Ferdowsi Civil Engineering, 38, 3, 2025. (83-104)

D

Ferdowsi Civil Engineering

7 \

- ~ K b
T:';?;C’Vf;’ https://civil-ferdowsi.um.ac.ir _ Pavement
University of Iranian Engineering
Mashhad Concrete Association of
Institute Iran

Laboratory Study of the Mechanical Properties of High-Performance Concrete Containing

Steel and Polypropylene Fibers
Research Article

Hamid Naraki', Seyed Fathollah Sajedi?
DOI: 10.22067/jfcei.2025.82494.1231

, Masoud Paknahad?®

1-Introduction
Concrete is one of the most widely used products in the
world, with various types commonly utilized. Due to the
extensive use of this material, many researchers have
investigated its engineering properties. The development
of construction has led to significant demand for new types
of concrete that meet specific needs, such as varying
quality levels, strength, toughness, and durability. Some of
these categories of concrete include high-strength
concrete, engineered concrete, and fiber-reinforced
concrete. High performanced concrete can be designed for
higher efficiency, superior mechanical properties, and
increased durability compared to conventional concrete.
Compared to conventional concrete, high-strength
concrete possesses excellent compressive and tensile
strengths, as well as desirable durability. These properties
make it an attractive option for urban infrastructure
development. The manufacturing of this type of concrete
involves high fineness materials such as microsilica, a low
water-to-cement ratio, and superplasticizers.
Consequently, it has a higher density, a more compact
microstructure, and, subsequently, lower permeability than
conventional concrete. Therefore, high performaned
concretes, especially fiber-reinforced concretes, exhibit
greater resistance to degradation and failure processes,
such as the penetration of chloride ions, sulfates, corrosive
liquids, and damage caused by freeze-thaw cycles and
thermal loads. The small amounts of coarse aggregates and
their small sizes, combined with a high volume of fibers
(approximately 2% to 3%) and significant amounts of
microsilica used in these concretes, enhance their strength
and ductility. Additionally, the good rheological properties
of this type of concrete in its fresh state significantly
increase its workability . Fiber-reinforced concretes, aside
from having very high compressive strength, also exhibit
higher tensile strength compared to conventional concrete.
The presence of fibers provides additional tensile
toughness. This tensile toughness allows for multiple

microcracks to initiate on the concrete surface before large
cracks develop, which results in fiber-reinforced concretes
exhibiting more flexible behavior. Consequently, the
energy leading to failure in these concretes is significantly
higher compared to conventional concrete. Moreover, the
fibers within high performance concrete increase the
resistance of the cement matrix against spalling due to their
entanglement within the concrete’s matrix. This presence
of fibers also significantly enhances the energy absorption
capacity of the concrete, providing desirable resistance to
impacts and loads resulting from explosions .

2- Exprimental program

In this study, the objective is to introduce an optimal mix
design to achieve the highest tensile strength in high-
performance concrete. Initially, various mix designs were
assessed by altering the proportions of cementitious
materials to aggregates and changing the water-to-cement
ratio. Ultimately, two mix designs, M1 and M2, were
selected as the final designs. In both mix designs, a portion
of the cement was replaced with microsilica to achieve
better mechanical properties. To ensure desirable
workability and reduce the negative effects on fluidity
caused by microsilica, a polycarboxylate-based
superplasticizer was used. Furthermore, to enhance the
quality of high-performance concrete and attain higher
tensile strength, two types of fibers -steel and
polypropylene - were incorporated. The steel fibers were
added in two forms, straight and wavy, at volumetric
replacements of 1%, 2%, 3%, and 4%. Additionally, to
improve the mechanical properties of these concretes and
address some of the weaknesses of steel fibers, 1% of
polypropylene fibers were added to the mixes containing
steel fibers in separate designs. In total, 306 cubic,
cylindrical, and prismatic samples were created across 34
different mix designs, and tests for compressive strength
according to ASTM C109, split tensile strength based on
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ASTM C496, and flexural strength in accordance with
ASTM C1609 were conducted on the samples at 28 days
of age. This research can contribute to a better
understanding of material combinations and the
optimization of high-performance concrete production
processes, ultimately leading to the development of
durable and resilient infrastructure in construction
projects.

3-Discussion

Figure 5 illustrates the compressive strength of concrete
samples containing smooth steel fibers. It is evident that
high-strength concrete M 1 and M2, without fibers,
achieve compressive strengths of 81.2 MPa and 87.1 MPa,
respectively. The addition of smooth steel fibers, ranging
from 1% to 4% by volume, to the concrete produced in M1
resulted in enhancements of compressive strength of 6%,
14%, 28%, and 26%, respectively. In M2, corresponding
increases were recorded as 5%, 19%, 20%, and 19%. In
both mix designs, the maximum compressive strength was
observed in concrete containing 3% smooth steel fibers,
where the strength reached 104.1 MPa for both mixtures.
However, in M2, there were no significant changes in
compressive strength with the addition of smooth steel
fibers in the range of 2% to 4%. This outcome indicates
that beyond a certain fiber percentage, substantial
improvements in compressive strength are not evident.
While some studies have reported that the inclusion of
fibers generally leads to minor improvements (less than
10%) in compressive strength, other researchers have
noted a positive correlation between the increase in the
amount of steel fibers and the compressive strength.

4-Conclusion

e At a specific replacement percentage of steel fibers
(3%), the detrimental effect of the reduced volume of
the cement matrix due to the addition of steel fibers
outweighed the positive impact of the steel fibers in
enhancing compressive strength.

e  The addition of 1% polypropylene fibers to concrete
containing straight and wavy steel fibers resulted in
an increase in  compressive  strength by
approximately 7-8%.

e  The influence of changing the shape of steel fibers
from straight to wavy on improving compressive
strength was low, recorded at about 2%.

e Increasing the amount of straight and wavy steel
fibers up to 3% led to an increase in split tensile
strength in M1 by 44% and 81%, respectively. In M2,
this increase was recorded at 49% and 80%.

e  The addition of 1% polypropylene fibers to concrete
containing 3% wavy steel fibers resulted in the
highest split tensile strength of 13.7 MPa. The
improvement effect of polypropylene fibers was
about 25%.

e  The impact of changing the shape of the fibers from
straight to wavy on improving split tensile strength
was between 20-22%. This increase was independent
of the type of mix design.

e  More significant than the volume of fibers in
improving flexural or split tensile strength was the

distribution and arrangement of the fibers within the
concrete matrix.

The addition of polypropylene fibers led to an
average increase in flexural strength of 28% in
concrete containing straight fibers and 34% in
concrete with wavy fibers.

Changing the shape of steel fibers from straight to
wavy resulted in a 17% increase in flexural strength
in concrete without polypropylene fibers and a 12%
increase in concrete with polypropylene fibers.
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Experimental Study of Mechanical Properties of High- Performance Concrete Containing Steel Fibers
and Polypropylene Separately and Simultaneously

Hamid Naraki Seyed Fathollah Sajedi Masoud Paknahad

Abstrac This article has studied the separate and simultaneous effect of steel fibers with different shapes and
polypropylene (PP) fibers on some mechanical properties of high- performance concrete (HPC). To improve the quality
of the cement structure, silica-based aggregates with a maximum size of 9 mm were used instead of natural aggregates.
In order to reinforce and investigate the effect of the type, shape and amount of steel fibers on the mechanical
properties of HPC, steel fibers in smooth and wavy forms of 30 mm length in 1%, 2%, 3% and 4% were added to the
concrete in separate plans. Beside the mentioned steel fibers, PP fibers were added by 1% and the corresponding
changes in the mechanical properties were studied. A total of 34 mixing designs were made in the form of 306 cubic,
cylindrical and prismatic speceimens, and the compressive, tensile, and bending strengths of each design were
investigated at the age of 28 days. The results showed that adding 1% of PP fibers to concrete containing smooth and
corrugated steel fibers by (7-8)% leads to the growth of compressive strength up to 113.1 MPa. By adding 1% of PP
fibers to concrete containing 3% of corrugated steel fibers, the highest tensile strength of 13.7 MPa was obtained. It
was also concluded that changing the shape of fibers from straight to wavy does not show a noticeable effect on
compressive strength, while this change showed an average increase of 22% in tensile strength and 34% in bending
strength.

Key word: High performance concrete (HPC), Mechanical properties, Steel fibers, Polypropylene fibers (PP),
Microsilica (SF).
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