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Abstract: Fibre-Reinforced Polymer (FRP) reinforcement bars are gaining interest in terms of using
them as an internal reinforcement in concrete construction parts due to their high tensile strength,
corrosion resistance, low weight, and electrical indifference. Nevertheless, low elasticity and diffi-
culties related to a high reduction in mechanical properties at even slightly elevated temperatures
seem to limit this potential, due to existing fire safety requirements for buildings. Basalt FRP, which
is the subject of this experimental study, is a relatively new type of non-metallic bars, and their
environmental friendliness has been underlined in previous studies. The aim of this study is to
determine the mechanical properties of BFRP bars, such as tensile and compressive strength and
elasticity modulus, at normal and elevated temperatures up to 200 °C. The medium values of com-
pressive strength at room temperature were in the range of 441.2-466.8 MPa, and it was significantly
lower than the tensile strength (930.5-1121.3 MPa). Additionally, low values of elasticity modulus,
especially when comparing to steel bars (typically about 210 GPa), were found in both compression
(mean values: 31.0-38.4 GPa) and tension (mean values: 43.3-44.6 GPa). Low elasticity modulus
may lead to difficulties with excessive deflections and crack widths, when designing bent elements
with such reinforcement. Moreover, reduced mechanical properties at compression should not be
neglected when designing compressed parts. Additionally, the phase change parameters, e.g., glass
transition temperature, have been determined by means of DMA method, and the glass transition
temperature was found to be equal to 107.5 °C.
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1. Introduction

Fibre-Reinforced Polymer (FRP) is a light, high-strength, and durable material. Its
electric indifference, high corrosion resistance, high tensile strength, good damage toler-
ance, good fatigue performance and low energy consumption during the fabrication of
raw materials should also be highlighted [1-8]. These advantages make them potentially
attractive as an alternative to traditional reinforcement. Nevertheless, there are also im-
portant disadvantages, when comparing FRP to steel, which may significantly influence
the performance of such a reinforcement in concrete building structures. One of these
disadvantages is the fact that FRPs have much lower compressive strength than the tensile
strength, another that they have a low elasticity modulus and, finally, poor mechanical
performance at even slightly elevated temperatures.

This study aims to analyse thermal and mechanical properties of the basalt type of FRP,
which is relatively new and has not as yet been sufficiently examined [9]. The environmental
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impact of BFRP composites (especially in terms of costs and amount of energy during
production) should be emphasised, as it is lower when compared to CFRP [10].

2. Materials and Specimens

Three diameters of the same type of BFRP bars were tested: 8, 10, and 12 mm. The
fibre content was equal to 77%, and epoxy type of matrix was used. Precise diameters of
the bars were measured in five random locations along the bars and were equal to 8.1 + 0.2,
9.2 £ 0.1 and 11.6 £ 0.3 (mean value + standard deviation), respectively.

A cuboid specimen was cut out of the inner part of the @12 BFRP bar, with the cross
section of 9.64 mm and 3.28 mm, on which Dynamic Mechanical Analysis was performed
in order to determine the glass transition temperature of the analysed BFRP material.

10 and J12 BFRP bars with the length of 1 m were tested in tension. In that case,
330 mm-long steel pipes were mounted at the end specimens in order to prevent crushing
of the FRP in the grip of the hydraulic press (see Figure 1). Either epoxy resin (for &J10
BFRP specimens) or expansive mortar ((J10 and &12) was used to attach the FRP bars into
the steel pipes.

Figure 1. Specimens for tension tests ((J12 BFRP, steel caps mounted with the use of expansive
mortar).

The specimens in compression at both room and elevated temperatures were tested
with the use of steel caps (see Figure 2a), similarly to experiments performed by Khorramian
and Sadeghian [11].

i )nmlllmﬂﬁ:u_l.um

(b)

Figure 2. Specimen for compressive strength test (12 BFRP) (a); specimen for compression test

wrapped with two layers of ceramic wool (b); black-white pattern at the specimen’s surface (c).

The steel plates (30 x 30 x 2 mm for &10 and 50 x 50 x 5 mm for I8 and J12) were
welded with the round pipe pieces (20.0 x 10 x 2 mm for @10 and 26.9 x 12 X 2 mm
for @8 and J12). After preparation of the steel caps, they were attached at the ends of FRP
bars with the use of epoxy resin and positioned with the use of a spirit level. The length
of the bars was 4 cm. In the case of J12 bars, the method of specimens’ preparation was
improved in order to enable examination at higher temperatures. Therefore, cementitious
expansive mortar was used instead of epoxy resin.

In the case of specimens tested at elevated temperatures, two layers of ceramic wool
(see Figure 2b) were used to sustain the temperature after removing the specimens from
the thermal chamber and placing them at the test stand.
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In the case of specimens tested at room temperature in both compression and tension,
a black-white pattern was added at the surface of the specimens (Figure 2c), so that Digital
Image Correlation could be used to determine the strains during the tests, and as a result,
moduli of elasticity (at compression and tension) could be calculated.

3. Methods
3.1. Glass Transition Temperature

Glass transition temperature was measured with the use of Discovery DMA 850 (TA
Instruments) appliance in Oscillation Temperature Ramp. The specimen was submitted to
simultaneous cyclic flexure with the amplitude of deflection equal to 0.8 pm and frequency
of 1.0 Hz, and an increase in heating temperature up to 157 °C. The heating rate was equal
to 2 °C/min.

The storage and loss moduli can be determined using following equations, represent-
ing the behaviour of viscoelastic material:

0 = op sin(27ft) 1)
€ = g sin(2nft — d) )
tan 6 = E" /E/ 3)
where:
e—strain;
gp—strain’s amplitude;
o—stress;

op—stress’s amplitude;

f—frequency;

t—time;

d—phase lag between stress and strain;
E'—storage modulus;

E”—loss modulus.

3.2. Tensile Strength and Elasticity at Room Temperature

Average pace of tensile loading was equal to 6 MPa/s. Digital cameras had simulta-
neously been taking photos from one or two perpendicular directions in set up periods
of time.

After the test, photos were analysed in DIC software and, for each specimen, three
virtual tensiometers with the length of approximately 100 mm were set on each specimen
to calculate strains. Elasticity moduli were calculated as the directional coefficients in linear
approximation of stress—strain relations.

3.3. Compressive Strength and Elasticity at Room Temperature

Average pace of compressive loading was equal to 4 Mpa/s. The photos of the
specimens were taken during the tests from one or two perpendicular directions in order to
determine the strains with the use of DIC software after the tests. The virtual tensiometers
with the length of approximately 10 mm were used.

The stress-strain relations for each specimen in compression were calibrated with
the use of linear function, where modulus elasticity at compression was assumed as a
directional coefficient of these functions. If two digital cameras were used, moduli of
elasticity values were calculated on each direction separately.

Compressive strength was calculated as the force at failure divided by the cross-
section area.
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3.4. Compressive Strength at Elevated Temperatures

Specimens described in Section 2 were heated up till the predetermined value of
temperature (up to 100 or 200 °C) was achieved at the surface of the bar. Temperature
values were registered with the use of thermocouples mounted under the ceramic wool
(see Figure 2b). After removing the specimens from heating chamber, compression tests
were performed with the pace of 1.5 mm/min. Maximum forces and temperatures at the
surfaces at failure time were registered for each specimen.

4. Results

Results from DMA tests were shown as storage and loss moduli changes (Figure 3). The
glass transition temperature determined from loss modulus changes along the temperature
growth was equal to 107.5 °C (Figure 3).
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Figure 3. Results from DMA test.

The results from tensile strength tests were summarized (Table 1). The medium values
of elasticity modulus were in the range from 43.3 to 44.6 MPa, while tensile strength
medium values were 930.5 to 1073.1 MPa.

Table 1. Summary of the results—BFRP bars in tension.

Specimen No.

Diameter Parameter 1 2 3 Mean Value
@10 (mounted TenSIEfAS;;T“gth 11433 977.8 1098.1 1073.1
with epoxy resin) -
Modulus of elasticity 45.6 413 470 446
[GPa]
@12 (mounted Temlg;gﬁngth 1121.3 - - 112131
with epoxy resin) ..
Modulus of elasticity 441 441 461 448
[GPa]
@12 (mounted Te“SﬂIf;I’frength 908.4 946.2 936.8 930.5
with expansive [MPa] .
mortar) Modulus of elasticity 45.2, 43.4, 42.0, 4332
[GPa] 444 437 409

2

! determined only for one specimen. 2 mean value calculated on specimens tested from two directions.

Two out of the three 12 specimens with caps mounted with epoxy resin did not
fail during the test as a result as achieving stresses equal to tensile strength, but the FRP
bars with hardened epoxy resin started to slide out of the steel caps. Therefore, maximum
strength values should not be considered as tensile strength in that case, and were excluded
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from the analysis. Nevertheless, elasticity moduli were calculated for these specimens.
Figure 4 shows the typical mode of failure for the analysed specimens.

Figure 4. Specimen after failure in tension.

The results of the compressive tests at room temperature are summarized in Table 2,
while Figure 5 shows the typical form of failure in compression. The medium values of
compressive strength were in the range of 441.2 to 456.0 MPa, and medium values of
elasticity modulus were in the range of 31.0 to 38.4 MPa.

Table 2. Summary of the results—BFRP bars in compression.

Specimen No.

Diameter Parameter 1 2 3 Mean Value
Compressive
o8 strength [MPal 416.3 495.8 - 456.0
Modulus of elasticity 27.5, 35.8, ) 3841
[GPa] 35.4 54.9 ’
Compressive
10 strength [MPal 434.7 517.5 448.3 466.8
Modulus of elasticity 346 282 302 31.0
[GPal . . . .
Compressive
o12 strength [MPal 396.9 521.6 405.0 441.2
Modulus of elasticity 46.9, 245, 32.8, 351 1
[GPa] 50.0 24.6 37.0 ’

! mean value calculated on specimens tested from two directions.
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Figure 5. Specimen after failure in compression.

Compressive strength along with temperature at the surface of the specimen at failure
time, at compressive strength tests at elevated temperatures (100 °C and 200 °C), are
summarized in Table 3. Additionally, the results for four reference specimens tested
without heating on the same day are included in this table. The strength retention ratio
calculated for the medium temperature at failure equal to 97.3 °C was 24%, and for 191.0 °C,
it was 8%.

Table 3. Compressive strength tests during heating results.

Specimen No. Mean
T t
emperature Parameter 1 2 3 4 Value
20°C Compressive strength
(reference P IMPa] i 4977 5195 5280 4722 504.3
specimens)
Compressive strength
87.1 153.3 120.2 - 120.2
100 °C [MPa]
Temperahire at failure 97 98 97 ) 973
[°Cl
Compressive strength 43.5 49.2 34.1 - 423
200°C Temperature at failure
183 198 192 - 191.0

[c]

5. Discussion

Tensile and compressive strength for BERP bars may strongly vary depending on the
type of used matrix, fibres, and volumetric proportions between matrix and fibres.

Basing on a comparison of the results from available experimental studies on me-
chanical properties of the BERP bars ([2,3,12-16]—Table 4) the differences between tensile
strength may vary from under 600 to even over 1500 MPa, which is a very wide range. In
most cases, the tensile strength of the BFRP bars was higher than the typical value of tensile
strength for steel reinforcement (about 500-600 MPa). However, no yielding occurs for
non-metallic bars. As a result, rupture failure modes were noted in most cases in tension,
which may result in a low safe reserve for design purposes.

In terms of tensile strength, the results from this study are similar to the works of
Protchenko et al. [13], Urbanski et al. [14] and Wlodarczyk and Trofimczuk [16].

Regarding compressive strength of the BFRP bars, there are few data available in the
literature concerning this parameter. The reason for that may be the fact that reinforcement
bars are typically submitted to tension during their lifecycle in most concrete structures.
However, it is worth considering during designing that the compressive strength of the
bars can be significantly lower than their tensile strength, and also lower than compressive
strength of most of steel reinforcement bars (typically around 500-600 MPa). Moreover,
similar results for compressive strength were noted within this study and by Thiyagarajan
et al. [3] (about 450-500 MPa).
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Elasticity modulus in tension measured within this study was equal to about 45 GPa,
which is similar to other studies (38.34-52.0), apart from the Elgabbas et al. studies [2,15], in
which the bars had a significantly higher stiffness (59.5-90.4 GPa). Even the highest value
of elasticity modulus for BFRP bars amongst the available analysed literature (90.4 GPa) is
much lower than typical values for reinforcement steel (about 210 GPa). This may lead to
excessive deflections and crack propagation in bent concrete elements with non-metallic
reinforcement.

Additionally, this study aimed to experimentally determine elasticity moduli at com-
pression, which were 15-30% lower than the values measured in tension.

Further research will concern the examination of tensile strength at elevated and
high temperatures in comparison to the available literature data [17-20]. The results
from the current study will also be used for numerical modelling purposes regarding
axially compressed concrete columns with BFRP reinforcement bars at room and high
temperatures.

Table 4. Mechanical properties of the BFRP bars—comparison.

Reference Diameters Tensile Compressive Elasticity
Strength [MPa]  Strength [MPa] = Modulus [GPal
Thiyagarajan ¢ 10,04 12mm  1362.3-1585.6 470.2-495.3 48-52
etal. [3] (tension)
Fanand Zhang 12 mm 569-681 - -
[12]
Protchenko et al. 439
03] 8 mm 11033 - (tension)
Urbar[‘fE etal. 8 mm 1009.1-1089.4 - 38.34-40.72
59.5-69.0
Elgabbas et al. (tension)
[2,15] 7-8 mm 1567-1680 - 74 0-90.4
(flexion)
Wiodarczyk and 43.9-48.2
Trofimczuk [16] 8 and 10 mm 1103-1153 ) (tension)
43.3-44.6
. . (tension)
This study 8,10 and 12 mm 930.5-1121.3 441.2-466.8 31.0-38.4
(compression)

6. Conclusions
The following conclusions can be drawn from this study:

1.  The mechanical properties of the BFRP may strongly vary depending on many pa-
rameters, such as the type of matrix and fibres, and their volumetric proportions.
However, there can be noted some trends that are similar to other studies, such as
a significant reduction in compressive strength in reference to tensile strength (by
over 60% in experiments performed by Thiyagarajan et al. [3] and about 40-50% in
this study).

2. Elasticity modulus values determined with the use of Digital Image Correlation for
BFRP bars were significantly lower than the values for traditional steel reinforcement
(about 5 times lower in tension and 6 times lower in compression).

3. Low glass transition temperature (equal to 107.5 °C), at which structural changes in
the material occurred, may lead to significant reduction in possible applicational areas.
The same was confirmed in tests at elevated temperatures, as the retention ratio of
compressive strength at about 100 °C was equal to 25%, and at 200 °C, it was 8%.
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