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Normal concrete typically demonstrates minimal tensile strength
and ductility. However, the addition of fibers to NC results in
enhanced tensile and flexural strength, along with improved
ductility. Moreover, the inclusion of fibers not only increases
mechanical resistance compared to conventional concrete but
also mitigates crack width, thus augmenting the durability and
service life of concrete structures, particularly in marine and
corrosive environments. The tensile strength exhibited in Fiber-
Reinforced Concrete correlates directly with the quantity of fibers
traversing the crack width and the behavior of individual fibers
during pull-out. Therefore, a thorough understanding of fiber pull-
out behavior from the concrete matrix is crucial for
comprehending the uniaxial tensile and flexural behaviors of FRC.
Twisted basalt fibers are used in reinforced concrete due to their
inherent  advantages, including corrosion resistance,
environmental compatibility, high tensile strength, and suitable
Young's modulus compared to steel fibers. Consequently,
investigating and comprehending the precise pull-out behavior of
twisted basalt fibers holds paramount significance. This study
investigates the pull-out behavior of twisted basalt fibers at
various orientations relative to the longitudinal axis of the
specimens. The study investigates and analyzes the effects of fiber
inclination angles (0, 30, 45, and 60 degrees) and embedded fiber
lengths (8, 15, and 22 mm) on pull-out response parameters such
as peak pull-out force, slip at peak load, and pull-out energy.
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EXTENDED ABSTRACT

Introduction

Materials with inherent brittleness, like mortars and ceramics, typically
demonstrate limited toughness and are prone to cracking. Nonetheless, the addition of
fibers in concrete can significantly delay crack initiation and control their spread,
resulting in considerably higher energy absorption capacity and toughness compared
to plain concrete. This advantageous outcome can be attributed to the bridging of cracks
by fibers through the primary mechanism of fiber reinforcement, which involves the
pull-out process of the fiber.

Basalt fiber is considered environmentally friendly and free from hazards, as it is
derived from molten volcanic rocks, with no emission of harmful gases during the
manufacturing process. Concurrently, there has been significant research carried out
on basalt fiber-reinforced polymers, which has demonstrated their exceptional
resistance to corrosion. Twisted basalt fibers have found successful application as
reinforcement materials in cement-based materials. The melting point of basalt fibers
is approximately 1400°C, significantly higher than that of synthetic fibers. Due to their
exceptional fire resistance, basalt fibers are currently utilized in fire-protection
applications. The growing popularity of basalt fiber in concrete reinforcement
applications is a result of its remarkable mechanical properties and the eco-friendly
nature of its manufacturing process.

The main objective of this article is to conduct a comprehensive study on pull-out
tests performed on twisted basalt fibers extracted from the concrete matrix. These tests
were carried out at various inclination angles, specifically 0, 30, 45, and 60 degrees,
with embedded lengths ranging from 8 to 22 mm.

Methodology

In this study, single-fiber pull-out tests were conducted to investigate the behavior
of twisted basalt fibers embedded in a cementitious matrix. Fibers were placed at
varying inclination angles (0, 30, 45, and 60 degrees) and different embedded lengths
(ranging from 8 mm to 22 mm). The primary objective of these tests was to analyze the
effect of fiber inclination angle and embedded length on key parameters such as
maximum pull-out force, the corresponding slip at maximum pull-out force, and pull-
out energy. The specimens were prepared by embedding twisted basalt fibers into
concrete samples, and the fibers were oriented at the specified angles within the matrix.
During the pull-out process, the force required to extract the fibers from the matrix was
measured, and both fiber debonding and pull-out failure mechanisms were observed.
The analysis focused on the role of the fiber-matrix interface bond and its impact on
crack propagation and energy absorption during the pull-out process. The test results
were analyzed to determine the influence of fiber geometry and orientation on the
concrete's toughness and the energy dissipation capacity.

Results and discussion

During the fiber pull-out experiments, it is observed that the highest fiber rupture
occurs at 30 and 60 degrees with an embedded length of 22 mm. According to the fiber
pull-out experiments, it is observed that the percentage of ruptured fibers at 0° is 11%,
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at 30° is 50%, at 45° is 33%, and at 60° is 39%. As evident in the scanning electron
microscopy (SEM) images, the resin layer of the fiber strands has been removed, and
concrete particles adhere to the fiber strands, indicating proper bonding between the
fibers and the concrete matrix.

The analysis of fiber pull-out graphs, shows that as the angle increases up to 45°
relative to the load direction, the maximum pull-out force also increases with longer
buried fibers. However, beyond 45°, at 60°, the pull-out force decreases. On the other
hand, with an increase in the embedded fiber length, at the same inclination angles, the
maximum pull-out force increases. Based on the results obtained from the force-slip
diagrams and the, it is evident that with an increase in embedded length at a 0°, the
average maximum force for lengths of 15 and 22 mm has increased by 15% and 51%,
respectively, compared to the buried length of 8 mm. Similarly, the average maximum
force for angles of 30, 45, and 60 degrees, with embedded lengths of 15 and 22 mm, has
also increased by 42%, 51%, 46%, 55%, 18%, and 56%, respectively, compared to the
buried length of 8 mm.

The pull-out energy of twisted basalt fibers rises as the inclination angle increases,
reaching its maximum at 45°, after which it decreases. This peak at 45° highlights the
superior effectiveness of fibers oriented at this angle in bridging cracks and resisting
tensile forces. The findings at 0° and 45° further demonstrate that a longer embedded
length markedly improves pull-out energy, owing to the expanded contact surface,
enhanced interfacial friction, and the mechanical rotation of twisted fibers during
extraction. This rotational mechanism dissipates part of the applied energy and
consequently boosts the overall energy absorption capability of the system. As
observed, an increase in the inclination from 0 to 30, 45, and 60 degrees leads to a
corresponding increase in slip at maximum force by 259%, 27%, and 384%,
respectively, for an buried length of 8 mm. On the other hand, for embedded lengths of
15 and 22 mm, the increase in angle from 0 to 30, 45, and 60 degrees results in a
corresponding increase in slip at maximum load by 312%, 116%, 332%, 153%, 668%,
and 553%, respectively.

Conclusion
The following results were obtained regarding the overall behavior of inclined pull-
out of twisted basalt fibers with various embedded lengths from the cementitious
matrix:
e  The maximum pull-out force rises as the embedded fiber length increases until
reaching a 45° inclination. Subsequently, at a 60° angle, the pull-out force exhibits a
decline.
e  The maximum force obtained was achieved with constant buried lengths at a
45°, resulting from the pulling force parallel to the fiber's direction compared to the
force along the fiber, fiber bending at the exit point, and an increase in frictional
stress due to the component of force perpendicular to the fiber's direction at the
exit point.
e Increasing the fiber length at a 0° angle resulted in a 15% and 51% rise in the
average maximum force for 15 mm and 22 mm lengths, respectively, compared to
the buried length of 8 mm. Similarly, at angles of 30, 45, and 60 degrees, with buried
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lengths of 15 mm and 22 mm, the average maximum force increased by 42%, 51%,
46%, 55%, 18%, and 56%, respectively, compared to the embedded length of 8 mm.
o  The average pull-out energy of twisted basalt fibers increases with inclination
angle up to 45° and decreases thereafter. The highest energy absorption occurs at
45°, indicating the most effective fiber orientation for crack control and tensile load
resistance. Results at 0° and 45° also show that increasing the embedded length
significantly raises the pull-out energy due to the larger contact area, higher
interfacial friction, and the mechanical rotation of twisted fibers during pull-out.
This rotational resistance dissipates part of the applied energy and enhances the
system’s overall energy absorption capacity.
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