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Abstract. The fiber reinforced polymer (FRP) bars have become a useful
substitute for conventional reinforcement in civil engineering structures for
which load capacity and resistance to environmental influences are required.
They are often used in concrete structural elements exposed to strong
environmental aggression, such as foundations, breakwaters and other
seaside structures, road structures and tanks. The basalt fiber-reinforced
polymer (BFRP) is the most recently FRP composite, appearing within the
last decade. Due to their mechanical properties different from steel bars,
such as higher tensile strength and lower Young's modulus, BFRP bars are
predestined for use in structures for which the ultimate limit state is rather
decisive than serviceability limit state. Experimental tests were carried out
to assess the influence of static long-term loads and cyclic freezing/thawing
on the behaviour of concrete model beams with non-metallic reinforcement.
The bars made of basalt fiber reinforced polymer (BFRP) and hybrid (basalt
and carbon) fiber reinforced polymer (HFRP) were used as non-metallic
reinforcement. The mechanical properties of both types of bars were also
determined.

1 Introduction

The composite bars have become a useful substitute for conventionalreinforcement
in civil engineering structuresfor which load capacity and resistance to environmental
influences are required [3-7]. Fibre Reinforced Polymer (FRP) has been widely used for
reinforcement or rehabilitation of the upper structures. Currently, some research has
investigated the application of FRP in underground structures, mainly the reinforcement of
the structures or substitution of traditional material [10, 14].

The FRP composite products are mostly manufactured into FRP sheets and FRP bars for
different construction purposes. FRP bars usually include GFRP anchor (ribs), GFRP grille
[26] and FRP piles [18]. A notable method utilizing the confinement to concrete columns by
FRP has been studied in [13, 25]. There is a large amount of research focus on the analyzing
the structural behavior of beams and walls with consideration of FRP sheet [15, 16] and bars
application [6, 7, 22]. The composite bars are often used in concrete structural elements
exposed to strong environmental aggression, such as foundations, breakwaters and other
seaside structures, road structures and tanks and other geotechnical structures in sewage
treatment plants [9, 10, 14].
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FRP is characterized by high ratio of strength to weight, high ratio of
longitudinal/transversal Young modulus and high ratio of longitudinal/transversal shear
modulus. Depending on the material of fibers there are aramid-FRP (AFRP), carbon-FRP
(CFRP), glass-FRP (GFRP) and basalt-FRP (BFRP). The FRP products are flexible to change
the material properties through designing volume ratio of fibers to resin and selecting the
types and orientation of fiber. The composite bars are susceptible to varying amounts of
strength and stiffness changes in the presence of environments before, during, and after
construction. These environments can include water, ultraviolet exposure, elevated
temperature, alkaline or acidic solutions. FRP bars are corrosion resistant; therefore, the
maximum crack width limitation can be relaxed when corrosion of reinforcement is the
primary reason for crack width limitations. Other considerations with regard to acceptable
crack width limit include aesthetics and shear effect. Tensile and bond properties of FRP bars
are the primary parameters of interest for reinforced concrete structures [17, 21-24].

In spite of dissemination of different types of non-metallic bars and numerous
investigations of structural members reinforced using these bars, this type of reinforcement
is still treated as an unconventional construction material. One of the barrier of non-metallic
bars application is the lack of standards and clear guidelines for the design of concrete
structures reinforced with FRP bars. No standards have been developed for determining the
mechanical parameters of FRP reinforcing bars, and thus the separate mechanical properties
tests should be carried out foreach application of this type of reinforcement. In order to
improve the properties of composite reinforcement for concrete structures, the attempts are
made to manufacture hybrid bars containing different fibers [20, 23].

The relatively least amount of research concerns the use of basalt fiber reinforced polymer
(BFRP) bars. In addition to the excellent corrosion resistance and mechanical characteristics,
the basalt fiber is environmentally harmless and has a good range of thermal performance,
superior electro-magnetic property, and good resistance to impact, which makes it better than
the glass fiber and less expensive than carbon fiber [11, 19, 21]. Even fewer studies concern
the use of hybrid fiber reinforced polymer (HFRP) bars in which, besides basalt fibers, also
carbon fibers have been introduced to increase the modulus of elasticity [20].

The paper concerns the application of basalt (BFRP) bars and hybrid (HFRP) bars as
reinforcement for concrete structures with improved durability. The aim of the research was
to assess the behavior of model beams made of concrete reinforced with BFRP and HFRP
bars, subjected to interaction of static load in three-point bending test and cyclic freezing-and
thawing. The effect of strengthening basalt barsusing carbon fibers on mechanical parameters
was considered.

2 Properties of composite reinforcing bars tested

The composite basalt (BFRP) bars and hybrid (HFRP) bars wereused as the reinforcementof
model beams. Both of them were produced by the same manufacturer. The first type is based
on rovings made with basalt fibers, the other is based on rovings with basalt and carbon
fibers. All bars were made using pultrusion method with appropriate fibers immersed in a
polyester matrix. The material was formed into smooth bars wrapped with an additional braid
increasing their adhesion to concrete.

The results of strength tests of reinforcing bars carried out in accordance with
the guidelines ACI 440.3R-04 [2] were shown in Table 1. The applied standard concerns
mainly reinforcementof carbon, glass and aramid bars. However, the guidelines for the
reinforcement of basalt fiber bars have not been developed yet. The following properties were
determined:

- f,- guaranteed tensile strength, defined as the mean tensile strength fy ave minus three times
standard deviation os,
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- E¢ - design or guaranteed modulus of elasticity of FRP defined as mean modulus of test
specimens (E«= Era),

-gq, - guaranteed rupture strain of FRP reinforcement defined as the mean tensile strain
at failure of test specimens minus three times standard deviation o.

Table 1. Basic strength parameters of BFRP and HFRP bars.

Bar type fu,ave Os ff*u E= Ef,ave Eu,ave (o} 2;\1
BFRP 1180.0 14.3 1137.1 47.6 2.6 % 0.20 20%
HFRP 1190.0 154 1143.8 64.3 2.2% 0.02 2.1%

Despite the addition of carbon fibers, the mean tensile strength of HFRP bars did not
increase, while the modulus of elasticity increased by as much as 35% compared to BFRP
bars.

3 Experimental programme

3.1 Model beams' preparation

The tests were carried out on model beams with dimensions of 80x120x1100 mm made of
C30/37 concrete with w/c = 0,50. The cement CEM | 42.5R content was 320 kg/ms. A
mixture of sand and gravel with grain diameter up to 16 mm was used as aggregate.The
concrete was composed taking into account the requirements for structural members intended
for use in the exposure class XA2 (chemically aggressive environment) and XF3 (cyclic
freezing and thawing) according to EN 206-1 [8].

Specification of beam specimens tested was given in Table 2. Every series consisted 3

replicates.
Table 2. Specification of model beams tested.
Series .
designation Description
HFRP beams reinforced with HFRP bars, subjected to short-term load
BFRP beams reinforced with BFRP bars, subjected to short-term load
HERP E beams reinforced with HFRP bars, subjected to static load and cyclic freezing and
thawing
BERP F beams reinforced with BFRP bars, subjected to static load and cyclic freezing and
thawing
HFRP C reference beams reinforced with HFRP bars, subjected to long-term static load
BFRP C reference beams reinforced with BFRP bars, subjected to long-term static load

The reinforcement system of the test elementswasbased on four main FRP bars with
a diameter of 6 mm in each of the corners of the cross-section and steel stirrups with a
diameter of 83 mm evenly spaced every 50 mm. The test elements have been designed in
accordance with the guidelines of ACI 440: 1R-06 [1], assumingthe crushing of the
compression zone of concrete as destruction mechanism.
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2.2 Test method

In order to evaluate the failure mode of concrete beam with composite reinforcement and to
determine the maximum failure load, the bending tests were performed after 28 days of
curing. The midspan deflections under immediate load were monitored.

The assumptions of the long-term test were based on a comparison of the behavior
of beams subjected to static load in three point bending test and at the same time to cyclic
freezing and thawing at the temperature range from -20°Cto +20°C. In addition, reference
beams loaded in the same way, were tested at a constant temperature of 20+2°C. The midspan
deflections of beams, strains of concrete at the levelof reinforcement as well as the spacing
and widths of cracks were measured.

For simulating the conditions during the ordinary test procedure of frost resistance
of concrete and limiting the drying of beams surface, all samples were pre-soaked with water
and then they were tightly wrapped with plastic cover and the water losses were
supplemented periodically during the test.

Specially designed test stands with model beams were placed in a freezing chamber, in
which temperature regime was simulated. The 200 cycles were accepted as the period of test,
with each freeze/thaw cycle lasting 8 hours.

Inverted static scheme (beam bending upwards) allows full exposure of the tensile edges
of tested members, and thus current registration of crack morphology. The view
of testing equipment in the freezing chamber was shown in Fig. 1.

Fig. 1. Testing equipment in freezing chamber.

The value of the static load in the midspan of beam was established as the equivalent of
20% of the beam bearing capacity determined when testing the elements under the short term
load. The assumed level of the test members effort corresponded to their reaching
the ultimate limit state of deflection. Thus, the beams reinforced with BFRP and HFRP bars
were loaded with different values of forces, which were equal to 5.60 kN and 7.00 kN,
respectively.



MATEC Web of Conferences 265, 05011 (2019) https://doi.org/10.1051/matecconf/201926505011
GCCETS 2018

The deflections were controlled using the moisture resistant dial gauges, with an accuracy
of 0.01 mm. The strains were measuredthrough benchmarks previously fixed on beams'
surface. The contactless device with an accuracy of 0.001 mm with a measuring base of 150
mm was used for strains determination.

4 Analysis and discussion of test results

4.1 Results of short-term test

The results of monitoring the deflections of beams under short-term load are shown in Fig.
2.
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Fig. 2. Mean values of deflections of model beams with composite reinforcement.

Due to the small elastic modulus of composite reinforcement in comparison to the typical
reinforcing steel, the beams with both type of bars showed significant deflections. The
deflection increase was almost linear throughout the entire load range.The mean values of
failure load was equal to 28 kN and 34 kN, respectively for model beams with BFRP and
HFRP bars.

Failure mode of the beam reinforced with HFRP bars was presented in Fig. 3. The failure
due to combined effect of bending and shearing was observed in accordance with design
assumptions. Shear zone was cracked but with no signs of damage. Rapid destruction in the
tensile zone with crushing of concrete in the compression zone, deformation of compressed
bars, breaking stirrups within the cracks and exposure of tensile reinforcement were
observed. The tensile FRP bars in concrete work in similar way to steel reinforcement. The
bond of concrete to the composite bars was kept throughout the entire load range. This was
confirmed by the development of cracks - in the zone of reinforcement influence (in the
bottom part of beam cross-section) cracks clearly branch out, and they connect into the form
of cumulative crack above this zone.
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Fig. 3. Failure of beam due to concrete crushing.

4.2 Results of long-term test

The relationships of beam deflection versus number of freeze/thaw cycles in comparison to
the results obtained for reference beam specimens tested under static load at the temperature
of 20+2°C were presented in Fig. 4. The mean strains in tensile zone of concrete beams were
presented in Fig. 5.
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Fig. 4. Average values of midspan deflection of beams with composite reinforcement vs. number of

freeze/thaw cycles.
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Fig. 5. Relative strains in tensile zone of beams vs. number of freeze/thaw cycles.
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When analyzing the absolute values of deflections (Fig. 4), it is necessary to consider the
difference in the load values of beams with various types of composite reinforcement. At a
considered load level, the deflection of beams tested at a constant temperature increased
slightly in relation to the initial value obtained immediately after applying the load. However,
the deflection of beams subjected to freeze/thaw cycles increased with almost constant rate,
reaching a value more than three times higher than the deflection under an immediate load.
After 200 cycles the mean values of deflections of beams with different types of composite
reinforcement were comparable, although the absolute values of the load for both types of
beams were different. The significant influence of cyclic freezing and thawing on beam
deformations has also been confirmed by the analysis of strains in tensile zone. In the case
of HFRP C and BFRP C beams subjected to load at a constant temperature, after initial slight
increase, the deformations increased very slowly. The increase in strains in beams under
freeze/thaw cycles (BFRP F and HFRP F) was almost linear throughout the test period and
the values recorded were even three times greater in comparison to the strains in beams
testedat constant temperature.

It can beseen in Fig 4 that for the beams tested at a constant temperature, the stabilization
of the deflection increase took place after 40 freeze/thaw cycles. In contrast, for elements
subjected to variable temperature conditions, the value of mentioned parameter was
constantly increasing with the number of freeze/thaw cycles. In the final phase of the test,
specimens subjected to freeze/thaw cycles, reinforced with BFRP and HFRP bars, achieved
respectively 34% and 29% higher values of the total crack width in comparison to reference
specimens BFRP C and HFRP C.

5 Conclusion

The long-term durability of FRP reinforced concrete structures can be very attractive in
aggressive environments andthe BFRP and HFRP bars can be effectively used as
reinforcement of concrete beams. However, achieving a beneficial effect of BFRP
reinforcement on the bearing capacity and deformability of beam is conditioned by
consideration of specific limitations and modifications related totheir mechanical parameters
in the design process. The insertion of additional rovings of coal fiber around the original
basalt fiber bars significantly improved the mechanical properties of the reinforcing bars,
particularly their modulus of elasticity. It also had a beneficial effect on deformation
characteristics of beams subjected to cyclic freezing and thawing.

The composites represent a promising alternative to traditional construction materials and
techniques for a sustainable and durable infrastructure. The results obtained herein contribute
to developing and enhancing the properties of BFRP and HFRP bars in concrete elements.
Further investigations should be conducted to generate more confidence and encourage wider
acceptance of this material, which may lead to introducing the BFRP bars into design codes
and standards.
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