably
the one of the structural elements.

Comparison of the orientation maps of the VCC and the SCC6-
60S specimens shows that the consolidation process of the VCC
specimens provided a better distribution of the fibres within the
specimen. However, it seems that there is a greater influence of
the walls in the specimens manufactured with SCC6-60S.

There was no evidence of floatation of the fibres towards the
free surface of the mould when a taller mould was filled and
vibrated, as was the case of vertical elements. However, the pres-
ence of the walls of the mould in the lower parts of such speci-
mens, the D specimens, induced higher concentrations of fibres.
It should also be mentioned that the walls of the mould caused
an increment of the orientation factor in their surroundings. In
the cases of the vertical elements, it was found that the coefficient
of orientation was quite stable at around 0.60 both in length and
height.

The analysis made in the horizontal element, similar to a beam,
showed that when a flux of self-compacting concrete is prepared,
the orientation factor rises. Such increment in the lower third of
the section was even above the values obtained in previous studies
for self-compacting concrete reinforced with steel fibres [36]. This
value was considerably high, given that only one wall of the mould
affected the orientation of the fibres.

It is worth noting that the conclusions obtained in this study
would not have been possible if only the fracture surfaces had been
examined. The evaluation of the orientation factor of the complete
specimen, based on a counting process, was needed to attain some
of the sound conclusions and provide data for future models that
may supply predictive tools for macro-synthetic fibres. Such fibres
have a behaviour inside concrete that is different from that of rigid
steel fibres, due to the polyolefin fibre flexibility and low density.
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