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Although Basalt fibre reinforced concrete (BFRC) has a proven record of outstanding behaviour, concerns
regarding the decline in its performance beyond certain content remains a major concern. To address this
concern, a varying content of Silica Fume (SF) was introduced into the BFRC mix, and their combined influence
on concrete’s mechanical and impact resistance was investigated using experimental and Response Surface
Analysis (RSA). Using regression models developed from experimental results, 13 responses of statistically
designed experiments were predicted. The findings revealed significant improvement in the concrete perfor-

mance with increases between 28% and 65% in compressive strength, 35%-107% in split tensile strength, 11%-—
46% in flexural strength and 117%-150% in the impact resistance. Therefore, appropriate proportions of BF and
SF can be utilised as an eco-friendly sustainable material in concrete.

1. Introduction

Over the years, the goal of minimizing the environmental impact and
carbon footprint associated with concrete production and utilisation,
while simultaneously enhancing its mechanical performance and dura-
bility has evolved into a multifaceted approach. This involves the
incorporation of a range of alternative sustainable materials including
recycled waste, natural and synthetic fibres, fly ash, slag, glass, etc in the
concrete production process. Depending on the intended application,
these materials are introduced to either improve the mechanical char-
acteristics, lower the embodied energy and carbon emissions, reduce
waste generation, or extend the structural lifespan (Abbass et al., 2018;

Lee et al., 2017; Sulaiman et al., 2020; OZI(IIIQ et al., 2023).

Despite these efforts, normal concrete remains susceptible to crack-
related problems in both its plastic and hardened state. Plastic cracks
are the early-state microscopic fissures that develop from intrinsic
stresses resulting from concrete settlement and shrinkage within the first
24 h after being cast. The long-term cracks appear due to shrinking af-
terwards. To address these issues and improve concrete toughness for
structural applications, the incorporation of natural and synthetic fibres
in concrete has propelled the advancement in fibre-reinforced concrete
technology. Different fibres of varying sizes and moduli of elasticity
have been incorporated into concrete to enhance its mechanical char-
acteristics by minimizing shrinkage-cracking propagation.
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The application of fibre-reinforced concrete is widely recognised and
still evolving due to its enhanced post-cracking tensile strength, result-
ing from the reinforcing mechanism developed by the fibre within the
concrete matrix. For the construction of energy infrastructures, and
other structural purposes where high-performance concrete is required,
the utilisation of natural and synthetic fibres separately and in hybrid
form is extensively being investigated to improve the ductile perfor-
mance of conventional concrete. Several studies have investigated the
inclusion of basalt, kenaf (Jae et al., 2023), polypropylene, steel fibres
(Atea, 2019), and other fibrous materials (Bheel et al., 2023) separately
with a positive influence on concrete ductility, toughness, flexural, split
tensile strength and impact resistance while effectively controlling the
proliferation of microcracks (Banthia and Sappakittipakorn, 2007).

Over the years the utilisation of fibrous material has evolved beyond
Fiber reinforced concrete to the enhancement of other concrete types
such as engineered cementitious composites (Bheel et al., 2023),
Self-compacting concrete (Zhang et al., 2022), and even in hybrid form
for structural retrofitting. Basalt fibre, in particular, has gained research
attention for its numerous advantages, such as mechanical properties,
durability, physicochemical properties, low energy consumption, eco-
nomic production process, strength and enhanced resistance to alkaline,
acidic and salt attack compared to other fibrous materials. As a product
of basalt rock, it is manufactured by melting crushed basalt rock and
melting it to around 1500 °C and extruding it through small nozzles to
produce a continuous filament of Basalt Fibres (BF). Being a mineral
fibre, BF is not decomposable and poses no threat to the environment (Li
et al., 2022a). It is characterised by high elastic modulus, high fracture
strength, superior frost, and corrosion resistance. Its density is similar to
ordinary cement, making it advantageous for providing better bonds
with improved mechanical properties. In terms of tensile strength and
elastic modulus, BF ranges between 3000 and 4500 MPa and 80-100
GPa respectively, outperforming aramid fibre, polyethene fibre, and
polypropylene (Scalici et al., 2016) and offers an economic advantage in
terms of manufacturing process and availability in large quantities.

Apart from being a mineral fibre, basalt fibre has a density similar to
that of ordinary Portland cement. Its high elastic modulus affords it the
ability to establish better bonds with improved mechanical properties.
Accordingly, the reinforcing efficiency is contingent on the improved
fibre-matrix interfacial properties. This has been demonstrated by pull-
out tests which have revealed the average bonding strength is more
effective than the equivalent shear bonding strength. Moreover, the
bonding strength can be improved with increased fibre length.

Thus, leveraging its excellent characteristics, several studies have
explored the use of basalt fibre-reinforced concrete. For instance, one
study examined the effect of chopped basalt fibre on the workability,
compressive strength, and impact resistance of high-performance con-
crete (HPC) using an empirical model to study the relationship between
impact energy and compressive strengths. The study used fibre lengths
of 3 mm, 12 mm and 18 mm and volume fractions of 0.075%-0.6%. The
findings showed an improvement in compressive strength from 12.2% to
17.5% and an enhancement in the impact resistance due to the
enhancement in the microstructure (Tahwia et al., 2023). Another study
examined the effect of water binder ratio, fibre volume fraction, fibre
length, and fly ash content on the mechanical properties of basalt fibre
self-compacting high-strength concrete with the results indicating that
the water binder ratio had the most significant impact on compressive
strength Meanwhile, fibre volume fraction and length were found to
influence improvements in compressive and flexural strengths, crack
resistance, and toughness (Xue et al., 2023). Similarly, an experimental
study on flexural loading on Basalt Fibre Reinforced Concrete (BFRC)
reveals a significant increase in the tensile strength, cracking load, ul-
timate load carrying capacity, reduced propagation of cracks and
reduced permeability at an optimal content of 0.3% (Philip et al., 2023).
Several studies have reported similar improvements in concrete per-
formance at varying volume fractions of basalt fibre (Wu et al., 2023; Xie
et al., 2023).
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Other studies have explored the potential benefits of incorporating
silica fume into basalt fibre-reinforced concrete, with a particular focus
on its influence on concrete workability, strength and durability of
concrete. However, it is worth noting that depending on the introduced
content it can lead to an increase in brittleness of the concrete (Koksal
et al., 2022; Adil et al., 2020). Furthermore, researchers have also
explored the contributions of other pozzolanic materials (IA et al.,
2019). Silica Fume (SF) as a byproduct of the production of silicon is
classified as a very reactive pozzolanic material consisting of very fine
particles of silicon dioxide which enhance its mechanical properties.
Adding SF to the concrete mix provides improved pore densification,
reduced CO; emission, enhanced compressive and tensile properties,
durability and permeability and chloride penetration thereby protecting
steel reinforcement against corrosion. However, beyond certain content,
a resulting adverse effect may occur due to the dilution of cement.
Depending on the applications, different silica foam content has been
reported for the best performance. For instance, 5% has been docu-
mented as the optimum content for pervious concrete (Adil et al., 2020),
15% in high-strength concrete and 16-20% in silica fume
self-compacting concrete (E Taha et al., 2019).

The addition of silica fume has been shown to improve the me-
chanical properties of basalt fibre-reinforced concrete. This finding has
led to the development of highly durable and lightweight insulating
foam concrete with a compressive strength of up to 46 MPa, as well as an
enhanced pore network and fibre-paste matrix. By evaluating the con-
crete’s physico-mechanical, thermos-durability, and insulation proper-
ties of the foam concretes the effect of the basalt fibre was observed to be
more dependent on the use of silica fume, potentially due to its low
integration with cementitious paste. Samples with 15% silica fume saw a
specific increase of up to 46% in compressive strength, although with
increased brittleness compared to samples without silica fume. More-
over, samples with 0%-3% basalt fibre experience an increase in flexural
strength of up to 88% (Gencel et al., 2022). Experimental and numerical
assessments also revealed an improvement in the mechanical strength of
lightweight basalt fibre-reinforced concrete containing silica fume and
fly ash (Saradar et al., 2020). This finding further highlighted a reduc-
tion in shrinkage with 1.5% fibre volume. Furthermore, the experi-
mental program investigated the physical, mechanical and durability
performance of high-strength mortar with basalt fibre and silica fume at
ambient and elevated temperatures and curing regimes. However, a
partial replacement of 10% of silica fume was considered for cement
with varying basalt fibre between 0% and 0.6%. An improvement in
compressive strength (up to a maximum of 31%) at ambient temperature
was observed with a corresponding reduction in flowability with each
increase in basalt content (Koksal et al., 2021).

Based on the literature search conducted, previous studies on basalt
fibres and silica fume are mostly focused on individual influence on
mechanical properties of mortar, foam concrete and lightweight con-
crete. This limited scope fails to account for the complex concrete
properties consisting of multiple variables as highlighted in (Emad et al.,
2022) and particularly negates the goal of determining a combined
optimal volume fraction for multiple responses. Thus, this study aims to
fill this gap by investigating the combined impact of basalt fibre and
silica fume on concrete’s mechanical and impact resistance and also
investigate the optimised volume fractions using experimental and
response surface methodology (RSM). The outcome of this study will be
relevant in facilitating a better understanding of the synergistic influ-
ence and optimization of varying dosages of basalt fibres and silica fume
for specific structural applications where resistance and durability,
improved mechanical properties and cost-effectiveness, and sustain-
ability are primary factors of consideration.

For ease of reference, the paper is structured in the following order:
section one covers the introduction, while section two details the ma-
terials, concrete mix design and test procedure. Section three presents
the Response Surface Analysis and Optimization of Basalt fibre and
Silica fume content for optimal responses, while sections four and five



LA. Ja’e et al.

contain the results and discussions, and graphical optimization respec-
tively. The final section contains the conclusions.

2. Materials, Concrete mix design and Test procedure
2.1. Materials

To produce plain concrete, Ordinary Portland cement (OPC), potable
water, fine and coarse aggregates in the range 5-10 mm and 10 mm-20
mm respectively were utilised. For Basalt fibre-reinforced concrete, the
same ingredients along with BF and SF were used. Superplasticizer (SP:
Master Gienium ACE 8522) was used in BFRC to enhance its workability.
Silica Fume (SF) and SP were purchased from local suppliers, in
Malaysia while BF was imported from China. The BF sample in strips of
50 mm in length and an approximate diameter of 0.62 mm was used to
produce a homogeneous mixture as shown in Fig. 1.

The physical characteristics of the basalt fibre used are presented in
Table 1.

The oxide composition of the OPC and silica fume as determined
using X-ray Fluorescence Spectroscopy (XRF) is shown in Table 2.

2.2. Concrete mix design

In the experimental investigation, four concrete mixes consisting of
one control sample (CS) and three with basalt fibre (BF) and silica fume
(SF) were prepared for the experimental investigation. The CS is a
normal concrete made of 450 kg of cement, 1755 kg of aggregate, and a
water-cement ratio (W/C) of 0.40. The specimen samples containing
basalt and silica fume were prepared using three fibre volume fractions
of 0.5%, 1.0%, and 1.5%, consisting of 1%-5% dosage each of SF by
weight of cement. In each case, the SF was added a few minutes after
adding water, while BF was introduced after the concrete mixture was
ready. The mixture was remixed for 5 min to ensure even distribution in
the concrete mix as shown in Fig. 1(c). A reduction in the mix work-
ability was observed with increased BF content. This is attributed to
several factors such as increased fibre surface area, which absorbs excess
hydration water resulting in increased concrete viscosity causing it to
agglomerate around the fibres (Mazloom et al., 2020; Mazloom and
Mirzamohammadi, 2021). Furthermore, the fibre’s high aspect ratio can
lead to clustering causing resistance to concrete flow (Adesina et al.,
2020; Mazloom and Mirzamohammadi, 2019; Abna and Mazloom,
2022). The concrete mixes containing basalt fibre and silica fume are
represented by the nomenclatures; BFRC-0.5%, BFRC-1.0%, and
BFRC-1.5% as shown in Table 3.

A total of 48 concrete samples were prepared, three each for
compressive, split tensile, flexural and impact resistance and tested at 28
days of curing age. Table 4 summarizes the sample shapes and di-
mensions used. Each sample was prepared in three layers, each layer
vibrated for 15-20 s on the vibrating table to expel trapped air. Excess
concrete was removed and the upper surface was levelled and allowed to
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Table 1

Physical properties of Basalt fibre.
Property Dimension
Diameter (mm) 62
Length (mm) 50
Density (g/cm®) 2.65
Tensile strength (MPa) 3800
Elastic Modulus (GPa) 97
Ultimate Elongation (%) 2.8

Table 2

Chemical composition of OPC and silica fume.

Oxides Composition (%)
Cement Silica Fume
Lime (CaO) 64.54 1.85
Silica (SiO2) 21.28 92.9
Alumina (Al,03) 5.60 0.16
Sulphur Trioxide (SO3) 2.14 -
Magnesia (MgO) 2.06 0.25
Iron Oxide (Fe;0O3) 2.36 0.59
Alkalies (K20, Nay0) 0.44 1.04
P,Os 0.17 -
TiOs 0.51 -
Loss of Ignition (LOI) 0.64 0.3
Table 3
Concrete mix design for experimental investigation.
Mix design cs BFRC-0.5% BFRC-1.0% BFRC-1.5%
Cement (kg) 450 450 450 450
w/C 0.40 0.40 0.40 0.40
Aggregate (kg) 1775 1775 1775 1775
BF content (%) 0 0.5 1.0 1.5
SF dosage (%) 0 5 5 5
Table 4
Detail of samples used for experimental tests.
Tests Sample shape and No. of Curing Reference
dimension (mm) samples age standard
Compressive Cube 100 x 12 28 days ASTM C109/
strength 100 x Cl109 M
100
Split tensile Cylinder 150 x 12 28 days ASTM C496/
strength 300 C496 M
Flexural Prism 500 x 12 28 days ASTM €293/
strength 100 x C293 M
100
Impact Cylinder 75x 12 28 days ASTM D1557
resistance 150

Fig. 1. Sample illustration of (a) Basalt fibre (b) Silica fume (c) Basalt fibre concrete mix.


astm:C109
astm:C496
astm:C293
astm:D1557
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set at room temperature. Samples were de-moulded after 24 h and cured
in a water bath at 22 °C with 100% relative humidity for 28 days. The
stress-strain behaviours of the samples are explicitly explored (Bhonde
et al., 2022).

2.3. Test procedure

2.3.1. Compressive strength test

Compressive strength test was performed using the Universal Testing
Machine (UTM) available at the civil engineering department of Uni-
versiti Tenaga Nasional, Malaysia. The test was conducted under uni-
axial compressive force following ASTM C109/C109M-02. The result of
each load and displacement was recorded through a data logger.

2.3.2. Split tensile strength test

The split tensile strength test was conducted using the same UTM in
section 2.2 in accordance with ASTM C496 C496/C496M — 17, 2011.
Each cured sample was air-dried and weighed and the edge was marked
with pivoted lines to ensure proper alignment of the sample axis.
Specimen centrally positioned on a bearing available on the UTM board,
thereafter the machine’s upper crosshead was lowered gradually to
ensure contact with the specimen. Thereafter, loading was gradually
applied in the range of 0.7 MPa/min to 1.4 MPa/min until the sample
failed.

2.3.3. Flexural strength test

The flexural test was performed using the three-point loading test in
accordance with ASTM C293/C293 M, 2022. Each specimen was prop-
erly horizontally positioned, and the LVDTs fitted to the record, the load
was gradually applied at 0.2 mm/min from the upper central part until
failure.

2.3.4. Impact resistance test

The impact resistance of concrete samples from each concrete mix
was tested by sequentially dropping an 8.5 kg weight through a height of
63 mm on each of the 150 mm x 75 mm samples, and repeatedly until
failure. The number of blows at which the first crack appears was
recorded.

3. Response Surface Analysis and Optimization of Basalt Fibre
and Silica Fume content for optimal responses

3.1. Response surface analysis

More often, theoretical models that correlate the relationship be-
tween multi-variables (factors) and responses for specific systems are
either not available or are complex. Such correlations are mostly not
explicitly highlighted by the experimental approach. Hence, empirical
methods such as Response Surface Methodology (RSM) are utilised
(Sarabia et al., 2009).

As a globalized technique, the RSM is an excellent empirical tool
whose application includes the development of mathematical models for
the prediction of correlational influences between multiple responses
and factors, the generation of statistical design of experiments and the
determination of optimum mix proportions by establishing targets for
both responses and factors. Thus, Response Surface Analysis (RSA) in-
volves the application of mathematical and statistical approaches in the
modelling and analysis of problems where the main interest is to
examine the influence of component variables on the responses of a
system. The interactions between variables are represented graphically
(response surface) to illustrate how each response(s) is influenced by the
variation of individual or multiple variables. The RSA is implemented
using several tools including Minitab and design expert software.
Several researchers have utilised this technique for optimising factors in
an experiment (Poorarbabi et al., 2020; Abdulkadir et al., 2021; Khan
et al., 2023). In this study, the latter, Design-Expert V13:2021 was
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adopted because of its versatility.

The randomised optimal (custom) design model was adopted for its
flexible design structure to accommodate custom models. The mix
proportions of the factors (Basalt fibre and silica fume) were generated
using upper and lower limits volume fractions of 0.5% 1.5%; 4% and 5%
respectively. Using the regression models developed from experimental
results, responses of statistically designed experiments were predicted
and analysed using linear regression with no model transformation
considered.

For each response (compressive, split tensile, flexural strength and
impact resistance) a suitable model is suggested based on the level of
significance (p-value) of each of the factors on the correlational rela-
tional relationship between the dependent (factors) and independent
variables (responses). Depending on these relationships, a linear or
polynomial response model is adopted as shown in equation (1) and (2).

f=PBo + Bixi + PoXiieo. PuXu + @ @

Where f and x represents the factor x and variable respectively. Also, f,
is the intercept at x; = x; = 0, f8 is the coefficient.

n n n—1 n
F=Bo+ D Bxi+Y B’ +>. Y Brxi+o @
i=1 i=1

=1 j>1

Where i and j denote linear and quadratic encrypted quantities, and n is
the numerical variables.

The suitability of each model is validated using Analysis of Variance
(ANOVA) and Fit statistics. The ANOVA describe the overall statistical
significance and lack of fit of the model, while the fit statistics describe
the standard deviations, and adjusted and predicted coefficient of de-
terminations (R2 and Rg). By determining the mean variability between
the experimental and predicted mechanical properties and impact
resistance, each model should have the required threshold expected to
be statistically significant with a non-significant lack of fit, i.e., with
corresponding p — values of > 0.05 and < 0.05 respectively. The p-value
indicates whether or not the suggested model is statistically significant.

On the other hand, the coefficient of determination measures how
well the model fits the data. A high R? (close to 1) indicates how well
fitted and that most of the variation in the dependent variable can be
explained by the independent variable. An acceptable threshold of the
difference between the adjusted coefficient (Rﬁ) and the predicted (Rg) is
less than 0.2 (Design Expert Software, 2021). Upon this validation, a
diagnostic analysis of the correlation between the factors and responses
is conducted to highlight the relationships between predicted and actual
responses, number of runs and residuals, etc. Finally, the graphical
representation of the model responses is generated and analysed.

3.2. Optimization of basalt fibre and silica fume for optimal responses

The optimum responses; that is the best-combined values of
compressive strength, split tensile strength, flexural strength and impact
resistance that can be achieved using a combination of factor levels
(volume fraction of basalt fibre and silica fume) that simultaneously
satisfy the criteria placed on each of the responses and factors. Model fit
for each of the model responses used as optimization criteria has been
determined through ANOVA while the range of the factors was auto-
matically included.

The design evaluation was checked using ANOVA statistics, and di-
agnostics graphs to ensure the models provide a good estimate of the
true response surface. The numerical optimization module in Design
Expert software version 13.0 is based on a multi-response approach
referred to as desirability. The approach utilises the desirability function
as the objective function which reflects the desirable range of each
response.

The graphical optimization approach module of the design expert
software (version 13.0, 2022) was used to determine regions where
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response requirements simultaneously meet the critical properties based
on the defined ranges. For each response, a value equivalent to 30%
higher than the control sample was defined as the lower limit while the
highest predicted value was defined as the upper limit. The optimised
response region is presented in the form of overlay contour plots.

4. Results and discussion
4.1. Response surface analysis

4.1.1. Regression models and predicted responses

Regression models used for the prediction of responses are developed
from experimental results. Equations (1)-(4) represent models of
compressive strength, split tensile strength, flexural strength and impact
resistance of the samples respectively. The predicted responses are
highlighted in Table 5 and will be discussed in tandem with the exper-
imental results in the subsequent sections.

ferg =45.9 — 5.04BF — 0.6794 + SF )

Fsuas =37.7037 + 32.9539 % BF + 17.2677 « SF — 0.6474 « BF * SF

— 14.5157 « BF* — 1.9963 * SF? 2
firos =8.5650 + 1.1674 « BF — 0.8067 « BF 3)
Siros =22.118 — 16.4014 * BF — 4.3993  SF + 53279 % BF * SF &)

Based on the ANOVA analysis performed on the actual regression
models for all responses confirmed all models as significant, with p-
values <0.05 and non-significant lack of fits (>0.05.) The differences
between RZ; and R%; in all models were consistently maintained at <
0.2, with adequate precision values > 4. These metrics fall within the
acceptable limit of the Design Expert software version 13 utilised in this

study.
4.2. Compressive strength

4.2.1. Experimental results

Based on compression test performed on twelve cubic samples, three
for each of the four-mix designs (CS, BFRC-0.5%, BFRC-1.0% and BFRC-
1.5%) the average compressive strength and stress-strain curve at 28
days are presented in Figures (2a) and (2b) respectively. A general in-
crease in compressive strength is observed in samples containing basalt
fibre, with the highest compressive strength of 46.5 MPa observed at 1%
fibre content. However, as the fibre content increased from 1% to 1.5%,
the strength decreased, possibly due to factors such as uneven distri-
bution of fibre in the concrete matrix beyond 1% resulting in voids

Table 5
Predicted mechanical properties with various Basalt fibre and Silica Fume.
Run Factors (%) Responses
Basalt Silica Compressive Split Flexural Impact
Fiber Fume Strength tensile Strength Resistance
(MPa) Strength (MPa) (blows)
(MPa)

1 0.17 3 49.03 1.04 6.35 8.85

2 0.5 1 46.70 —9.91 8.34 12.18

3 1 5 40.76 13.91 5.70 10.36

4 1.5 1 37.53 —6.63 9.51 1.11

5 0.95 3 41.90 12.49 7.25 8.52

6 0.95 3 41.90 12.49 7.25 8.52

7 0.95 5.83 40.93 9.75 4.97 10.40

8 0.95 0.17 42.86 -16.70 9.54 6.65

9 1.5 5 36.17 10.64 6.28 15.48
10 0.95 5 41.22 13.86 5.64 9.85

11 0.95 3 41.90 12.49 7.25 8.52

12 0.5 5 45.34 9.97 5.12 5.24

13 1.73 3 34.76 6.38 8.16 8.20
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within the concrete structure (Bheel et al., 2023). The error bars in Fig. 2
(a) confirm the significance of the average results since no overlap is
observed.

The stress-strain response plot depicted in Fig. 2(b) demonstrates a
comparable initial behaviour for all samples, with BFRC-1.0% exhibiting
a stiffer curve leading up to the peak stress. However, based on the strain
values of 0.021 (CS), 0.022 (BFRC-0.5%), 0.020 (BFRC-1.0%) and 0.019
(BFRC-1.5%) corresponding to the maximum stress, the sample con-
taining 0.5% basalt fibre (BFRC-0.5%) can be seen to withstand larger
deformations before reaching maximum stress compared to other sam-
ples. Moreover, the normalised stress ratio plot indicates a gradual drop
in ultimate stress in the post-plastic deformation phase. An increase in
ultimate strain is also observed with an increase in fibre content, which
is an indication of enhanced performance to undergo deformation
beyond the initial cracking. Among all the samples, the BFRC-1.5%
concrete exhibits the highest ultimate strain of 0.0317, which is about
13% higher than BFRC-1.0% and only about 6% higher than CS. Thus,
depending on the intended application, each specimen presents a unique
advantage in terms of strain at peak stress and ultimate strain.

Nonetheless, to further explore these relationships, plots of normal-
ised stress ratio (NSR) with strain are compared in Fig. 2(c.). The linear
elastic pattern of concrete samples can be seen to be similar across
different loading before attaining peak strength. Subsequently, samples
containing BF exhibit an enhanced ductile characteristic when
compared to the control sample. Interestingly, the BFRC-1.5% concrete
depicts a higher response from the onset and continues to exhibit the
highest strain before failure. Thereby indicating that an increase in BF
content leads to enhanced concrete ductility.

The general improvement in compressive strength and the overall
stress-strain performance of samples containing basalt fibre and a single
dose of silica fume is attributed to several factors such as the fibre’s high
tensile strength which allows it to distribute and support loads in the
concrete matrix. Furthermore, the efficient distribution of the fibre
reinforcement network in the concrete prevents the proliferation of
cracks resulting in delayed failure. Moreover, the densification of pores
between cement grain due to the presence of Silica Fume (SF) produced
enhanced particle packing, with consequent increased overall strength.
Thus, the improved bonding developed between the basalt fibre, silica
fume and the cementitious matrix due to the combination of more cal-
cium silicate hydrate gel with high tensile strength of the fibre enhances
stress transmission from the concrete matrix to the fibre, thereby
increasing the load-carrying capacity with effective load transfer, and
minimal sliding or debonding of fibre, hence resulting in increased
compressive strength.

4.2.2. Response surface results

To further examine the relationship of the basalt fibre-reinforced
concrete (BRFC) samples with varying SF content, the predicted
compressive responses presented in Table 5 are illustrated using 2-D
contour and 3-D response surface plots as shown in Fig. 3 (a) and (b).
From the figures, compressive strengths in the range of 38 MPa-47 MPa
can be seen to be obtained within BF and SF values of 0.4%-0.62% and
1%-4% respectively.

The highest predicted value of 47.29 MPa (at 0.4%BF and 1%SF)
shows a 65% increase compared to the control sample (28.76 MPa). The
predicted results showed a general improvement of between 28% and
65% in compressive strength can be seen to be in close agreement with
the experimental results, thus affirming the accuracy of the regression
models. In addition, the response surface results provide a wide range of
options in terms of combined fractions for improved ductility of the
basalt fibre concrete.

Furthermore, the variation in SF content can be seen to slightly in-
fluence the output in that range. Nonetheless, the trend of strength
development is consistent with the documented facts from the literature
on the densification of the cementitious matrix and ITZ (Abdulkadir
et al., 2021). In another study (Mazloom et al., 2004), a 21% increase in
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Fig. 2. BFRC Compressive results at 28 days (a) Compressive strength (b) Stress-Strain curves (c) Normalised stress ratio.

compressive strength with the addition of 15% SF in a normal curing
condition. Albeit, other studies have reported a decrease in compressive
strength with the addition of BF, with reported cases by up to 18%
(Sadrmomtazi et al., 2018). A reduction of 27% has also been reported
when BF over 1% volume fraction is used (Dias and Thaumaturgo,
2005). Nonetheless, several studies have reported improvement in
compressive strength with the inclusion of BF content between 0.3% and
0.8% (ZIELINSKI and OLSZEWSKI, 2005). Thus, the result presented in
Fig. 3 represents an improvement of the compressive strength with a
reduced SF content due to the complemented performance of the BF.

4.3. Split tensile strength

4.3.1. Experimental results

The comparison of the average 28-day split tensile strength of cy-
lindrical concrete samples containing different fractions of basalt fibres
(BF) and constant dosage of silica fume is shown in Fig. 4(a). The results
indicate that the tensile strengths of samples containing basalt fibre are
notably higher than the control sample with the maximum values ob-
tained in the sample containing 1% basalt fibre. Overall, the inclusion of
0.5%, 1.0% and 1.5% BF content yielded an improvement of 14.1%,

117% and 38.5% respectively.

To further explore the influence of the BF on the nonlinear behaviour
of the basalt fibre-reinforced concrete after undergoing plastic defor-
mation, the instantaneous modulus (IM) as a function of strain is
computed and compared in Fig. 4(b). The IM otherwise known as
tangent modulus is computed as a derivative of points on the stress-
strain curve. The resulting plot offers valuable insight into the hard-
ening and softening behaviour of the samples during deformation. It can
be observed from the plot that the tangent modulus of CS, BFRC-0.5%,
BFRC-1.0% and BFRC-1.5% gradually increases up to 10%, 21%, 35%
and 15% of the strain corresponding to the ultimate stress respectively.
Thereafter, the plot reflects the evolution of microcracks leading to the
non-linearity of the samples until they reach ultimate stress and
continue to soften until failure.

Based on the findings, it appears that the BFRC-1.0% concrete
demonstrated a superior capability of withstanding loading for a longer
duration before microcracks became apparent. The sample also dis-
played improved softening behaviour, meaning that even after micro-
cracks developed, they did not regenerate as quickly as observed in
other samples. Thus, considering this as well as the enhanced
compressive performance, it could be argued that the BFRC-1.0%
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concrete represents the optimal choice.

4.3.2. Response surface results

Having examined the experimental results with a single dose of Silica
Fume (SF), the response surface methodology is utilised to further
investigate the combined influences of varying content of BF and SF on
the split tensile strength of concrete samples. The responses are
compared using a contour plot and a 3-D response plot in Fig. 5 (a) and
(b) respectively. It can be observed from the contour plot that the
addition of 2.8% SF and 0.5% BF content results in increased tensile
strength above the control sample. Furthermore, the development of
tensile strength is directly proportional to the increase in both SF and BF.
In comparison to the control sample, it is worth noting that an increase
of about 35%-107% in tensile strength can be observed with SF and BF

in the range of 2.8%-5% and 0.4%-1.5% respectively. This provides a
range of alternatives for various applications. Notably, the maximum
split tensile strength of 15.22 MPa was achieved at 1% and 4.5% BF and
SF respectively, which falls within the same range as the observed
compressive strength.

Thus, it can be inferred here that the split tensile strength of concrete
is enhanced by the addition of BF and SF due to the improved bond
between the BF and C-S-H gel which facilitates an increase in the
concrete’s fracture energy, higher ultimate loading capacity and energy
absorption as evidently illustrated in Fig. 5(b). Similar findings have
been reported in several studies. For example, Jiang et al., (Sadrmomtazi
et al., 2018) showed 14%-24% with the inclusion of BF.
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4.4. Flexural strength

4.4.1. Experimental results

In Fig. 6, the flexural strength of concrete samples containing varying
fractions of basalt fibre (BF) and silica fume (SF) is compared. The re-
sults showed a consistent improvement in flexural strength between
4.3% and 14.8% as the BF content increased. The highest strength
observed was 6.44 MPa at 1.5% BF content which demonstrates
improved resistance to tensile stresses and evolution of significant
cracks. However, when compared with the improvement in compressive
strength, modulus of elasticity and split tensile strength, the flexural
results did not show significant improvement. The only realistic reason
for the low improvement could be due to the fibre length (50 mm)
considered.

Nonetheless, the improvement observed is attributed to the syner-
gistic effect of the BF with SF resulting in an enhanced fibre-paste ma-
trix. This consequently enhances the energy absorption and flexural
ability of the concrete. This is indicated by the improved properties in

Flexural strength (MPa)

mCS BFRC-0.5% M BFRC-1.0% ™ BFRC-1.5%

Fig. 6. Average flexural strength of BFRC at 28 days.

samples with higher fibre content as observed in the failure modes
illustrated in Fig. 7 through the gradual reduction in crack width after
failure.

Furthermore, the inclusion of silica fume increased the production of
extra calcium silicate hydrate (C-S-H) gel, leading to the development
of more robust cementitious linkages and ultimately improving the
concrete’s flexural strength. This increased ductility is particularly ad-
vantageous for applications where the concrete is exposed to dynamic
loading.

In a similar vein, Anifowose et al. (2020) reported a flexural strength
of 6.96 MPa at 2.5% basalt fibre content. Albeit, they emphasise that
placing the fibre only at the tension zone had a better impact on the
flexural behaviour than randomly distributing it throughout the con-
crete mixture. In addition, Li et al. (2022b) also observed significant
improvements in flexural strength, crack resistance, and frost resistance
in BFRC. The overlap of the percentage error bars in Fig. 5 reveals a
non-significant increment in flexural performance with an increase in
basalt fibre.

4.4.2. Response surface results

In Fig. 8, the flexural performance of concrete samples containing
varying fractions of basalt fibre (BF) and silica fume (SF) is compared.
The results show a noticeable increase in flexural strength within the
ranges of 0.4%-1.5% for BF and 1%-3.5% for SF. The highest value
recorded is 9.42 MPa in samples containing 1.5% BF and 0.4% SF,
resulting in a significant 46% increase compared to the control sample.

The increased performance can be due to several factors, including
increased flexural fracture energy of the concrete, enhanced deflection
capability, higher ultimate load, and higher energy absorption rate
before rupture resulting from the adequacy and distribution of the fibres
which prevent the propagation of micro-cracks thereby prolonging the
breaking point of the concrete. It is worth noting, however, that the
flexural strength is found to be directly proportional to the BF content
and inversely proportional to the SF content. Therefore, further research
exploring longer and higher BF content is highly recommended.
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4.5. Impact resistance

4.5.1. Experimental results

In comparing the impact resistance of BFRC samples with CS, Fig. 9
reveals a notable improvement in damage resistance. The BFRC samples
exhibit increased impact resistance with an increase in basalt fibre
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Fig. 9. Average Impact resistance of BFRC at 28 days.

content following the same pattern as the flexural strength. Notably, the
maximum resistance is observed in BFRC-1.5%.

This could be due to improved energy absorption and distribution
within the concrete matrix, thereby averting localised energy accumu-
lation. Consequently, the strong interaction between the fibres and
matrix effectively transfers the applied force from the concrete matrix to
the fibres, resulting in improved impact resistance. A similar trend of
improvement in impact resistance with BF was reported by Sateshkumar
et al. (2018).

4.5.2. Response surface results

The combined influence of basalt fibre (BF) and silica fume (SF) re-
veals a complicated, yet interesting relationship as illustrated in Fig. 10
(a) and (b). Close observations indicate that impact resistance is influ-
enced variably by different ranges of BF when SF content is increased.
Improvement in the impact resistance is observed in mixes with BF up to
0.84%, with a declining trend in samples containing BF beyond 0.84%
and SF between 1% and 3%. Nonetheless, improvement in impact
resistance was renewed with increased SF from 3% up to 5%, as repre-
sented by increasing contours from 8 to 15 in Fig. 10 (a). The results
reveal an impressive relationship for all combined volume ratios, albeit
some combinations are non-significant. The highest blows of 13 and 15
are obtained at the lowest (BF 0.4%, SF 1%) and extreme combinations
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Fig. 10. (a) 2-D contour (b) 3-D response surface representation of the combined influence of Basalt Fiber and Silica Fume on the Impact resistance of concrete.

(BF 1.5%, SF 5%) which represent 117% and 150% in the ability of the
concrete to resist sudden forces or impact without cracking when
compared with the control sample.

This remarkable improvement is expected, due to the direct corre-
lation that exists between compressive strength and penetration (Dan-
cygier and Yankelevsky, 1996; O’Neil et al., 1999). Thus, a higher
compressive strength as presented in section 4.2 indicates more durable
and stronger concrete which can indirectly influence the impact resis-
tance. Similar findings have been reported in various studies, including
Esaker et al. (2023). This can further be justified by the formation of
strong bonding properties within the cementitious matrix, resulting in
enhanced stress transmission from the concrete matrix to the fibre. This,
in turn, enhances the load-carrying capacity, minimizing fibre sliding or
debonding.

The non-linear pattern observed in the impact resistance properties is
likely a result of the inconsistent distribution of fibres in the interfacial
transition zone (ITZ), which is the area between the aggregate particles
and the surrounding cementitious matrix. While there is an overall
enhancement in impact resistance, the most significant increase occurs
in mixes with lower and higher doses, with the intermediate mixes
showing less pronounced effects.

5. Graphical optimization

Fig. 11 (a, b, c and d) illustrates the individual response overlay plots
highlighting specific regions where an array of optimal predicted re-
sponses can be achieved. In each case, X1 represent Basalt fibre and X2
represents Silica fume, while the yellow region highlights contour(s)
where an entire defined factor range can be obtained with a 95% con-
fidence interval. Fig. 11(a) shows the boundaries of compressive
strength within 37 MPa-49 MPa, whereas Fig. 11(b), (c) and 11(d)
illustrate plots of Split tensile strength, flexural strength and impact
resistance within 10 MPa-16 MPa, 7 MPa-9.54 MPa, and 8 blows to 16
blows respectively.

The optimised (maximisation) responses within a 95% confidence
interval are presented in Table 6. Moreover, Fig. 12 shows a blend of
regions where combined optimal responses can be achieved using

10

optimal volume fraction. Thus, depending on the priority of intent, the
individual or combined optimization plot can be utilised. Based on
Fig. 12, at an optimal volume fraction of 1.443 and 3.6119, an optimal
compressive strength, split tensile strength, flexural strength and impact
resistance of 37.18 MPa, 12.58 MPa, 7.33 MPa and 10 blows can be
achieved which is equivalent to 30%, 70%, 31%, 67% more than the
control sample.

Thus, given the significant improvement, particularly in split tensile
and impact resistance, the resulting concrete from the optimised mate-
rial will be suitable for structures where crack control and structural
integrity are crucial. Examples include dams, pavement slabs, and
airfield runways that are designed based on bending strength. In addi-
tion, the enhanced impact resistance offers a viable alternative to FRP
sheets and bars in strengthening concrete that is susceptible to impact
loading.

Based on the findings presented, the optimised results for each
response reveal a range of basalt fibre and silica fume that offers sig-
nificant improvement in the mechanical and impact resistance of the
concrete. Thus, depending on the specific application, the optimal
content can serve as a guide for the appropriate selection of basalt fibre
and silica fume.

6. Conclusion

An extensive study on the combined influence of basalt fibre and
silica fume is presented using experimental and response surface anal-
ysis considering volume fractions of basalt fibre and 1%-5% silica fume.
Regression models were developed from experimental data for response
prediction purposes. Optimal design technique was used from design
expert software for the implementation of the response surface analysis.
Based on the findings, the following conclusions are derived.

e Experimental tests alone are not sufficient in fully investigating the
influence of more than one factor in a hybrid concrete.

o Incorporating 0.4%-1.5% basalt fibre and 1%-3.5% silica fume has
significantly improved the flexural strength of the basalt fibre-
reinforced concrete by 11%-46%.
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Table 6 e The BFRC-1.0% concrete showcased higher stiffness in the linear
able

Optimised individual responses.

Responses BF SF Optimised values
Compressive strength 0.466 1.3035 46.91

Split tensile strength 1.0517 4.0453 15.33

Flexural Strength 1.3886 1.2751 9.16 °
Impact resistance 1.4326 4.8045 14
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elastic and plastic deformation phases before reaching ultimate
stress, while concrete containing 1.5% basalt fibre (BFRC-1.5%)
exhibited a higher ultimate stain. Nonetheless, under the same
loading condition, the normalised stress ratio indicates a comparable
stress-strain response in the ultimate stress region for all the samples.
The development of tensile strength is directly proportional to the
increase in both SF and BF. Improvement in split tensile strength
ranging from 35% to 107% was achieved with BF and SF content
between 0.4% to 1.5% and 2.5%-5% respectively, with an optimal
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BF and SF content of 1% and 4.5% respectively yielding a maximum
value of 15.46 MPa.

Concrete samples containing basalt fibre showed a gradual post-
plastic deformation drop in ultimate stress, with higher fibre con-
tent leading to a higher ultimate strain, resulting in improved flex-
ural and impact resistance behaviour.

The impact resistance of concrete reinforced with basalt fibre varies
directly proportional to the amount of basalt fibre and inversely
proportional to the SF content. The enhanced impact resistance
increased up to 67%.

Improvement of up to 30% in compressive strength, 70% in split
tensile strength, 31% in flexural strength, and 67% in impact resis-
tance was achieved with an optimal volume fraction of 1.44% and
3.61% content of BF and SF respectively.

Based on the highlighted conclusions, the inclusion of basalt fibre
and silica fume reveals significant enhancement in the mechanical and
impact properties of the concrete with an improvement of at least 30%
in each response considered.
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