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Abstract

This paper presents the effect of the addition of steel and propylene fibers on the mechanical properties of floor
concretes (compressive and tensile strengths in the bending test). The polypropylene fibers used in the tests
(fibrillated and single fibers) are dosed in the amount of 0.5 kg/m® to 2 kg/m®, and the straight and hooked
steel is dosed from 10 kg/m® to 25 kg/m’. Tt is shown that, after 28 days of maturation, the highest compressive
strength is achieved by concretes containing the addition of 25 kg/m® of hook-like steel fiber. In addition, the
influence of the fiber content on the consistency of the concrete mix and workability is investigated. It was
shown that the amount of steel fibers dosed in the tests, regardless of their shape, did not adversely affect the
consistency and workability of the concrete mix. On the other hand, the addition of polypropylene fibers has
a significant impact on the characteristics of the concrete mix. The addition of 2 kg/m® of polypropylene fibers
caused the change of consistency from S4 to S1/S2 and worsened the workability of the mixture. All of the
tested series of the concrete are created using the same technology. The concrete production technology reflects
the concrete production technology for flooring concretes.

Introduction developing slowly. It is influenced by its quality and
price, which is estimated to be about 1-10% higher

Sustainable development is an idea that meets than in traditional concrete (Ma et al., 2022). In the
the needs of modern society, while not limiting the production of recycled concrete, recycled aggregate
development opportunities of future generations. is usually used as a replacement or additional to
It is a concept that should be used in construction aggregate (Kim, 2022), and concrete floors from the
and the production of building materials (Ingaldi, production process use crushed concrete to acts as

2015; Zhang et al., 2021; Tomov & Velkoska, 2022). a partial replacement for the cement (Kim & Jang,
According to the UN report, the construction indus- 2022; Kim, Grabiec & Ubysz, 2022).

try is currently at a record level in terms of CO, For the production of concretes, in laboratory
emissions and the consumption of natural resources. tests, ash from the co-combustion of biomass and ash
One of the methods of reducing the use of natural from the incineration of sewage sludge were used
resources in building production is the use of recy- (Pietrzak, 2018b, 2019), which has been shown to
cled materials (Pribulova, Futas & Baricova, 2016). not adversely affect the mechanical properties of the
Despite the well-developed recycling techniques, modified concrete. Waste polyethylene terephthalate
the market for recycled concrete from C&D waste is from used bottles (PET) (Pietrzak, 2018a) was also
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utilized for the concrete modification, showing that
a positive 5% of this waste as a cement substitute
causes a slight decrease in the compressive strength
of the concrete by around 3.5%, while it increases
the bending strength of the concrete by about 3%.
Concretes made in this way can be used in road infra-
structure objects such as pavements or foundations.

In the article (Purcell et al., 2021), the authors
investigated the effect of adding ground rubber from
car tires to the concrete, ground rubber was added
to the concrete mix as a substitute for fine aggre-
gate in the amount of 0—10%, while maintaining the
W/C ratio at 0.5. For samples with 2—4% of ground
rubber, the compressive strength did not decrease in
relation to the unmodified concretes, and the tensile
strength slightly increased by 5%. For the produc-
tion of the concrete, waste elastomer (TPE) was also
used, ground to a fraction of 2—8 mm and employed
as an aggregate substitute in the amounts of 2.5, 5.0,
7.5, and 10% of the cement specific mass (Ulewicz
& Pietrzak, 2021). It was shown that the consump-
tion of the addition of 2.5% thermoplastic elastomers
did not adversely affect the structure of concrete and
its mechanical properties, and the decrease in the
strength after the frost resistance test did not exceed
20%. An extra advantage is the fact that the addition
0f2.5% of the cement volume reduced the aggregate
consumption by about 5% compared to the unmod-
ified concrete.

For the production of concretes, fly ash from the
combustion of sunflower-wood biomass in a fluid-
ized bed boiler was used (Jura & Ulewicz, 2021).
The research shows that the ash utilized for the tests
can be added in the amount of 10-30% as a sand
replacement (0—2 mm fraction) for the production of
the composite materials with a cement matrix. The
use of this additive in the range of 10-30% does not
cause negative changes in the mechanical strength
of the concretes in relation to the concretes with-
out the additive, while reducing the consumption
of sand in the concrete mix by about 15-20%. The
work (Sharma, Sharma & Parashar, 2022) investi-
gated the use of waste glass and demolition bricks
as a replacement for coarse aggregate in the produc-
tion of concrete, in which 0%, 25%, 50%, and 100%
aggregates were replaced. Both the waste glass and
the ground demolition brick were dosed on a weight
basis. The samples were further tested after 28 days
of the aging compressive strength was tested. The
research showed that the workability of the con-
crete decreases with an increase in the amount of
waste glass and ground demolition brick in the con-
crete mix, while compared to the control concrete,
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the addition of recyclates in the amount of 50%
increased the compressive strength by 6%.

Studies have also been conducted on the effect
of the addition of wastepaper to the concrete (Sola-
huddin & Yahaya, 2022). Two types of wastepaper
were investigated: shredded used paper from a copi-
er and cardboard. In both cases, fibers with a length
of 4047 mm were prepared from recyclates and
dosed into concrete in the amount of 0%, 5%, 10%
and 15%. After 28 days of aging, the specimens
were subjected to a breaking tensile strength test.
The tests showed that the addition of wastepaper to
concrete in an amount of up to 10% increases the
tensile strength when splitting, while the addition of
a larger amount causes a decrease in this mechanical
property. Moreover, it was observed that the addition
of cardboard waste increases the tensile strength at
splitting rather than the addition of recycled paper
from photocopiers. The increase in strength in the
tests compared to the control concrete amounted to
23%. By using waste materials for the cement pro-
duction, it is not always possible to obtain concrete
with the appropriate mechanical properties. There-
fore, in order to increase the compressive and tensile
strength of concrete and to limit cracks, fibrous addi-
tives are often added in laboratory tests in the form
of polymer, steel, glass, or natural fibers (Makul,
2021).

The most commonly used fibers in the present
day are steel fibers, which according to the standard
(PN-EN 14889-1:2007) are straight or deformed
fragments of cold drawn steel wire, straight, or
deformed fragments of cut steel sheet, alloy fibers,
chopped fibers, and rolled from steel blocks. The
typical length of steel fibers ranges from 10—60 mm,
the cross section is round, flat, or close to round,
with a diameter of 0.2—1.5 mm. The most common
shapes of the steel fibers used in modified concrete
are straight, smooth, hook-shaped fibers with bends
at both ends, as well as glued strands. According
to the standard (PN-EN 14889-2:2007), polymer
fibers are straight or deformed fragments of extrud-
ed, oriented, and cut polymer material, used to
make a homogeneous concrete mix. Polymer fibers
are added to the concrete in the form of short, thin
threads (up to 30 mm) with a small diameter (0.02—
0.05 = 0.005 mm) or stiff rods with a diameter (0.2—
0.5 £ 0.05 mm) and length up to 60 mm. Polypropyl-
ene, polyethylene, polyester, nylon, polyacrylic, or
aramid are most commonly used to make polymer
fibers (Latifi, Biricik & Mardani Aghabaglou, 2022).

The research (Helbrych, 2021) examined the
influence of polypropylene fibers on the mechanical
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properties of concrete. Fibers with a length of 50 mm
and a diameter of 1.2 mm were used in the tests, the
results indicated that the optimal addition of poly-
propylene fibers for the laying method and technolo-
gy assumed in the work was 1 kg/m’. The results of
compressive strength in relation to the control series
increased by around 5%, and the tensile strength
in the bending test by about 21%. In this study, we
assess the influence on the mechanical properties of
concretes of two other types of polypropylene fibers
(fibrillated and single) of similar length (i.e., 50 mm)
but different diameters and structure, compared to
concretes with the addition of steel fibers (straight
and hook-shaped), in the context of the same tech-
nology of the concrete mix production.

Research materials and methodology

The aim of this study was to identify the effects
of dosing fibers made of various materials (steel and
polypropylene) in concrete in the context of mechan-
ical strength, and to assess the impact of fiber addi-
tion on the properties of the fresh mix such as con-
sistency and workability.

Materials

Polypropylene fibers in the form of a twisted
bundle of white color were used for the tests (Fig-
ure 1). They are 50 mm long (+1.5 mm), fibrillat-
ed, and marked as P1, while polypropylene fibers
in the form of a monofilament were approximately
0.7 mm in diameter and 50 mm (£1.5 mm) in length,
and marked as P2. The properties of polypropylene
fibers are shown in Table 1.

In addition, the non-galvanized steel reinforce-
ment was used for the tests (Figure 2) in the form
of a straight and hooked wire. The two types of steel
fibers used in this research were made of the same
steel with a tensile strength of 1000-1020 MPa.

Figure 1. Polypropylene fibers used in the tests (P1 fiber
above, P2 below)
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Table 1. Properties of the used polypropylene fibers

Properties Unit P1 fibers P2 fibers
Type of polymer - polypropylene polypropylene
Density g/dm’ 0.91 0.91
Diameter mm 1.5 0.7
Length mm 50 50
Elastic modulus kN/mm’ 2 2
Tensile strength N/mm? 600 600
Ignition temperature ~ °C 160 160
Melting temperature ~ °C 160 160

They had the same 50 mm length, slenderness, cross
section, and diameter. Straight fibers are marked as
S1 and hooked ones as S2. Table 2 presents the geo-
metric parameters of the fibers and their properties.

v

Figure 2. Steel fibers used in the tests (S1 fiber on top, S2
fiber on the bottom)

Table 2. Properties of the used steel fibers

Properties Unit S1 fibers S2 Fibers
Fabric - steel steel
Length mm 50 50
Diameter mm 1.2 1.2
Slenderness L/d 41.6 41.6
Shape - straight hook-like
Tensile strength MPa 1000-1020 1000-1020
Elastic modulus GPa 210 210

The concrete mix was made of generally avail-
able ingredients: CEM II 42.5R Portland cement,
2—-8 mm and 8-16 mm gravel mix, 0—2 mm fraction
sand, and tap water from the Czestochowa intake.
The MasterEASE 5051 superplasticizer was also
dosed into the concrete mix in the amount of 2.5%
of the cement mass. Concrete was designed using
the analytical-experimental method according to the
study (Jamrozy, 2020). Based on a literature anal-
ysis, among others (Glinicki, 2010; Pikus, 2016;
Bentur & Mindess, 2019; Do & Lam, 2021), the W/C
ratio = 0.45 and consistency class S4 were selected
and the graining curve of the aggregate mixture was
employed, so that it would fit in the upper field of the
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graining boundary curves (Glinicki, 2010; Jamrozy,
2020). Concrete class C35/40 was designed; the rec-
ipe of the concrete mix is presented in Table 3.

Table 3. Recipe of the concrete mix

Amount of ingredients

Type of the ingredients e T -
Cement CEM 11 42.5R 457.6

Water 205.9

Sand 0-2 mm 962.5

Gravel 2-8 mm 552.1

Gravel 8—16 mm 665.5
Superplasticizer 11.4

w/C 0.45
Consistency class S4
Methodology

The dosing of all of the components of the con-
crete mixture was conducted by weight, in exactly
the same sequence in all of the test series. The con-
crete mix manufacturing procedure was based on the
information obtained from a local concrete plant, so
that it corresponded to the industrial method of pro-
ducing concrete mixes used for industrial floors. The
technology of producing the concrete mix was the
same for all test series. Started with dosing 50% fine
aggregate (2—8 mm fraction) and coarse aggregate
(8-16 mm fraction) into the mixer together with 50%
sand, and the components were mixed for 1 min. The
next step was adding 100% water to the mixer with
the addition of 100% superplasticizer, the ingredients
were mixed for 2 minutes. Then, the remaining parts
of the aggregate were dosed (50% gravel of fraction
2-8 mm and 50% gravel of fraction 8-16 and 50%
sand) and mixed for 2 minutes. Finally, the correct
amount of fibers was dispensed. The time for mixing
the concrete mix with the fibers was 2 minutes for
all the series. The control series (SK) did not contain
fibers. After the mixture was made, its consistency
was checked each time using the drop cone method
in g (PN-EN 12350-2:2019-07). 17 test series were
carried out, each series consisted of at least 6 sam-
ples (3 with dimensions 150x150x150 mm and
3 with dimensions 150%150x600 mm). A summary
of the series, and the number of fibers, is presented
in Table 4.

The homogeneous concrete mix was laid in
two layers in previously prepared forms consistent
with (PN-EN 12390-1:2021-12). Each layer was
vibrated for 20 seconds. The procedure of forming
the test samples was in accordance with (PN-EN
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Table 4. List of the test series

Series Type of fibers Nurr13ber o ﬁbfers

name to be added per 1 m” of the mixture
[kg]

SK - -

P1-S1 P1 polypropylene 0.5

P1-S2 P1 polypropylene 1.0

P1-S3 P1 polypropylene 1.5

P1-S4 P1 polypropylene 2.0

P2-S1 P2 polypropylene 0.5

P2-S2 P2 polypropylene 1.0

P2-S3 P2 polypropylene 1.5

P2-54 P2 polypropylene 2.0

S1-S1 S1 steel 10

S1-S2 S1 steel 15

S1-S3 S1 steel 20

S1-S4 S1 steel 25

S2-S1 S2 steel 10

S2-S2 S2 steel 15

S2-S3 S2 steel 20

S2-S4 S2 steel 25

12390-2:2019-07). After 24 hours, the samples were
removed from the molds and stored in water at 20 +
2°C until the tests. 28 days after the samples were
made, the compressive strength tests were carried out
according to (PN-EN 12390-3:2019-07) and the ten-
sile strength of the concrete was found via a bending
test — involving a freely supported beam symmet-
rically loaded with one force according to (PN-EN
12390-5). All of the tests were performed on a Toni
Technik type 2030 testing machine that complies
with the requirements (PN-EN 12390-4:2020-03).

Research results and discussion

For each test series, the consistency was checked
using the drop cone method according to (PN-EN
12350-2:2019-07); the average values of the results
are presented in Table 5. The highest cone slump
was recorded for the samples from the control series
(SK). For the series with polypropylene fibers,
changes in the consistency from S4 to S1/S2 class
were observed with the addition of progressively
increasing amounts of fibers. No change in the con-
sistency was observed in the series with the addition
of steel fibers. The lowest average cone drop was
recorded for series P2-S4, which was 45 mm.

For each series, 3 samples were made in
the shape of cubic cubes with dimensions of
150%150%x150 mm and the compressive strength
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Table 5. List of the consistency classes of the tested concrete
mixtures

Series name Drop cone [mm] Consistency class:

SK 190 S4
P1-S1 170 S4
P1-S2 150 S3
P1-S3 110 S3
P1-S4 70 S2
P2-S1 160 S4
P2-S2 120 S3
P2-S3 90 S2
P2-S4 45 S1/82
S1-S1 190 S4
S1-S2 180 S4
S1-S3 165 S4
S1-S4 160 S4
S2-S1 190 S4
S2-S2 170 S4
S2-S3 160 S4
S2-S4 140 S3

(PN-EN 12390-3:2019-07) test was carried out in
accordance with the standard on a Toni Technik
machine type 2030. The load was increased at the
rate of 0.5 MPa/sec. The averaged test results are
presented in Figure 3, in which the standard devia-
tion was calculated for each run.

The average compressive strength of the test
concrete (SK), determined after 28 days, was
fem = 50.80 MPa. For the series of concretes with
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the addition of P1 and P2 dispersed polypropylene
reinforcement with a length of 50 mm, depending
on the amount of dosing, it was 49.7 MPa (P1-S1
series) to 54.8 MPa (P2-S3 series). The standard
deviation for all of the series was within the range
from +0.06 MPa for the P2-S4 series to £0.61 MPa
for the P1-S4 series. For the series of concretes with
the addition of steel dispersed reinforcement S1 and
S2 with a length of 50 mm, the average compressive
strength was, depending on the amount of dosing,
from 51.80 MPa (series S1-S1) to 65.70 MPa (series
S2-S4). The standard deviation for all series was in
the range from +0.14 MPa for the S2-S1 series to
+0.39 MPa for the S2-S1 series.

The compressive strength results show that the
compressive strength increases with an increase in
the amount of fibers in the concrete mix. In the case
of the polypropylene fibers used in the tests, the opti-
mal compressive strength results were obtained in
series with the addition of 1.5 kg/m’ of fibers, above
this value a slight decrease in compressive strength
was observed. This phenomenon may depend on
the method of positioning the mixture in the mold
and the length of the vibrating time (in the tests, the
mixture was placed in two layers and vibrated after
20 seconds). Moreover, a difference in the compres-
sive strength in concretes with the addition of P1
and P2 fibers was observed. The lower strengths of
the series with the addition of the P1 fibers may be
related to the fiber structure. The fibrillated fibers did
not develop into a distinct mesh in the mix, in par-
ticular in the series where they were dosed in larger
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Figure 3. Compressive strength of the concretes of the tested series
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amounts (P1-S3 and P1-S4), in which they usually
kept their original form. The observations during the
mixing showed that the monofilaments were better
distributed in the concrete mix.

For each series, 3 samples in the shape of cubic
cubes with dimensions of 150x150x600 mm were
made, and the concrete tensile strength was tested
in a bending test — the free-supported beam was
symmetrically loaded with one force according
to (PN-EN 12390-5) on a Toni Technik machine
type 2030. The load was increased at the rate of
0.5 MPa/sec. The averaged test results are presented
in Figure 4.

The average bending strength of the test concrete
(SK), determined after 28 days, was f; = 4.2 MPa.
For the series of concretes with the addition of P1
and P2 dispersed polypropylene reinforcement with
a length of 50 mm, depending on the amount of
dosing, it was 4.3 MPa (P1-S1 series) to 4.9 MPa
(P2-S3 series). The standard deviation for all of the
series ranged from +0.04 MPa for the P2-S1 series
to £0.14 MPa for the P2-S2 series. For the series of
concretes with the addition of steel dispersed rein-
forcement S1 and S2 with a length of 50 mm, the
average bending strength was from 4.7 MPa (S1-S1
series) to 5.8 MPa (S2-S4 series), depending on the
dosing quantity. The standard deviation for all series
was within the range from +0.02 MPa for series
S2-S3 to £0.11 MPa for series S1-S2.

The concrete tensile strength in the bending test
— involving a freely supported beam symmetrically
loaded with one force according to PN-EN 12390-
5 — showed that with the increase in the amount of
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fibers in the mixture, the concrete tensile strength
in the bending test increases. When considering the
series of concretes with the addition of steel fibers,
the series with the addition of hooked fibers (S2)
achieved slightly improved results, which is related
to the geometry of the fiber, and results in improved
anchoring in the concrete. As in the case of the com-
pressive strength test, in the series with the addition
of P2 fibers (non-fibrillated), the results were slight-
ly better than in the case of concretes with the addi-
tion of P1 fibers (fibrillated). Moreover, in the series
with the addition of 2 kg/m3, a slight decrease in the
tensile strength of the concrete in the bend test was
observed.

Modification of the concretes with fibers is a good
method for improving the plastic properties of the
composite. The fiber content in the concrete means
that it does not deteriorate as rapidly as in the case of
unmodified concretes. In the compressive strength
tests, samples with the addition of fibers, after the
test, were more similar to their form before the test.
In the case of stretching, the effect of fibrous addi-
tives is more noticeable (with an increase in strength
by almost 40%). The nature of the change in dam-
age means that the sample does not break into two
parts. After a crack has formed, specimens with the
addition of fibers can still bear the specified loads
until the cracked parts separate. It should be noted
that, for each type of the dispersed reinforcement,
there is a limit to the amount of addition to the mix,
which should not be exceeded due to workability
issues, as well as the difficulty of obtaining homo-
geneity and the possibility of optimal compaction.
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Figure 4. Tensile strength of the concrete in the bending test, which involved a freely supported beam that is symmetrically

loaded with one force
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The effectiveness of the concrete modification with
the steel fibers is guaranteed by the adherence to
technological regimes, since the material proper-
ties of this type of concrete largely depends on the
homogeneity of the mixture and the degree of its
compaction. Depending on the type of fibers used,
the technology of making, embedding, and caring
for the concrete mix should be selected appropriate-
ly. In the case of polypropylene fibers used in the
tests, the optimal amount in the mixture, while main-
taining the technology of production compliant with
the tests, is 1.5 kg/m’. In the case of steel fibers, it
cannot be unequivocally determined after testing.

Conclusions

Fibrous additives do not cause problems at the
dosing stage; however, they significantly change the
consistency of the concrete. In particular, in the case
of the tested polypropylene fibers (P1 and P2) where
the consistency class changed from S4 (control con-
crete) to S1/S2 (series P2-S4). Moreover, with the
addition of polypropylene fibers, the workability of
the concrete mix changes, resulting in the addition
of 2 kg/m® of polypropylene fibers (P1 and P2) for
the assumed method of laying, in which the assumed
vibration time for all of the tested series (2x20 sec-
onds) was insufficient. The inferior consistency of
the concretes of the P1-S4 and P2-S4 series resulted
in the lack of compaction of the concrete mix in the
molds, which translated into the deterioration of the
bending strength results in relation to the P1-S3 and
P2-S3 series by 3.2% and 4.4%, respectively, and
a compressive strength of 1.5% and 3.74%, respec-
tively. The problems with the consistency of the con-
crete mix did not concern the series with the addition
of steel fibers.

The highest compressive strength among the con-
cretes with the addition of polypropylene fibers was
achieved by the P2-S3 series (1.5 kg/m’ of P2 type
fibers), which was 7.23% higher compared to the
concrete of the control series (SK). In the case of
the series with steel fibers, the compressive strength
increased as the amount of the added fiber was
increased, regardless of the type of the fiber add-
ed. The optimal results were obtained by the series
with the highest amount of fibers (S1-S4 and S2-S4),
enhanced by 25.20% and 29.33%, respectively, in
relation to SK. Of all of the series, the highest tensile
strength of the concrete in the bend test was achieved
by the series S2-S4, which was 38.89% compared to
SK. When considering the concrete series with the
addition of steel fibers, the series with the addition
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of hooked fibers (S2) achieved slightly improved
results, which is related to the geometry of the fiber,
and results in improved anchoring in the concrete.
In the case of the polypropylene fibers, the optimal
result was obtained from the P2-S3 series, which had
a strength that was larger by 16.98% compared to the
concrete of the control series.
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