Avestia Publishing

International Journal of Civil Infrastructure (1JCI)
Volume 7, Year 2024

ISSN: 2563-8084

DOI: 10.11159/ijci.2024.014

Behavior of BFRP Bars in Moist Geopolymer Concrete
and Alkaline-Exposed Conventional Concrete

Mouaz Chkhachiroul, Hilal El-Hassan?!, Tamer El-Maaddawy!, Mohammed AbuGhalil
United Arab Emirates University
Al Ain, United Arab Emirates
202170150@uaeu.ac.ae; helhassan@uaeu.ac.ae; tamer.maaddawy@uaeu.ac.ae, 202170069 @uaeu.ac.ae

Abstract - This research studies the performance of sand-coated
basalt fiber reinforced polymer (BFRP) in two different
environments under varied temperatures conditioned for 3
months. During the conditioning period, these BFRP specimens
were subject to two environmental conditioning schemes: moist
geopolymer concrete and alkaline solution simulating the
concrete pore solution. The conditioning temperature varied
among 20, 40, and 60°C. Both types of concrete were designed
with a nominal cylindrical compressive strength of 40 MPa with
a slag-to-fly ash mass ratio of 1:3. The tensile strength, moisture
uptake, and matrix retention of BFRP bars were measured. Test
results highlighted the tensile strength of BFRP bars submerged
in moist geopolymer concrete decreased significantly, retaining
68.3%, 47.6%, and 57.9% at 20°C, 40°C, and 60°C, respectively.
In contrast, BFRP bars in the alkaline solution showed superior
tensile performance with retention of 95.4%, 97.1%, and 91.2%
at the same conditioning temperatures. All tested bars in moist
geopolymer concrete exhibited higher moisture uptake
compared to those in the alkaline solution. At 20°C, the moisture
uptake was nearly double in geopolymer concrete, and this
trend continued at higher temperatures. This indicates a higher
rate of water diffusion in geopolymer concrete, which
accelerates degradation mechanisms such as hydrolysis. The
matrix retention of BFRP bars was significantly lower in moist
geopolymer concrete, especially at elevated temperatures,
suggesting greater susceptibility to resin matrix degradation in
this environment. These results highlight the crucial influence of
the surrounding concrete environment on the long-term
performance of BFRP bars
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1. Introduction

Numerous studies have been focusing on
sustainable construction by exploring alternative
materials for concrete and reinforcement, considering
their = chemical composition and mechanical
performance. These advancements hold the potential to
improve environmental sustainability and reduce the
risk of concrete structure deterioration. Findings suggest
that Geopolymer Concrete (GC) can be a viable
replacement for conventional Portland cement concrete
[1-3]. The production of concrete significantly impacts
our environment by requiring the excessive use of
resources, leading to environmental degradation. Its
various components, particularly when considering the
production of Portland cement, contribute heavily to
issues like significant greenhouse gas emissions and high
water consumption [4, 5].

Reinforcement corrosion, caused by carbonation,
chloride ingress, and acid rain attack, is a major factor in
the low durability performance of concrete structures.
Corrosive ions, such as chlorides, penetrate the concrete
due to carbonation or acid rain attack, breaking down
the steel's passive layer and initiating the oxidation
process [6]. This corrosion leads to cracking, spalling,
and ultimately, a loss of the structure's load-bearing
capacity, significantly reducing its service life. The
repairs necessitated by reinforcement corrosion cost
billions of dollars annually worldwide [6-9]. As a
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solution, Fiber-reinforced Polymer (FRP) bars offer a
promising alternative to traditional steel reinforcement
owing to their high strength capacity, thermal resistivity
and resistance to corrosion [10-15]. FRP rebars come in
various types, including Glass Fiber-reinforced polymer
(GFRP), Carbon Fiber-reinforced Polymer (CFRP), and
Basalt Fiber-reinforced Polymer (BFRP). BFRP has
gained particular interest in recent years due to its low
cost, excellent durability in alkaline environments
(common in concrete), Fatigue performance, and zero-
toxic material composition [16-17]. However, some
limitations of BFRP include lower ductility compared to
other FRPs, raising concerns about potential sudden
failure in concrete structures. This highlights the
importance of considering both the benefits and
drawbacks of different FRP materials when selecting
reinforcement options [19].

Numerous research studies have investigated the
performance of BFRP composites in concrete,
emphasizing their effectiveness under various
conditions. Lu et al. [20] investigated the durability of
BFRP bars embedded in concrete at 60°C for 6 months.
They found that BFRPs in geopolymer concrete retained
11% more strength compared to those in conventional
concrete, highlighting the potential benefits of
geopolymer concrete for FRP reinforcement. Al-Hamrani
and Alnahhal investigated the effect of seawater
immersion on the bond strength of BFRP bars in
concrete. They evaluated BFRP bars embedded in
concrete specimens exposed to seawater at 50°C for 3, 6,
and 9 months. Their results showed that BFRP bars
maintained a higher bond strength in conventional
concrete compared to those exposed to seawater [21].
Elgabbas et al. [12] quantified the detrimental effect of
alkaline solutions on BFRP bars. Their research exposed
BFRP bars to a simulated concrete environment and
observed a measurable decrease in the bars' mechanical
properties. Similarly, Al Rifai et al. [17] investigated the
effect of harsh alkaline environments on basalt fiber-
reinforced polymer (BFRP) rebar durability. Their study
exposed BFRP bars to a simulated concrete pore solution
at 60°C for 9 months. The results were concerning, with
bars experiencing a significant 29% loss in tensile
strength compared to a mere 15% reduction in bars
submerged in standard tap water. Mingchao et al. [22]
identified the flexural strength of BFRP bars as a more
critical property than the flexural modulus when
considering the impact of alkaline solution exposure on
their performance in concrete structures. This highlights
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the potential vulnerability of BFRP reinforcement in
highly alkaline concrete environments [22-24].

This study investigates the durability of sand-coated
basalt fiber-reinforced polymer (BFRP) bars embedded
in two concrete types: conventional Portland Cement
Concrete (PCC) and slag-fly ash blended Geopolymer
Concrete (GC). To assess the impact of the environment,
PCC specimens are conditioned in an alkaline solution
while GC specimens are submerged in tap water. After 3
months of immersion concrete at varying temperatures
(20°, 40°C, and 60°C), evaluation included the tensile
strength property of the BFRP bars. To understand the
deterioration mechanisms, their moisture uptake and
matrix composition analysis were done.

2. Experimental Program
2. 1. Materials

This experiment evaluated the performance of two
different sizes of sand-coated basalt fiber-reinforced
polymer (BFRP) rebar. Both rebars were manufactured
using basalt fibers impregnated with epoxy resin. The
nominal diameters were 10 mm and 12 mm, with the
larger diameter (12 mm) rebar immersed in saturated
geopolymer concrete and the smaller diameter (10 mm)
rebar exposed to an alkaline solution. Following the
procedures outlined in ACI 440.3R [26], the average
cross-sectional area of the BFRP rebars was determined
to be 94 mm? and 121 mm? for the 10 mm and 12 mm
diameter rebars, respectively. This measurement is
crucial for calculating the tensile load capacity of the
rebars and ensuring they meet design requirements. To
quantify the Fiber content by weight, the BFRP bars
underwent matrix digestion using nitric acid (HNOs) as
specified in ASTM D3171 [27]. This process dissolves the
epoxy resin, leaving behind the isolated basalt fibers. The
analysis revealed a fiber mass fraction of 74.5%. A high
fiber content is desirable in BFRP rebars as it directly
contributes to their tensile strength and stiffness. Finally,
the void content was found to be 0.24% according to
ASTM D3171 and D2734 [26, 27]. Voids within the BFRP
composite can act as stress concentrators and
potentially weaken the rebar. A low void content ensures
a more uniform distribution of stress throughout the
fiber-matrix interface, leading to improved mechanical
performance.

Two concrete mixtures were prepared to evaluate
the performance of BFRP rebar under different
environments. The first concrete type was geopolymer
concrete, formulated for enhanced durability. The
geopolymer binder consisted of a 3:1 blend of Ground



Granulated Blast Furnace Slag (GGBS) and Fly Ash (FA),
activated by a 14 M sodium hydroxide (NaOH) solution
at a 1.5:1 liquid-to-binder ratio [5]. This combination
promotes a strong reaction that forms a highly alkaline,
aluminosilicate gel matrix. Coarse aggregates for the
geopolymer concrete were crushed dolomitic limestone
with a 10 mm maximum size, while desert dune sand
served as the fine aggregate. In contrast, the second
concrete type was a commercially available ready-mix
concrete containing Ordinary Portland Cement (OPC)
conforming to ASTM Type L. Both concrete mixes were
designed to achieve a target compressive strength of 40
MPa. After thorough mixing, casting, and compaction, the
concrete specimens underwent testing to assess various
performance characteristics, including compressive
strength, split tensile strength, Ultrasonic Pulse Velocity
(UPV), and pH value as per ASTM C39 [29], ASTM C496
[30], ASTM C(C597 [31] and ASTM E70-07[32],
respectively. The properties of each type of concrete are
summarized in Table 1.

Table 1. Surrounding concrete properties

Portland Geopolvmer
Test Cement poty Unit | Standard
Concrete
Concrete
ACI
Area 94.3 121.3 mm 440.3R
[26]
Compressive ASTM C39
Strength 46.7 37.5 MPa [29]
Split Tensile ASTM
Strength 3.2 3.1 MPa | 496 [30]
ASTM
UPV 4.8 4.7 Km/s €597 [31]
ASTM
pH 12.5 114 E70-
07[32]

Following initial characterization, the concrete
specimens were subjected to different conditioning
environments. Geopolymer concrete specimens were
submerged in a saturated geopolymer concrete
environment, closely representing the internal pore
solution of the material. Meanwhile, Portland cement
concrete specimens were immersed in an alkaline
solution with a higher pH of 12.1, representing a more
aggressive alkaline environment compared to the
geopolymer concrete's internal pore solution (pH 8.8).
This variation in pH levels allows us to investigate the
potential impact of different alkaline environments on
the durability of BFRP rebar embedded within each
concrete type.
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2. 2. Preparation of specimens

Eighteen concrete specimens were prepared, nine
for each concrete type. Each specimen had a total length
of 1200 mm to simulate realistic embedment lengths
encountered in practice. The sand-coated BFRP rebars
(shown in Figure 1) consisted of two nominal sizes, the
larger diameter (12 mm) BFRP rebar BFRP was
embedded 480 mm within the GC specimen, while the
smaller diameter (10 mm) rebar was embedded 400 mm
within the PCC specimen. The remaining lengths on
either side of the embedded sections were used to install
steel grips for subsequent tensile strength testing as per
standard testing procedures. The concrete prism
dimensions were designed with a length 40 times the
diameter of the BFRP rebar as per ACI 440.4R [26]. The
BFRP rebars were cast within concrete prisms having a
square cross-section of 50 mm x 50 mm. These
dimensions ensure a proper stress distribution during
testing. After casting, the specimens were allowed to
harden under controlled conditions. To achieve proper
curing, they were wrapped in cloths and kept moist by
regular spraying with potable water for 28 days.
Following this initial curing period, the specimens were
transferred to a natural environment until the
conditioning tanks were prepared for testing.

Fud

Figure 1. Sand-coated BFRP rebars

The actual conditioning phase involved immersing
the specimens in a moist environment for 3 months at
three different temperatures: 20°C, 40°C, and 60°C. Six
conditioning tanks were utilized to accommodate these
varying temperatures. Stainless steel tanks were used
for PCC specimens submerged in the alkaline solution,
while fiberglass high-resistance tanks were used for GC
specimens. To ensure proper isolation and maintain the
desired temperatures, each set of three tanks (one for
each temperature) was independent. For the PCC



specimens, an alkaline solution with a pH matching the
internal pore water of concrete was prepared. This
solution was achieved by adding and thoroughly mixing
40 g/L of sodium hydroxide (NaOH) with water. High-
quality thermostats were installed in each tank to
precisely control the conditioning temperatures. Water
levels were monitored and adjusted regularly to
maintain consistent testing conditions. Additionally,
thermostats were replaced periodically if necessary,
throughout the experiment period. Polyvinyl Chloride
(PVC) pipes were installed on both sides of the
embedded BFRP rebar sections within each specimen to
isolate the BFRP bars effectively within the conditioned
solutions. These PVC pipes were filled with a universal
multi-foam material to create a physical barrier between
the bars and the surrounding conditioning solution.
Finally, the open ends of the PVC pipes were sealed with
impermeable plastic covers to prevent any leakage or
contamination.

I rermometer

A

.

Heater
Thermostat

Figure 2. Conditioning tanks used for each immersion
environment

2.3 Performance Evaluation

Following the 3-month conditioning period, the
BFRP rebars were extracted from tanks, and concrete
was removed. a standardized testing procedure outlined
in ACI 440.3R-04 [26] was employed to evaluate the
tensile strength after exposure to different
environments and temperatures. Specially designed
steel grips were crucial for this test. These grips were
designed with a 50 mm outer diameter, 400 mm length,
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and 1.5 mm thickness and ensured safe and efficient load
transfer from the tensile testing machine to the BFRP
rebars. The inner surface of the grips was roughened to
enhance epoxy adhesion along the entire 400 mm length
and to achieve a strong and reliable connection. After
applying epoxy and allowing it to cure for 24 hours, the
BFRP rebars were secured within the grips for testing.
The test involved applying a uniaxial tensile load at a
controlled displacement rate of 1.5 mm/minute until
failure. The recorded load data was used to calculate the
tensile strength by dividing the maximum load by the
BFRP rebar's cross-sectional area. In addition to tensile
strength, the moisture uptake of the BFRP rebars was
evaluated following the completion of the conditioning
phase. This test, conducted according to ASTM D570
[33]. This code allowed assessing the amount of
moisture absorbed by the BFRP specimens at each
temperature (20°C, 40°C, and 60°C). BFRP rebars were
dried in an oven at 100°C for 24 hours before testing for
eliminating any potential mass loss from the specimens.
The fiber and matrix contents were analyzed using a
matrix digestion technique specified in ASTM D3171
[27] for more insights into the potential degradation
mechanisms of the BFRP rebars under different
conditions. This test involved mixing a sample of BFRP
material (0.5-1.5 g) with 50 mL of a 70% nitric acid
solution. The resulting mixture was then subjected to a
controlled temperature of 80°C within a heated
container for 6 hours. This elevated temperature
facilitated a chemical reaction that dissolved the epoxy
resin within the BFRP composite. Following this process,
the mixture was washed with distilled water and oven-
dried at 100°C for 1 hour to remove any remaining
moisture before further analysis. Analyzing the residuals
after digestion provides the relative proportions of fiber
and matrix within the BFRP rebars. Potentially revealing
how these components were affected by the different
conditioning environments.

3. Experimental Results
3. 1. Tensile Strength

To identify potential correlations between tensile
strength and environmental conditions, the specimens
were designated with a code "XX-Y," where "XX"
represents the concrete type (GC for geopolymer
concrete and PCC for Portland cement concrete) and "Y"
represents the immersion environment (W for moist
geopolymer concrete and A for alkaline solution). Figure
3 presents the tensile strength of BFRP rebars after
exposure to different environments for 3 months.



Compared to the control specimens, all conditioned
rebars exhibited different drops in tensile strength
values. Notably, BFRP rebars embedded in moist
geopolymer concrete (GC) displayed a progressive
reduction in tensile strength with increasing
temperature. At 20°C, 40°C, and 60°C, these rebars
retained only 68.3%, 47.6%, and 57.9% of their original
strength, respectively. In contrast, BFRP rebars
conditioned in the alkaline solution of Portland cement
concrete demonstrated superior performance. These
rebars experienced minimal strength reduction across
all temperatures, with strength retention of 95.4%,
97.1%, and 91.2%, respectively, compared to the control
group for all the temperatures as per Table 2. Notably,
the highest strength (1232 MPa) was observed at 40°C,
with minimal further change at 60°C. This suggests that
the alkaline solution environment within Portland
cement concrete may offer some protection for BFRP
rebars against the detrimental effects of temperature.

These findings emphasize the significant influence
of the surrounding concrete and the type of conditioning
environment on the BFRP rebars' response to elevated
temperatures [33, 34]. While increasing temperature
from 20°C to 40°C negatively impacts the strength of
rebars in moist geopolymer concrete, those embedded in
the alkaline solution of Portland cement concrete appear
less susceptible. This behaviour aligns with El-Hassan et
al. [36] research suggests that temperature can
accelerate hydrolysis degradation mechanisms within
BFRP composites, particularly when water diffusion is
high. For both types of environments, the specimens
submerged at higher temperatures (60°C) experienced
more disintegration in the bonds between fiber and
matrix which resulted higher separation rate to those
submerged at (20°C) temperature. These findings
corroborate Lu et al. [23] conclusion that the tensile
strength of BFRP is heavily reliant on fiber integrity. The
contrasting performance in tensile strength of BFRP
rebars in these environments emphasizes the need for
careful consideration of the concrete type, environment
media, and the potential service temperature when
selecting the proper BFRP reinforcement for concrete
structures. Consideration of the potential service
temperature is paramount, as elevated temperatures
have been shown to accelerate degradation mechanisms
within the BFRP composite.
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Figure 3. BFRP tensile strength performance at different
temperatures

Table 2. BFRP tensile strength retention analysis

Conditioning

Tensile

Tensile

Environment Su;‘;‘s;ltng temperature| Strength |retention El;;or

(°C) (MPa) % °

Control 1268.0 £ 15.2 0 1.3

20 866.2+20.4 | 683 2.4

Tap water | G€OPolymer 40 604.6+287 | 476 | 47
Concrete

60 734.1+545| 579 7.6

20 12109 £25.3| 954 21
Alkaline | Fortiand

- Cement 40 1232.1+£279| 97.1 1.9

solution

Concrete

60 1157.5+12.8| 91.2 1.1

3.2 Moisture Uptake

The inherent porosity of concrete, regardless of
type (geopolymer or Portland cement concrete), allows
for water absorption from the surrounding environment.
This absorbed moisture can potentially contribute to the
deterioration of BFRP rebars through existing
microcracks within the concrete mixture. As depicted in
Figure 4, the moisture uptake data for the conditioned
BFRP rebars differs. Interestingly, the average moisture
uptake across all three temperatures (20°C, 40°C, and
60°C) remained below 1% for both concrete types.
However, a notable trend emerged: BFRP rebars
embedded in moist geopolymer concrete (GC-W)
consistently exhibited higher moisture uptake compared
to those in the alkaline solution of Portland cement
concrete (PCC-A). At 20°C, the moisture uptake in GC-W



specimens was nearly double that of PCC-A specimens
(0.39% compared to 0.19%). This difference became
even more pronounced at 40°C, with GC-W specimens
showing a 61% increase in moisture uptake compared to
PCC-A specimens. Finally, at 60°C, the moisture uptake
remained higher in GC-W specimens. These observations
suggest that the type of conditioning environment
significantly impacts the water absorption behavior of
BFRP rebars. The higher temperatures may have
contributed to an increased water diffusion rate within
the geopolymer concrete, potentially expanding existing
microcracks and facilitating greater moisture ingress
into the BFRP rebars. This increased moisture uptake,
coupled with the elevated temperatures, could
potentially accelerate degradation mechanisms within
the BFRP composite, such as hydrolysis, which can
weaken the fiber-matrix interface and compromise the
overall performance of the rebar [35]. These findings
provide a compelling explanation for the observed
correlation between the observed reduction in tensile
strength and the elevated moisture absorption,
particularly at 40°C and 60°C. The deterioration of the
fiber-matrix interface, exacerbated by increased
moisture ingress at higher temperatures, likely
contributed to a reduction in the load-bearing capacity of
the BFRP rebars. Consequently, the BFRP rebars
exhibited diminished resistance to tensile forces under
these conditions.

(%)

o O O o o o o
O B N W s 0oy

Moisture Absorption

(°C)

Temperature

- - PCC- A —@—GC- W
Figure 4. Moisture absorption of the specimens

3.3 Matrix Digestion Analysis

Table 3 presents the results of the matrix digestion
test, which provides insights into the potential
degradation of the epoxy resin matrix within the BFRP
rebars under different conditioning environments. The
analysis focused on the mass content of the remaining
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matrix and the corresponding fiber content after the
digestion process.

Table 3. Matrix digestion analysis for the specimens

Specimen Conditioning | Content (%) Matrix Matrix
Designation temperature retention | | %
0) %
Fiber | Matrix
Control 74.6 25.4
20 79.3 | 20.7 81 19
GC-W 40 86.3 | 13.7 54 46
60 824 | 17.6 69 31
20 81 19 75.5 24.5
PCC-A 40 823 | 17.7 69.4 30.6
60 84.7 | 15.3 60 40

At 20°C, the matrix content of BFRP rebars
exposed to both moist geopolymer concrete and alkaline
solution environments showed a minimal difference. In
both cases, the matrix loss was around 20% with a
corresponding fiber content exceeding 79%. This
suggests that at this relatively low temperature, neither
environment significantly affected the integrity of the
epoxy matrix. However, a concerning trend emerged at
higher temperatures. BFRP rebars embedded in the GC
environment exhibited a more pronounced decrease in
matrix content than those in the PCC environment. At
40°C, the GC specimens displayed a 16% higher matrix
loss compared to their PCC counterparts. This suggests
that the geopolymer concrete environment might be
more aggressive towards the epoxy resin at this
temperature, potentially leading to accelerated
hydrolysis or other degradation mechanisms [37].
Interestingly, the matrix in the GC specimens was
retained more than in the PCC environment at 60°C,
indicating a less substantial degradation of the epoxy
matrix in the GC. In contrast, the BFRP rebars in the
alkaline solution of PCC showed a slight increase in fiber
content at 60°C compared to lower temperatures. This
could be attributed to the dissolution of the remaining,
potentially degraded, epoxy matrix, revealing a higher
proportion of fibers. These observations align with
previous research on GFRP bars exposed to moist
seawater-contaminated concrete [35], which also
reported accelerated degradation of the polymer matrix
at elevated temperatures. The increased temperature
could enhance the water diffusion rate within the



geopolymer concrete. Potentially, this enhanced
moisture ingress could have promoted hydrolytic
degradation of the epoxy resin at the fiber-matrix
interface. The resulting hydrolysis products may have
weakened the interfacial bond, thereby compromising
the load-transfer capacity of the composite and
ultimately contributing to the observed reduction in
tensile strength.

4. Conclusions

This study has provided a comprehensive
comparison of the performance of basalt fiber-
reinforced polymer (BFRP) bars in moist geopolymer
concrete and in an alkaline solution environment typical
of Portland cement concrete. The findings indicate that
BFRP bars exhibit a notable variation in tensile strength,
moisture uptake, and matrix retention when subjected to
different temperatures and environmental conditions.
BFRP bars embedded in moist geopolymer concrete
exhibited a substantial reduction in tensile strength with
increasing temperature, retaining only 68.3%, 47.6%,
and 57.9% of their original strength at 20°C, 40°C, and
60°C, respectively. In contrast, those conditioned in the
alkaline solution of Portland cement concrete
demonstrated minimal strength reduction, retaining
over 90% of their original tensile strength across all
tested temperatures. The BFRP bars in moist
geopolymer concrete consistently showed higher
moisture uptake compared to those in the alkaline
solution. At 20°C, the moisture uptake in geopolymer
concrete was nearly double that of Portland cement
concrete, and this trend was even more pronounced at
higher temperatures. This increased moisture uptake in
geopolymer concrete is likely due to higher water
diffusion rates, which can accelerate degradation
mechanisms such as hydrolysis. The matrix retention of
BFRP bars was significantly lower in moist geopolymer
concrete, especially at higher temperatures. This
suggests that the resin matrix of BFRP bars is more
susceptible to degradation in a moist geopolymer
environment, leading to a greater loss of mechanical
integrity.
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