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Abstract

The development of fiber- and nanomaterial-modified cementitious composites has attracted
increasing attention for their potential to enhance concrete performance and durability,
contributing to more efficient and sustainable construction materials. This study investi-
gated the influence of basalt fiber (BF), fiber surface treatment, and nanosilica (NS) on
the mechanical properties, workability, microstructure, and capillary water absorption of
concrete. Initially, basalt fiber-reinforced concrete (BFRC) mixtures containing fibers with
lengths of 3, 6, and 9 mm at contents of 0.1%, 0.3%, and 0.5% by mass of cement were
evaluated. Then, the selected 9 mm basalt fibers were surface-treated with HCI, followed by
the incorporation of colloidal nanosilica at 1.5% and 3.0% by mass of cement. Compressive
and flexural strengths, capillary water absorption, and scanning electron microscopy (SEM)
were evaluated. The results showed that higher fiber contents negatively affected workabil-
ity and mechanical performance, whereas nanosilica improved the performance of concrete
containing treated basalt fibers. The highest compressive and flexural strengths among the
investigated mixtures were obtained with 0.3% treated 9 mm basalt fibers combined with
3.0% nanosilica. At 63 days, this mixture reached compressive and flexural strengths of
34.87 and 7.57 MPa, representing an increase of 28.2% and 8.3%, respectively, compared
with the reference concrete. The incorporation of 3.0% nanosilica also reduced capillary
water absorption, particularly at fiber contents of 0.3% and 0.5%. SEM images suggested
a denser cementitious matrix and improved fiber-matrix contact. The combined use of
treated basalt fibers and nanosilica improved mechanical and microstructural performance
while reducing capillary water absorption.
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1. Introduction

Concrete offers several advantages, including good workability, durability, and me-
chanical strength, making it the most widely used construction material [1]. Currently,
the construction industry is increasingly focused on developing and adopting sustainable
materials and environmentally friendly technologies in response to growing concerns about
environmental protection and the need to preserve natural resources [2—4]. Improving
the mechanical performance and durability of concrete through material modification
represents an important strategy for developing more efficient and durable cementitious
composites [5]. Various types of fibers, such as steel, carbon, and glass fibers, have been
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incorporated into concrete to enhance its mechanical performance [6]. Their addition aims
to improve properties such as flexural strength, fatigue resistance, and flexural toughness,
among others [7,8].

The addition of fibers can improve the structural performance of concrete by controlling
crack formation and propagation, improving its mechanical properties, including tensile,
compressive, and flexural strength [9]. They act by transferring internal stresses across
cracks, providing a bridging effect that can improve ductility, post-cracking tensile strength,
fatigue resistance, and impact resistance [10,11]. However, the effectiveness of fiber rein-
forcement depends on the fiber-matrix bond, fiber content, and the characteristics of the
interfacial transition zone (ITZ). Different fiber materials and geometries can affect this
interaction. Smooth and straight steel fibers may exhibit limited interfacial bonding with
the cementitious matrix [ 12] whereas glass fibers can experience breakage and non-uniform
dispersion [13].

Among the different fibers used for concrete reinforcement, basalt fibers have attracted
increasing attention due to their favorable mechanical properties and potential application
in cementitious composites [14]. Compared with other commonly used fibers, basalt fibers
exhibit beneficial mechanical properties, greater durability than glass fibers, and lower cost
than carbon fibers, making them an attractive alternative for reinforcing cementitious com-
posites [6,15-17]. Beyond their mechanical performance, basalt fibers offer environmental
and economic advantages over conventional reinforcing fibers. Their production requires
considerably less energy than that of conventional fibers (glass, steel, and carbon fibers),
while the manufacturing process is relatively simple and does not require the addition of
chemical additives [18]. Basalt fibers also exhibit high stiffness and elastic modulus, as well
as good chemical and thermal stability, further supporting their potential as an alternative
reinforcement for cementitious composites [15,16,19,20].

In this regard, basalt fiber-reinforced concrete (BFRC) is a relatively recent mate-
rial that has demonstrated promising mechanical performance. Previous studies have re-
ported improvements in compressive strength, tensile strength, flexural strength, toughness
index, fracture energy, flexural-to-compressive strength ratio, and reinforcement coeffi-
cient of concrete incorporating basalt fibers at volume fractions of 0.3% and 0.4% [20,21].
Ja'e et al. [22] reported improvements in the mechanical properties of concrete contain-
ing basalt fibers and silica fume, with increases ranging from 28% to 65% in compressive
strength and from 11% to 46% in flexural strength. Ogiit and Demir [23] investigated
the influence of basalt fiber contents of 1-3% (wt.%) on the mechanical and durability
properties of concrete and reported that the fibers improved flexural performance and
corrosion resistance, while their effect on compressive strength was limited. However, other
authors have indicated that fiber incorporation alone is not the most effective approach for
enhancing the compressive strength of concrete [24].

The performance of the basalt fiber-reinforced concrete is linked to the fiber-matrix
interaction, since adequate bonding is required for efficient stress transfer between the fibers
and the cementitious matrix [25]. One possible approach to improve this interaction is the
application of surface treatments to reduce surface imperfections and protect basalt fibers
from the aggressive alkaline environment of the cementitious matrix [26]. These modifi-
cations can improve the interaction with the matrix by increasing surface roughness and
specific surface area or by introducing functional chemical groups onto the fiber surface [27].
Manikandan et al. [28] reported that H,SO, and NaOH treatments improved fiber-matrix
adhesion, resulting in a 20% increase in tensile strength compared with composites con-
taining untreated basalt fibers. However, aggressive chemical treatments may also reduce
fiber integrity. Prolonged NaOH exposure has been reported to reduce basalt fiber strength
by up to 80% [29]. Alternative surface modifications, such as aminosilane-based coatings,

https://doi.org/10.3390/buildings16214438


https://doi.org/10.3390/buildings16214438

Buildings 2026, 16, 4438

30f27

have been shown to increase surface roughness and improve fiber—-matrix adhesion [27].
More recently, Deng et al. [30] showed that HCI treatment increased basalt fiber surface
roughness and improved dispersion within the cementitious matrix, with little effect on
tensile properties.

Additionally, with the growing trend toward using more sustainable materials in
cementitious composites, nanotechnology has attracted increasing attention in civil engi-
neering for developing advanced materials and enhancing the properties and functionality
of existing cement-based materials [31,32]. Nanomaterials can accelerate the cement hydra-
tion process, improving both the quality and quantity of hydration products, particularly
calcium silicate hydrate (C-S-H) [33]. C-S-H is the predominant hydration product of
Portland cement and is primarily responsible for the strength of cementitious materials.
Since it constitutes approximately 50-60% of the solid volume of fully hydrated cement paste,
any process that promotes additional C-S-H formation, such as the pozzolanic reaction of
nanosilica, can enhance the mechanical performance of concrete [34].

To improve the mechanical properties of basalt fiber-reinforced concrete, researchers
have proposed combining basalt fibers with nanosilica [35-37]. The synergistic use of these
two materials can improve the fiber-matrix interfacial bond by refining the cementitious ma-
trix, resulting in more efficient stress transfer and improved mechanical performance [38].
Colloidal nanosilica (NS), composed of nanoscale particles dispersed in a liquid medium,
can provide improved dispersion compared with dry forms, promoting a more homo-
geneous distribution within the cementitious matrix [39]. In addition to enhancing the
compressive strength of concrete, the incorporation of nanosilica can reduce its porosity
by consuming calcium hydroxide (CH) through the pozzolanic reaction, leading to the
formation of additional C-S-H [40,41]. Previous studies have also shown that the combined
use of nanosilica and basalt fibers can improve the crack resistance of concrete by strength-
ening the fiber-matrix interfacial transition zone (ITZ) and enhancing stress transfer across
cracks [33].

Nanosilica can also promote adhesion between the fibers and the cementitious matrix,
thereby improving the reinforcement effect provided by the fibers [42]. Zhu et al. [43]
determined an optimal combination of 6 mm basalt fibers at a content of 0.2% vol.% of
concrete and 2% nanosilica by mass of cement. Their results indicated that NS effectively
filled micropores in the concrete, increased matrix density, and improved the concrete’s
mechanical performance. Moreover, NS-induced micro- and nanostructures increased the
surface roughness of basalt fibers, improving interaction with the cementitious matrix.
However, the incorporation of nanosilica can reduce the workability of concrete [44].

In recycled concrete, the combined incorporation of nanosilica and basalt fibers has
also been reported to enhance mechanical performance [45]. Flexural tests conducted on
recycled concrete beams demonstrated that the simultaneous incorporation of nanosilica
and basalt fibers improved structural performance by increasing load-carrying capacity
while reducing crack width and deflection under loading [46]. In addition to material com-
position, temperature can affect the mechanical properties and microstructure of concrete.
Deng et al. [47] and Lin et al. [48] reported changes in the mechanical behavior of recycled
aggregate and conventional concrete, respectively, with a general reduction in compressive
strength at elevated temperatures. Pehlivan [49] evaluated the combined incorporation
of basalt fibers, nanosilica, and silica fume in cement mortars and found that basalt fibers
improved flexural strength and toughness, while the combined use of nanosilica and silica
fume enhanced the contribution of the fibers, resulting in a flexural strength increase of
up to 23%. Sharaky et al. [50] investigated the influence of nanosilica content and mixing
method on the strength and water absorption of concrete and reported that nanosilica
increased compressive strength and reduced water absorption.
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Based on the available literature, most studies have focused on the isolated effects of
incorporating basalt fibers or nanosilica into cementitious composites. Hence, this study
combines fiber length and content, surface treatment, and nanosilica incorporation within
a sequential experimental approach. The present study aimed to evaluate the mechanical
properties, microstructure, and capillary water absorption of basalt fiber-reinforced con-
crete. In the first stage, the effects of fiber length (3, 6, and 9 mm) and fiber content (0.1,
0.3, and 0.5% by mass of cement) on the compressive and flexural strengths of concrete
were investigated to identify the best fiber configuration. Then, the basalt fibers from the
configuration with the best mechanical performance were subjected to a surface treatment
to improve their dispersion and interfacial bond with the cementitious matrix. In the third
stage, the fiber configuration was combined with colloidal nanosilica (1.5 and 3.0% by mass
of cement) to evaluate the combined influence of BF and NS on the compressive and flexural
strengths of concrete, as well as on the fiber-matrix interfacial transition zone. In addition
to the mechanical properties, the influence of the combined incorporation of basalt fibers
and nanosilica on the capillary water absorption of concrete was also investigated.

2. Methodology
2.1. Materials

The Portland cement used in this study was the CPV-ARI by Votorantim (Sao Paulo,
Brazil). This cement consists mainly of Portland clinker and calcium sulfate, with a maxi-
mum limestone filler content of 5%, according to ABNT NBR 16697:2018 [51]. Fine aggregate
consisted of natural river sand from the Camaqua River, Rio Grande do Sul, Brazil, with
a specific mass of 2.62 g/ cm?®, fineness modulus of 1.81, and a maximum dimension of
2.36 mm. Coarse aggregate consisted of crushed rhyodacite rock from Caxias do Sul, Rio
Grande do Sul, Brazil, with a specific mass of 2.47 g/ cm?, fineness modulus of 6.84, and a
maximum dimension of 12.5 mm.

The basalt fiber (BF) used had three different lengths: 3, 6, and 9 mm. Table 1 presents
their diameter and density. The density of the basalt fibers was experimentally determined
by gas pycnometry using a Quantachrome Ultrapyc 1200e pycnometer (Company Anton
Paar, Austrian company based in Graz, Austria) with nitrogen (N, ) as the analysis gas.
The reported density values were calculated as the average of five measurement runs, with
the corresponding standard deviations presented in Table 1. Basalt fiber diameters ranged
from 12.01 to 20.01 ym, and their densities ranged from 1.958 to 2.470 g/cm3. According
to Xie et al. [33], basalt fibers used in concrete reinforcement present tensile strengths of
3000-4800 MPa and elastic moduli of 91-110 GPa.

Table 1. Basalt fiber properties.

BF Diameter (pm) Density (g/cm?)
3 mm 12.01 1.958 £ 0.004
6 mm 20.01 2.470 £ 0.004
9 mm 12.67 2.256 £ 0.021

The samples were characterized by field-emission scanning electron microscopy (FEG-
SEM) using a Tescan microscope (Brno, Czech Republic). The analyses were performed
for each sample at the Central Laboratory of Microscopy (LCMIC) of the University of
Caxias do Sul (UCS). Figure 1 shows the SEM images of (a) BF with a length of 3 mm,
(b) BF with a length of 6 mm, (c) BF with a length of 9 mm, and (d) the characteristics of the
three samples.
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Figure 1. Basalt fibers with lengths of 3, 6, and 9 mm: (a) SEM image of 3 mm fibers; (b) SEM image
of 6 mm fibers; (c¢) SEM image of 9 mm fibers; and (d) photographs of the three fiber samples.

The colloidal nanosilica (NS) used was SilicaFLOW Nano 40, provided by ADCO
(Sao Paulo, Brazil). According to the manufacturer’s specifications, the product contains
approximately 40% solid SiO, and 60% water. The NS liquid was grey, with a density of
1.30-1.34 g/cm3. The superplasticizer used was CALKOR, provided by Inkor (Santa Cata-
rina, Brazil), containing 4-5% sodium resinate according to the manufacturer’s specifica-
tions, with a dark color, a density of 1.03 g/cm?, and a viscosity of 75-77 KU. The water-to-
cement ratio and superplasticizer dosage were selected to ensure adequate workability for
concrete casting, with the superplasticizer content proportionally increased as the basalt
fiber content increased. The aggregate proportions were established considering previous
studies [33] and the characteristics of the aggregates used in the present work.

2.2. Mixing

Basalt fiber-reinforced concrete (BFRC) was produced using three basalt fiber lengths
(3, 6, and 9 mm). The BF contents were 0%, 0.1%, 0.3%, and 0.5% by mass of cement,
with 0% corresponding to the reference concrete (RC). Considering the mixed proportions
adopted for the reference concrete, the superplasticizer content was increased to maintain
adequate concrete workability. The superplasticizer contents were 0.30%, 0.35%, and 0.40%
for basalt fiber contents of 0.1%, 0.3%, and 0.5% (by mass of cement), respectively.

The abbreviation BFRC refers to basalt fiber-reinforced concrete. In the results section,
the number immediately following BFRC indicates the fiber length (3, 6, or 9 mm), while
the suffix after the hyphen indicates the basalt fiber content used in each mixture. Thus,
mixtures containing fibers with lengths of 3, 6, and 9 mm were identified as BFRC3, BFRC6,
and BFRCY, respectively, followed by the corresponding fiber content of 0.1%, 0.3%, or 0.5%
by mass of cement.

After determining the most efficient basalt fiber configuration, the selected fiber length
was used in the subsequent stage, in which the fibers were surface-treated. To improve
the dispersion of basalt fibers in concrete, the basalt fiber surfaces were modified with a
hydrochloric acid (HCl) solution. The basalt fibers were rinsed with deionized water to
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remove any remaining grease from their surfaces. Then, the fibers were immersed in a
4 mol/L HCI solution at 50 °C for 10 h. After the treatment, the fibers were rinsed with
deionized water and dried at 120 °C for 30 min. This treatment procedure was based on
Deng et al. [30], who investigated different HCI concentrations, treatment temperatures,
and immersion times. Using the same HCI concentration (4 mol/L) and temperature
(50 °C) adopted in the present study, the authors reported an increase in basalt fiber surface
roughness of approximately 163% after 15 h of treatment. They also demonstrated that
HCI treatment improved fiber dispersion within the concrete matrix, with the dispersion
coefficient increasing from 0.60 to 0.91. The nomenclature used for concrete reinforced with
treated basalt fibers was BFRCT.

After evaluating the concrete reinforced with treated basalt fibers, colloidal nanosilica
(NS) was incorporated as a partial replacement for cement at contents of 1.5% and 3.0% (by
mass of cement). The superplasticizer content was slightly reduced in mixtures containing
nanosilica compared with the corresponding mixtures containing only treated basalt fibers.
For these mixtures, the NS content was included in the sample nomenclature. For example,
BFRCT-0.3 + 1.5% NS indicates a concrete mixture containing 0.3% treated basalt fiber
and 1.5% nanosilica, both expressed by mass of cement. The concrete mix proportions are
shown in Table 2, while Figure 2 illustrates the mixing procedure adopted in this study,
based on recommendations from [33]. The water content in Table 2 excludes the water
from colloidal nanosilica (60% by mass). Considering both sources, the water-to-cement
ratio remained around 0.57 for all mixtures.

Table 2. Concrete mix proportions for mixtures containing 3, 6, and 9 mm basalt fibers.

Cg;‘e’rc‘i’te Cement Ag;ﬂ; o Agg";rgszte Water SP BF BFT C"Hl\;’sidal

= 3 3 3 3 3

mens (kg/m”) " ig/md)  (kg/me) ke/m) o (Lmd) o (kg/m®) o (kg/mT) g0
RC 425.0 900.0 920.0 242.0 1.07 0.0 0.0 0.0

BFRC-0.1 425.0 900.0 920.0 242.0 1.28 0.425 0.0 0.0

BFRC-0.3 425.0 900.0 920.0 242.0 1.50 1.275 0.0 0.0

BFRC-0.5 425.0 900.0 920.0 242.0 1.70 2.125 0.0 0.0

BFRCT-0.1 425.0 900.0 920.0 242.0 1.28 0.0 0.425 0.0

BFRCT-03  425.0 900.0 920.0 242.0 1.50 0.0 1.275 0.0

BFRCT-0.5  425.0 900.0 920.0 242.0 1.68 0.0 2.125 0.0

BFRCT-0.1

PlseNs 4186 900.0 920.0 230.0 1.26 0.0 0.42 16.00

BFRCT-0.3

o lseNe 4186 900.0 920.0 230.0 1.45 0.0 1.25 16.00

BFRCT-0.5

ClsaNe 4186 900.0 920.0 230.0 1.66 0.0 2.10 16.00

BERCT-O.1 4153 900.0 920.0 215.0 1.25 0.0 0.41 32.00

+3%NS

BERCT-03 15 5 900.0 920.0 215.0 1.45 0.0 1.24 32.00

+3%NS

BERCT-0.5 4103 900.0 920.0 215.0 1.66 0.0 2.07 32.00

+3%NS

Note: BF and BFT contents of 0.1%, 0.3%, and 0.5% were calculated by mass of cement. NS contents of
1.5% and 3.0% were also calculated by mass of cement considering the solid content of the colloidal
nanosilica (40%).
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mix for 2 minutes mix for 2 minutes mix for 2 minutes mix for 2 minutes mix for 5 minutes

Figure 2. Mixing procedure for samples.

2.3. Preparation and Curing of Concrete Specimens

The concrete specimens were prepared according to the procedures described in the
standards ABNT NBR 5738:2015 and 5739:2018 [52,53]. For the compressive strength tests,
cylindrical specimens with dimensions of 100 mm in diameter and 200 mm in height were
used. The molds were filled with two layers of concrete, with each layer compacted using
12 uniformly distributed strokes with a tamping rod. The specimens were stored on a flat
surface for 24 h and then demolded. Subsequently, the specimens were stored in tanks
containing a saturated aqueous solution of calcium hydroxide at a controlled temperature
of 23 £ 2 °C until reaching 63 days of age.

For the flexural strength tests, the specimens were also prepared according to ABNT
NBR 5738:2015 [52]. Prismatic specimens with dimensions of 100 mm in width, 100 mm
in height, and 400 mm in length were used. The molds were filled with one layer of
concrete and compacted using 75 strokes. The specimens were stored on a flat surface for
24 h and then demolded. Similar to the cylindrical specimens, they were stored in tanks
containing a saturated aqueous solution of calcium hydroxide at a controlled temperature of
23 £ 2 °C until reaching 63 days of age. The curing age of 63 days was selected to evaluate
the development of mechanical properties beyond the conventional 28-day period, allowing
the investigation of the effects of basalt fibers and nanosilica over a longer curing period. The
curing age of 63 days was also adopted in previous studies on fiber-reinforced cementitious
composites [54].

In total, 228 cylindrical specimens (100 x 200 mm) and 76 prismatic specimens
(100 x 100 x 400 mm) were produced in this study, including the reference concrete and all
investigated concrete mixtures.

2.4. Workability Test

The slump test was performed to determine the consistency and workability of the
concrete in the fresh state, according to the procedures established in the standard ABNT
NBR 16889:2020 [55]. The concrete mixture was placed in a cone-shaped mold with a top
diameter of 100 mm, a bottom diameter of 200 mm, and a height of 300 mm. The mold
was filled in three layers of approximately equal height, with each layer compacted using
25 uniformly distributed strokes with a tamping rod. Immediately after removing the mold,
the difference in height between the mold and the center of the concrete specimen was
measured to determine the slump value.
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2.5. Compressive and Flexural Strength

The compressive and flexural tensile strength tests were performed at LBTEC (UCS)
using an EMIC PC 200 testing machine (Sdo José dos Pinhais, Brazil). For the compressive
strength test, cylindrical specimens with a diameter of 100 mm and a height of 200 mm
were prepared following the procedures established in ABNT NBR 5739:2018 [53]. The
compressive strength tests were performed at 7, 28, and 63 days to evaluate the evolution of
compressive strength and the effects of different concrete mixtures. For each basalt fiber
dosage, three specimens were tested at each age, resulting in a total of nine specimens
per dosage.

For flexural tensile strength tests, prismatic specimens with dimensions of 100 mm in
height, 100 mm in width, and 400 mm in length were prepared according to the procedures
established in ABNT NBR 5738:2015 [52] for molding, compaction, and curing. The tests
were performed according to ABNT NBR 12142:2010 [56], using a three-point bending
configuration with a concentrated load applied at the center of a 300 mm support span.
The tests were carried out on a servo-controlled press with hydraulic drive, model UH-501,
Intermetric brand (Mogi das Cruzes, Brazil), with Tesc software. For each concrete mixture,
two specimens were tested at 28 days and two at 63 days. The results were compared with
those obtained for the reference concrete to evaluate the influence of the different basalt
fiber contents and configurations on the flexural tensile strength.

2.6. Scanning Electron Microscopy (SEM)

SEM analysis was performed to evaluate the interaction between the fibers and the
cementitious matrix using samples of basalt fiber-reinforced concrete, treated basalt fiber-
reinforced concrete, and basalt fiber-reinforced concrete with nanosilica. FEG-SEM analyses
were performed at the Central Microscopy Laboratory (LCMIC) of the University of Caxias
do Sul (UCS) using a Tescan FEG Mira 3 scanning electron microscope (TESCAN Group,
Brno, Czech Republic).

2.7. Water Absorption Test

The water absorption test was performed to evaluate the capillary water absorption
behavior of the investigated concretes, following the procedures described in the standard
ABNT NBR 9779:2012 [57]. Cylindrical specimens with dimensions of 100 mm in diameter
and 200 mm in height were prepared according to NBR 5739:2018 [53]. After curing,
the specimens were dried in an oven at 105 £+ 5 °C until a constant mass was reached.
Subsequently, the specimens were cooled to determine their dry mass. After determining
the dry mass, the specimens were placed on supports in a container with a water level of
approximately 5 mm, so that only one surface remained in contact with the water. During
the test, the specimens were weighed after 72 h to determine the mass gain due to capillary
water absorption. Water absorption was calculated as the ratio of the increase in mass to the
surface area in contact with water, with the results expressed in g/cm?. This procedure was
used to evaluate water transport through the capillary pores and to analyze the influence
of basalt fibers and nanosilica incorporation on the durability of the investigated concretes.

2.8. Statistical Analysis

A two-way analysis of variance (ANOVA) with replication was performed separately
for each curing age and experimental stage, considering the investigated factors and their
interactions. Three specimens per mixture were used for compressive strength and two
specimens for flexural strength. A significance level of 5% (p < 0.05) was adopted. The
effect size was calculated using partial eta-squared (11°p), based on the sum of squares
obtained from the ANOVA.
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3. Results and Discussion
3.1. Workability

The workability of basalt fiber-reinforced concrete samples is an important parame-
ter for ensuring adequate mixing and compaction while preventing material segregation.
Figure 3 shows the effect of basalt fiber content by mass of cement and fiber length on con-
crete slump, and Figure 4 shows the effect of basalt fiber after treatment and the specimens
with basalt fiber and nanosilica on concrete slump. The workability of fresh concrete is
related to the amount of work required for its transport, placement, full compaction, and
finishing. Generally, the addition of fibers reduces the workability of concrete [58]. The
addition of fibers can decrease concrete workability, mainly due to the formation of a fiber
network within the concrete mixture, which can restrict the movement of coarse aggregates
and increase the resistance to mixture flow [58]. Katkhuda et al. [59] observed a reduction
in slump with the addition of BF, which was attributed to the interlocking effect of the fibers
and the absorption of part of the mixing water, resulting in increased friction between the
fibers and the cementitious matrix.
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Figure 3. Effect of basalt fiber content and fiber length on concrete slump in relation to the reference
concrete (RC).
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Figure 4. Effect of basalt fiber treatment and nanosilica addition on the slump of basalt fiber-reinforced
concrete.
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Figure 3 shows reduced workability in fiber-reinforced concrete mixtures with fiber
contents of 0.1% and 0.3%. The mixtures containing 9 mm BF at contents of 0.1% and 0.3%
showed reductions in workability of 26% and 39%, respectively. However, the specimens
containing 0.5% basalt fiber showed slump values closer to those of the reference concrete,
exhibiting unusual behavior with higher workability than the mixtures containing lower
fiber contents. This behavior may be attributed to the slightly higher superplasticizer
dosage used in mixtures containing 0.5% BF, which may have partially offset the reduction in
workability caused by the higher fiber content. Since the superplasticizer dosage varied with
fiber content, the influence of fiber content on workability cannot be evaluated independently
of this variation. However, for the same fiber content, the superplasticizer dosage was kept
constant across the different fiber lengths, allowing a direct comparison of the influence of
fiber length on workability. Figure 4 shows that, after the basalt fiber treatment, workability
increased by around 13%, 4.3%, and 8.7% for fiber contents of 0.1%, 0.3%, and 0.5% by mass
o cement, respectively. For the mixtures containing nanosilica, a consistent reduction in
workability was observed. For the mixture containing 0.5% basalt fiber and 3% NS, the
slump decreased by 56.5%. For these mixtures, the superplasticizer dosage and other mix
proportions were also adjusted with nanosilica incorporation, which should be considered
when interpreting the workability results. This result was expected and is consistent with
the behavior reported in previous studies [39].

3.2. Compressive Strength
3.2.1. Compressive Strength for Basalt Fiber-Reinforced Concrete

Figure 5 shows the compressive strength results for the reference concrete and the
concrete samples reinforced with different basalt fiber lengths and fiber contents, expressed
as percentages by mass of cement, at curing ages of 7, 28, and 63 days. All mixtures
exhibited an increase in compressive strength with curing age, indicating that cement
hydration progressed adequately throughout the curing period. However, none of the
concretes reinforced with basalt fibers exceeded the compressive strength of the reference
concrete. Mixtures containing 0.1% and 0.3% basalt fibers exhibited compressive strengths
comparable to that of the reference concrete, with the BFRC9-0.1% mixture achieving
27.22 MPa at 63 days, which was almost identical to that of the reference concrete
(27.21 MPa). On the other hand, concretes incorporating 0.5% basalt fibers exhibited
a considerable reduction in compressive strength. Compared with reference concrete, re-
ductions of 41.82%, 43.59%, and 41.60% were observed for the BFRC3-0.5%, BFRC6-0.5%,
and BFRC9-0.5% mixtures, respectively, corresponding to an average decrease of about
42%. This reduction may be attributed to the higher fiber content, which can promote fiber
agglomeration and the formation of local voids within the concrete matrix, thereby compro-
mising its compressive strength. However, the higher superplasticizer dosage adopted for
these mixtures may also have influenced the compressive strength results. Similar trends
have been reported in the literature. Jyang et al. [58] observed reductions of 0.2% and
2.0% in compressive strength for concretes containing 0.1% and 0.3% basalt fibers (%vol.),
respectively. Wang et al. [60] also reported a 23.2% reduction in compressive strength for
concrete reinforced with 0.3% basalt fibers by mass of cement.

A two-way analysis of variance (ANOVA) was performed to evaluate the effects of
basalt fiber length and content, as well as their interaction, on the compressive strength
at 7, 28, and 63 days. Table 3 summarizes the results, including the degrees of freedom
(df) and partial eta-squared values (1>p). At all curing ages, both fiber length and fiber
content had statistically significant effects on compressive strength (p < 0.05). Fiber content
presented considerably higher F-values than fiber length at all curing ages, indicating that
the variation associated with fiber content was more pronounced within the experimental
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conditions investigated. This result is consistent with the considerable reduction in com-
pressive strength observed in mixtures containing 0.5% BE. The partial eta-squared values
also indicated a greater effect of fiber content (n?p = 0.969) compared with fiber length
(n*p = 0.576) at 7 days. At7 days, the interaction between fiber length and fiber content was
also statistically significant (p = 0.007), indicating that the effect of one factor on early-age
compressive strength depended on the level of the other factor. This interaction may be
linked to differences in fiber dispersion and agglomeration associated with fiber length and
content. Increasing the fiber content can promote the formation of fiber clusters and local
voids, while different fiber lengths may influence their distribution within the cementitious
matrix. At early curing ages, these local defects may have a greater influence on compressive
strength since the cementitious matrix and the fiber-matrix interface are still developing.
However, this interaction was not statistically significant at 28 (p = 0.139) and 63 days
(p = 0.308), indicating no statistically significant interaction between fiber length and
content at later curing ages.
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24.0
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Compressive strength (MPa)

8.0
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Reference  BFRC3 BFRC3 BFRC3 BFRC6 BFRC6 BFRC6 BFRC9 BFRC9 BFRC9
0.1% 0.3% 0.5% 0.1% 0.3% 0.5% 0.1% 0.3% 0.5%

07 days m28days m63days

Figure 5. Compressive strength of basalt fiber-reinforced concrete with different fiber lengths and
contents at 7, 28, and 63 days.

Table 3. ANOVA results for the compressive strength of basalt fiber-reinforced concrete at different
curing ages.

Curing Age Source of Variation F-Value p-Value df 1p

7 days Fiber length 12.238 <0.001 2,18 0.576
Fiber content 280.677 <0.001 2,18 0.969
Fiber length x 4911 0.007 4,18 0522
fiber content

28 days Fiber length 12.223 <0.001 2,18 0.576
Fiber content 161.739 <0.001 2,18 0.947
Fiber length x 1.989 0.139 4,18 0306
fiber content

63 days Fiber length 7.956 0.003 2,18 0.469
Fiber content 245.839 <0.001 2,18 0.965
Fiber length x 1.299 0.308 4,18 0224

fiber content
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3.2.2. Compressive Strength for Treated Basalt Fiber-Reinforced Concrete (BFRCT)

Based on the BFRC results, the 9 mm basalt fiber was selected for subsequent stages,
including fiber treatment followed by the incorporation of nanosilica, mainly due to its
higher compressive strength compared with the other fiber lengths. Figure 6 shows the
compressive strength results for concrete samples reinforced with 9 mm treated basalt fibers
at curing ages of 7, 28, and 63 days. All mixtures exhibited an increase in compressive
strength with curing age. However, the concrete samples reinforced with treated basalt fibers
did not achieve the compressive strength of the reference concrete. The mixture containing
0.1% treated basalt fiber exhibited the lowest compressive strength, corresponding to a
reduction of approximately 32.71% compared with the reference concrete at 63 days. In
contrast, the mixtures incorporating 0.3% and 0.5% treated basalt fibers showed reductions
of 17.49% and 18.93%, respectively, relative to the reference concrete.
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Figure 6. Compressive strength of 9 mm treated basalt fiber-reinforced concrete at 7, 28, and 63 days
in relation to the reference concrete.

Increasing the fiber content from 0.3% to 0.5% caused only a small reduction in com-
pressive strength, unlike the reduction observed when the untreated basalt fiber content
increased from 0.1% to 0.5%. This behavior may indicate that the surface treatment con-
tributed to improved fiber-matrix interaction and reduced adverse effects associated with
fiber incorporation, such as fiber agglomeration. For mixtures containing 0.1% and 0.3%
basalt fibers, fiber treatment did not yield higher compressive strength than the correspond-
ing untreated mixtures. On the other hand, for the mixture containing 0.5% basalt fiber, the
treatment increased the compressive strength by 38% compared with the corresponding
untreated mixture at 63 days, indicating a positive effect of the surface treatment on the
mechanical performance of the concrete at this fiber content.

A two-way analysis of variance (ANOVA) was also performed to evaluate the effects of
fiber treatment and fiber content, as well as their interaction, on the compressive strength of
concrete reinforced with 9 mm basalt fibers. The results are presented in Table 4. At 7 days,
fiber treatment alone did not have a statistically significant effect (p = 0.473), whereas fiber
content and the interaction between treatment and fiber content were statistically significant
(p < 0.001). At28 and 63 days, both factors and their interaction were statistically significant
(p < 0.001), indicating that the effect of fiber treatment on compressive strength depended
on the fiber content. The partial eta-squared values also indicated a strong interaction
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between fiber treatment and fiber content at all curing ages (n°p = 0.921-0.958). This
behavior is consistent with the experimental results, in which the treatment did not improve
the compressive strength of mixtures containing 0.1% and 0.3% BEF, whereas an increase of
approximately 38% was observed for the mixture containing 0.5% BF at 63 days compared
with the corresponding untreated mixture. One possible explanation for this behavior is
related to changes in fiber dispersion and fiber-matrix interactions after HCI treatment. At
lower fiber contents, improved fiber dispersion may have a limited influence on compressive
strength, whereas at higher contents, the greater tendency for fiber agglomeration may
increase the potential benefits of surface treatment [30]. As cement hydration progresses,
the development of the interfacial zone may further enhance this effect, contributing to the
improvement observed for the mixture containing 0.5% treated BF at 63 days.

Table 4. Two-way ANOVA results for the compressive strength of untreated and treated 9 mm basalt
fiber-reinforced concrete at different curing ages.

Curing Age Source of Variation F-Value p-Value df n’p

7 days Fiber treatment 0.550 0.473 1,12 0.044
Fiber content 40.472 <0.001 2,12 0.871
Treatment x fiber 70.263 <0.001 2,12 0921
content

28 days Fiber treatment 74.988 <0.001 1,12 0.862
Fiber content 55.013 <0.001 2,12 0.902
Treatment x fiber 87.412 <0.001 2,12 0936
content

63 days Fiber treatment 26.875 <0.001 1,12 0.691
Fiber content 64.854 <0.001 2,12 0.915
Treatment x fiber 137.048 <0.001 2,12 0958

content

3.2.3. Compressive Strength for Treated Basalt Fiber-Reinforced Concrete with
Nanosilica (BFRCT-NS)

The results of the compressive strength tests for each basalt fiber-reinforced con-
crete mixture containing nanosilica at curing ages of 7, 28, and 63 days are presented in
Figure 7. At earlier curing ages, the incorporation of nanosilica influenced the compressive
strength. For mixtures containing 3.0% NS, the compressive strength ranged from 21.75 to
23.05 MPa at 7 days and increased to 25.57-27.39 MPa at 28 days, depending on the fiber
content. Mixtures containing 1.5% NS showed a less consistent evolution over this period,
particularly at 0.3% BF, for which the average compressive strength decreased from 22.28 to
20.55 MPa. These results indicate that the influence of nanosilica was already observed at
earlier curing ages.

At 63 days, all mixtures containing 1.5% nanosilica by mass of cement exhibited lower
compressive strength values than the reference concrete, whereas the mixtures containing
3.0% nanosilica exhibited higher compressive strength values than the reference concrete.
The mixtures reinforced with treated 9 mm basalt fibers and incorporating 1.5% nanosilica
exhibited compressive strengths that were 7.17%, 2.72%, and 11.03% lower than those of the
reference concrete at 63 days for fiber contents of 0.1%, 0.3%, and 0.5%, respectively. On the
other hand, the mixtures containing 3.0% nanosilica achieved compressive strengths that
were 20.11%, 28.15%, and 19.70% higher than those of the reference concrete at the same fiber
contents, respectively. Among the investigated mixtures, BFRCT9-0.3% + 3.0% NS exhibited
the highest compressive strength at 63 days, an increase of 28.15% over the reference
concrete. This behavior is consistent with the findings of Zheng et al. [61], who reported
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that incorporating nanosilica improved the compressive strength of basalt fiber-reinforced
concrete, even when mixtures containing only basalt fibers had lower compressive strength
than the reference concrete. These results indicate a beneficial combined effect of treated
basalt fibers and nanosilica on the compressive strength of the concrete, particularly at the
3.0% NS content. For all investigated fiber contents, increasing the nanosilica content from
1.5% to 3.0% resulted in higher compressive strength, suggesting that nanosilica contributed
to compensating for the reduction in compressive strength associated with basalt fiber
incorporation. This improvement may be associated with a denser cementitious matrix and
an improved fiber—matrix interfacial transition zone (ITZ) promoted by nanosilica. Zheng
et al. [61] also investigated the combined incorporation of BF and NS and reported that
nanosilica can react with calcium hydroxide (CH) via the pozzolanic reaction, promoting the
formation of additional calcium silicate hydrate (C-S-H), thereby contributing to a denser
cementitious matrix and improved mechanical performance. Similarly, Wang et al. [36]
reported that the combined incorporation of BF and NS improved the compressive strength
of recycled concrete.
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Figure 7. Compressive strength of 9 mm treated basalt fiber-reinforced concrete with different
nanosilica and fiber contents at 7, 28, and 63 days.

A two-way analysis of variance (ANOVA) was performed to evaluate the effects of
nanosilica and basalt fiber contents, as well as their interaction, on compressive strength.
The results are presented in Table 5. Nanosilica content had a statistically significant effect
at all curing ages (p < 0.001), with a considerably higher F-value at 63 days (F = 482.991).
At 7 and 63 days, fiber content and the interaction between nanosilica and fiber content
were also statistically significant (p < 0.05). In contrast, at 28 days, neither fiber content
(p = 0.386) nor the interaction between the factors (p = 0.227) was statistically significant.
The pronounced effect of nanosilica at 63 days is consistent with the higher compressive
strength observed for the mixtures containing 3.0% NS. This behavior may be associated
with the filler effect and the pozzolanic activity of nanosilica, which can promote matrix
densification and the formation of additional C-S-H as curing progresses.
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Table 5. Two-way ANOVA results for the compressive strength of basalt fiber-reinforced concrete
containing nanosilica at different curing ages.

Curing Age Source of Variation F-Value p-Value df 7°p
7 days Nanosilica content 59.852 <0.001 2,18 0.869
Fiber content 18.457 <0.001 2,18 0.672
NS x fiber content 4.617 0.010 4,18 0.506
28 days Nanosilica content 63.581 <0.001 2,18 0.876
Fiber content 1.005 0.386 2,18 0.100
NS x fiber content 1.563 0.227 4,18 0.258
63 days Nanosilica content 482.991 <0.001 2,18 0.982
Fiber content 19.784 <0.001 2,18 0.687
NS x fiber content 6.652 0.002 4,18 0.596

3.3. Flexural Strength
3.3.1. Flexural Strength for Basalt Fiber Reinforced Concrete

The results of the flexural tensile strength tests for each basalt fiber-reinforced concrete
mixture containing 3, 6, and 9 mm fibers at contents of 0.1%, 0.3%, and 0.5% by mass of
cement, at curing ages of 28 and 63 days, are presented in Figure 8. In flexural loading, basalt
fibers can act as bridges across cracks, contributing to stress transfer after crack initiation.
Among the mixtures containing 3 mm fibers (BFRC3), the addition of 0.1% BF resulted
in a slight increase in flexural strength compared with the reference concrete, reaching
7.17 MPa at 63 days. Increasing the fiber content to 0.3% for the 3 mm BF reduced the
flexural strength, whereas the mixture containing 0.5% BF reached 7.29 MPa at 63 days,
corresponding to an increase of about 4.3% compared with the reference concrete.
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Figure 8. Flexural strength of basalt fiber-reinforced concrete with different fiber lengths and contents
at 28 and 63 days.

For the mixtures containing 6 mm fibers (BFRC6), the specimens with 0.1% and 0.3%
BF exhibited lower flexural strengths than the reference concrete at 63 days, with reductions
of about 18.5% and 17.5%, respectively. On the other hand, the mixture containing 0.5%
BF showed a considerable increase in flexural strength between 28 and 63 days, reaching
7.56 MPa at 63 days, around 8.3% higher than the reference concrete. A similar increase
between curing ages was observed for all mixtures containing 0.5% BF, with increases
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of around 66.4%, 55.5%, and 21.2% for BFRC3, BFRC6, and BFRCY, respectively. For the
mixtures containing 9 mm fibers (BFRC9), the best performance was achieved with 0.1% BF,
reaching 7.52 MPa at 63 days, representing a 7.6% increase over the reference concrete. In-
creasing the fiber content to 0.3% and 0.5% with 9 mm BF resulted in lower flexural strength
values. In particular, BFRC9-0.5% exhibited a 16.5% reduction compared with the reference
concrete at 63 days. This may be associated with difficulties in fiber dispersion at higher
fiber contents, which can reduce the efficiency of stress transfer within the cementitious
matrix [45]. Similar trends have been reported in the literature. Niu et al. [62] observed
reductions of up to 11% in flexural strength with the incorporation of 0.2% BF (%vol.),
while Jiang et al. [58] reported improvements in flexural strength up to a BF content of 0.3%
(%vol.) and better performance with longer fibers. Algin and Ozen [17] also reported an
increase of up to 15.3% using 0.3% (%vol.) of 6 mm basalt fibers.

A two-way analysis of variance (ANOVA) was performed to evaluate the effects of
basalt fiber length and content, as well as their interaction, on flexural strength. The re-
sults are presented in Table 6. At 28 days, both fiber length (p = 0.040) and fiber content
(p < 0.001) had statistically significant effects on flexural strength, whereas their interac-
tion was not statistically significant (p = 0.165). Fiber content presented a higher F-value
than fiber length, indicating a more pronounced variation associated with this factor. The
influence of fiber length may be related to differences in fiber anchorage and fiber-matrix
interaction, while the effect of fiber content may be associated with the amount of fibers
available for crack bridging, as well as changes in workability and fiber dispersion at higher
contents. It is important to note that the statistical significance of fiber content does not imply
a continuous increase in flexural strength with increasing BF content, but rather that changes
in fiber content affect the mechanical response. At 63 days, neither fiber length (p = 0.376)
nor fiber content (p = 0.380) had a statistically significant effect on flexural strength. Their
interaction was also not statistically significant (p = 0.064). Therefore, although differences
in flexural strength were observed among the individual mixtures at 63 days, these differ-
ences were insufficient to demonstrate statistically significant main effects of fiber length or
content under the conditions investigated. The ANOVA results for flexural strength should
be interpreted with caution due to the limited number of specimens tested per mixture
(n=2).

Table 6. Two-way ANOVA results for the flexural strength of basalt fiber-reinforced concrete at
different curing ages.

Curing Age  Source of Variation F-Value p-Value df n’p

28 days Fiber length 4.716 0.040 2,9 0.512
Fiber content 37.660 <0.001 2,9 0.893
Fiber length x 2.086 0.165 4,9 0481
fiber content

63 days Fiber length 1.092 0.376 2,9 0.195
Fiber content 1.080 0.380 2,9 0.194
Fiber length x

fiber content 3.275 0.064 4,9 0.593

3.3.2. Flexural Strength for Treated Basalt Fiber Reinforced Concrete

Figure 9 presents the flexural strength results for concrete samples reinforced with
treated 9 mm basalt fibers at curing ages of 28 and 63 days. All mixtures exhibited an
increase in flexural strength with curing age. However, all concretes reinforced with treated
basalt fibers showed lower flexural strength than the reference concrete. Among the treated
fiber mixtures, the best performance was obtained with BFRCT9-0.5%, which reached
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5.36 MPa at 63 days. Nevertheless, this value was around 23.32% lower than that of the
reference concrete. Despite the increase in flexural strength with curing age, all mixtures
containing treated 9 mm basalt fibers exhibited lower values at 63 days than the correspond-
ing mixtures containing untreated 9 mm fibers. It is interesting to note that the untreated
BFRC9 mixtures showed a reduction in flexural strength with increasing fiber content,
whereas the treated BFRCT9 mixtures showed an increase from 4.86 MPa at 0.1% BF to
5.36 MPa at 0.5% BF. This change in behavior suggests that the surface treatment modified
the effect of fiber content on the flexural response, possibly due to changes in fiber dispersion
and fiber—matrix interactions. However, under the conditions investigated, the treatment
did not improve the overall flexural strength relative to the untreated fibers. This reduction
may be associated with changes in the interfacial bond after HCI treatment, since improved
fiber dispersion does not necessarily result in more efficient stress transfer between the fibers
and the cementitious matrix. As discussed by Iorio et al. [27] and Manikandan et al. [28],
the characteristics of the fiber—matrix interface influence the mechanical performance of
composites, particularly through mechanisms such as interfacial debonding and fiber pull-
out. These mechanisms may have contributed to the lower flexural strength observed for
the treated fiber mixtures.
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Figure 9. Flexural strength of concrete reinforced with treated 9 mm basalt fibers at different fiber
contents at 28 and 63 days.

A two-way ANOVA was performed to evaluate the effects of fiber treatment and fiber
content on flexural strength (Table 7). At 28 days, fiber treatment, fiber content, and their
interaction had statistically significant effects (p < 0.05), with fiber treatment presenting the
highest F-value. The significant interaction indicates that the treatment effect depended on
the fiber content at this curing age, which may be associated with changes in fiber-matrix
interactions promoted by the surface treatment. At 63 days, only fiber treatment remained
statistically significant (p = 0.012), whereas fiber content (p = 0.600) and the interaction
between treatment and fiber content (p = 0.231) were not significant. Although the surface
treatment affected the flexural response, it did not improve flexural strength, as the treated
fiber mixtures exhibited lower values than the corresponding untreated mixtures.
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Table 7. Two-way ANOVA results for the flexural strength of untreated and treated 9 mm basalt
fiber-reinforced concrete at different curing ages.

Curing Age Source of Variation F-Value p-Value df 7°p

28 days Fiber treatment 130.106 <0.001 1,6 0.956
Fiber content 22.030 0.002 2,6 0.880
freatment x 32136 <0.001 2,6 0915
fiber content

63 days Fiber treatment 12.694 0.012 1,6 0.679
Fiber content 0.556 0.600 2,6 0.156
Treatment x 1.892 0231 2,6 0387

fiber content

3.3.3. Flexural Strength for Basalt Fiber-Reinforced Concrete with Nanosilica

The flexural strength results for concrete samples reinforced with treated 9 mm basalt
fibers at contents of 0.1%, 0.3%, and 0.5%, and incorporating 1.5% and 3.0% nanosilica,
all by mass of cement, at curing ages of 28 and 63 days are presented in Figure 10. At
28 days, the mixtures containing 3.0% NS exhibited average flexural strengths of 6.22, 6.23,
and 5.83 MPa for fiber contents of 0.1%, 0.3%, and 0.5%, respectively. These values were
higher than those obtained with 1.5% NS (5.86, 5.18, and 5.03 MPa), showing that nanosilica
content already influenced flexural strength at 28 days. At 63 days, all mixtures containing
1.5% NS exhibited lower flexural strength than the reference concrete. The mixtures con-
taining 0.1%, 0.3%, and 0.5% treated BF exhibited reductions of about 17.7%, 14.2%, and
20.6%, respectively, relative to the reference concrete. However, better performance was
observed with the incorporation of 3.0% NS. The mixtures containing 0.1% and 0.5% treated
BF and 3.0% NS presented flexural strengths around 8.2% and 5.2% lower values than the
reference concrete, respectively, whereas BFRCT9-0.3% + 3.0% NS reached 7.57 MPa at
63 days, representing an increase of 8.3% compared with the reference concrete. This
mixture presented the highest flexural strength among all mixtures investigated in
this study.
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Figure 10. Flexural strength of treated basalt fiber-reinforced concrete containing nanosilica at 28 and
63 days.
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The improved performance observed with 3.0% NS may be attributed to the combined
effects of fiber-matrix interaction and microstructural refinement induced by nanosilica.
Nanosilica can contribute to a denser cementitious matrix through its filler and pozzolanic
effects, while the surface treatment may influence fiber dispersion and fiber—matrix interac-
tion. These mechanisms are further discussed in light of the SEM microstructural analysis.
Similar behavior was reported by Chen [45] who observed a 9.26% increase in flexural
strength in recycled aggregate concrete containing 0.3% BF and 3.0% NS (%vol.). Abna and
Mazloom [63] also reported a 22% improvement in flexural strength with the combined
incorporation of polypropylene fibers and nanosilica.

A two-way ANOVA was performed to evaluate the effects of nanosilica and basalt fiber
contents on flexural strength (Table 8). At 28 days, only nanosilica content had a statistically
significant effect (p = 0.018), whereas fiber content and the interaction between the factors
were not significant (p > 0.05). This result indicates that the differences in flexural strength
at this curing age were primarily associated with the nanosilica content, possibly due to its
contribution to microstructural refinement of the cementitious matrix and the fiber-matrix
interfacial zone. At 63 days, both nanosilica (p < 0.001) and fiber contents (p = 0.039)
had statistically significant effects, with nanosilica presenting a higher F-value. The more
pronounced influence of nanosilica at this age may be associated with the progression of
hydration and pozzolanic reactions, contributing to a denser cementitious matrix. In this
condition, the amount of fibers available for crack bridging may also become relevant to the
flexural response. The interaction between nanosilica and fiber content was not statistically
significant at either 28 or 63 days (p > 0.05).

Table 8. Two-way ANOVA results for the flexural strength of treated basalt fiber-reinforced concrete
containing nanosilica at different curing ages.

Curing Age Source of Variation F-Value p-Value df 7°p

28 days Nanosilica content 6.521 0.018 2,9 0.592
Fiber content 0.344 0.718 2,9 0.071
NS x fiber content 0.363 0.829 4,9 0.139

63 days Nanosilica content 58.145 <0.001 2,9 0.928
Fiber content 4.732 0.039 2,9 0.513
NS x fiber content 3.382 0.060 4,9 0.601

~

3.4. Water Absorption by Capillarity

The water absorption by capillarity test was performed at 72 h to evaluate capillary
water absorption in the different concrete mixtures. The results obtained are presented
in Figure 11. The reference concrete exhibited a capillary water absorption of 0.81 g/cm?
after 72 h. From the results, it is evident that basalt fiber-reinforced concrete showed no
linear relationship between fiber content and capillary water absorption. For the 3- and
6-mm fibers, the mixtures containing 0.5% BF exhibited relatively low absorption values of
around 0.4 g/cm? after 72 h. However, the 9 mm fiber mixtures showed a different behavior,
indicating that capillary water absorption was not governed solely by fiber content. These
results indicate that the reduction in compressive strength observed at higher fiber contents
was not necessarily accompanied by increased capillary water absorption. This behavior
may be related to differences between local defects affecting mechanical strength and the
pore connectivity governing capillary water transport.
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Figure 11. Water absorption by capillarity of the concrete mixtures after 72 h.

The mixtures containing treated 9 mm basalt fibers showed a higher water absorption
than the corresponding untreated fiber mixtures, reaching up to 1.40 g/cm?. Although
the surface treatment modified the fiber-matrix interaction, it did not reduce capillary
water absorption under the investigated conditions. This may be associated with changes
in the surface characteristics of basalt fibers after HCl treatment. Deng et al. [30] reported
that HCI treatment increased the surface wettability of basalt fibers, as indicated by the
reduction in contact angle. Ravel et al. [64] also demonstrated that changes in the surface
properties of basalt fibers after thermal treatment increased capillary pressure, indicating
the influence of surface modification on water transport. This higher wettability may favor
water interaction with the fiber surfaces and contribute to capillary water absorption. In
addition, water absorption depends on the porosity and connectivity of pores within the
cementitious matrix.

The incorporation of nanosilica changed the water absorption behavior. With 1.5% NS,
similar absorption values were achieved among the different fiber contents. For cases with
3.0% NS, capillary water absorption decreased with higher fiber content, from 0.78 g/cm?
at 0.1% BF to 0.40-0.45 g/cm? at 0.3-0.5% BF. This may be attributed to changes in the fiber-
matrix interaction and pore structure. However, the individual contribution of fiber content
to this reduction cannot be isolated from the other mixture variables. The lower water
absorption observed with 3.0% NS may be associated with the filler and pozzolanic effects
of nanosilica, which contribute to a denser cementitious matrix and may promote pore
structure refinement. This is also consistent with the improved mechanical performance
observed for the mixtures containing 3.0% NS.

3.5. Microstructure

The microstructure of the basalt fiber-reinforced concrete mixtures was evaluated using
SEM to investigate fiber distribution, fiber-matrix interactions, and the characteristics of the
cementitious matrix. Figure 12 shows SEM images of the concrete reinforced with untreated
basalt fibers. From Figure 12a, it is possible to observe fiber agglomeration and voids
between the fibers, indicating non-uniform fiber dispersion within the cementitious matrix.
Fiber agglomeration can contribute to the formation of voids and reduce workability, conse-
quently affecting the mechanical properties of fiber-reinforced concrete, as also reported
by Qin and Wu [65]. These observations are consistent with the reduction in mechanical
performance observed by some BFRC mixtures at higher fiber contents. Figure 12b presents

https://doi.org/10.3390/buildings16214438


https://doi.org/10.3390/buildings16214438

Buildings 2026, 16, 4438

21 of 27

the SEM image of concrete reinforced with 0.3% of 3 mm basalt fibers. The microstructure
shows the presence of pores and voids within the cementitious matrix, which may provide
pathways for water transport and contribute to the capillary water absorption behavior
observed experimentally.
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Figure 12. SEM image of basalt fiber-reinforced concrete: (a) BFRC 3 mm at 1000x; (b) BFRC 3 mm
and 0.3% at 250x; (¢) BFRC 3 mm and 0.5% SEM at 250x; (d) BFRC 9 mm and 0.1% SEM at 1000x.

Despite the presence of fiber agglomeration and voids, SEM images also show regions
where the cementitious matrix surrounds the basalt fibers (Figure 12¢,d). The cement paste
can be observed surrounding the fibers, with cementitious products deposited on their
surfaces. These products may increase interfacial friction and contribute to the fiber-matrix
bond. According to Shi et al. [66], improved interfacial interaction between basalt fibers
and the cementitious matrix can contribute to stress transfer and restrict crack propagation.
However, interfacial voids are still visible in some regions around the untreated fibers,
indicating locally incomplete contact between the fibers and the matrix. These microstruc-
tural characteristics may help explain the variability in the mechanical and capillary water
absorption results observed for the untreated BFRC mixtures.

The microstructure changed with the incorporation of treated 9 mm basalt fibers
and 3.0% nanosilica, as shown in Figure 13. The SEM images suggest a more compact
cementitious matrix in the examined regions surrounding the treated basalt fibers, with
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some visible interfacial voids, compared with the untreated BFRC mixtures shown in
Figure 12. However, these observations are qualitative, and the different imaging conditions
do not allow a direct quantitative comparison of matrix density or porosity. At higher
magnifications (Figure 13b,d), deposits can be observed around the fiber surfaces. The
denser microstructure observed with nanosilica is consistent with previous studies reporting
that nanosilica can reduce porosity and refine the cementitious matrix through its filler and
pozzolanic effects [36]. Still, these mechanisms were not directly confirmed in the present
study. These microstructural results provide qualitative information that complements
the mechanical and capillary water absorption results obtained in this study. The mixture
containing 0.3% treated 9 mm BF and 3.0% NS presented the highest compressive and
flexural strengths, while the mixtures containing 3.0% NS also exhibited lower capillary
water absorption, particularly at fiber contents of 0.3% and 0.5%. In this regard, the improved
mechanical performance and reduced capillary water absorption observed with 3.0% NS
may be associated with a more compact cementitious matrix and better fiber-matrix contact
in the examined regions, as suggested by the qualitative SEM observations.

SEM HV: 10.0 kV WD: 15.00 mm MIRA3 TESCAN EM HV: 10.0 kV MIRA3 TESCA
SEM MAG: 250 x Det: SE 200 pm SEM MAG: 1.00 kx Det: SE

View field: 1.11 mm | Date(m/dly): 07/08/26 LCMIC | UCS View field: 277 um  Date{m/dly): 07/06/26 LCMIC | UCS
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View field: 277 ym  Date(m/d/y): 07/06/26 LCMIC | UCS View field: 55.4 um  Date(m/dly): 07/06/26 LCMIC | UCS

Figure 13. SEM images of treated basalt fiber-reinforced concrete containing 3.0% nanosilica:
(a) BFRCT9-0.1 at 250x; (b) BFRCT9-0.1 at 1000x; (c) BFRCT9-0.5 at 1000x; and (d) BFRCT9-0.5
at 5000x.
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4. Conclusions

This study investigated the combined effects of basalt fiber length, fiber content, surface
treatment, and the addition of nanosilica on the workability, mechanical properties, capillary
water absorption, and concrete microstructure. Basalt fibers with lengths of 3, 6, and 9 mm
were initially evaluated at contents of 0.1%, 0.3%, and 0.5% by mass of cement. Based on
the mechanical performance, 9 mm fibers were selected for surface treatment, followed by
the incorporation of 1.5% and 3.0% nanosilica by mass of cement. The concrete mixtures
were evaluated through slump, compressive and flexural strength tests, capillary water
absorption, and SEM analysis. Based on the experimental results, the main conclusions are
summarized as follows:

1.  The incorporation of basalt fibers affected the workability and mechanical properties
of concrete. Fiber length and fiber content impacted compressive strength, while
higher fiber contents reduced workability. Among the untreated BFRC mixtures,
low and intermediate fiber contents yielded better mechanical performance, whereas
incorporating 0.5% BF reduced compressive strength. SEM observations suggested
the presence of fiber agglomeration and voids in some regions, which may contribute
to this behavior.

2. The surface treatment of the basalt fibers modified the effect of fiber content on the
mechanical properties of concrete. At 63 days, the treatment increased compressive
strength by 38% for the mixture containing 0.5% BF compared with the corresponding
untreated mixture. However, no improvement was observed at lower fiber contents,
and all treated fiber mixtures exhibited lower flexural strength than their untreated
counterparts. The treated BF mixtures also exhibited higher capillary water absorption
than the untreated samples.

3. The incorporation of nanosilica improved the mechanical properties and capillary
water absorption of concrete containing treated basalt fibers. Mixtures containing
1.5% nanosilica did not outperform the reference concrete in mechanical performance,
whereas those incorporating 3.0% nanosilica exhibited higher compressive strength for
all investigated fiber contents and improved flexural performance, particularly at 0.3%
BE. The mixtures containing 3.0% NS also presented lower capillary water absorption,
especially at fiber contents of 0.3% and 0.5%.

4.  The combination of 0.3% treated 9 mm basalt fibers with 3.0% nanosilica provided
the highest compressive and flexural strengths among the investigated mixtures. At
63 days, the compressive strength increased from 27.21 to 34.87 MPa, representing a
28.2% increase over the reference concrete. The flexural strength reached 7.57 MPa,
representing an 8.3% increase over the reference value of 6.99 MPa.

5. SEM images suggested that the mixtures containing treated basalt fibers and 3.0%
nanosilica exhibited a denser and more compact cementitious matrix, with fewer visible
interfacial voids and good contact between the fibers and the surrounding matrix
compared with the untreated BFRC mixtures. These microstructural characteristics
are consistent with the improved mechanical performance and lower capillary water
absorption observed for the mixtures containing 3.0% nanosilica.

Finally, the results presented in this work demonstrated that the performance of
basalt fiber-reinforced concrete depends not only on fiber length and content but also
on the characteristics of the cementitious matrix. The combined use of treated 9 mm
basalt fibers and 3.0% nanosilica showed favorable results in terms of mechanical strength,
microstructural observations, and capillary water absorption under the experimental
conditions investigated.

To continue this work, future studies could compare colloidal and dry nanosilica to
investigate the influence of their physical form on the mechanical and durability properties of
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basalt fiber-reinforced concrete. Further investigations could also evaluate the effects of HC1
treatment on fiber surface properties, mechanical integrity, long-term alkaline resistance,
and residual chloride content, as well as the environmental impacts associated with acid
consumption and waste generation. In addition, future studies could compare the CO,
emissions and energy consumption associated with the production of basalt, steel, and glass
fibers to evaluate their environmental performance as concrete reinforcement materials.
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