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Abstract: Basalt fiber (BF) is an environmentally friendly type of fiber that has attracted the attention
of researchers in recent years due to its excellent performance in concrete constructions. This
current research was conducted to investigate the effect of chopped basalt fiber on the workability,
compressive strength, and impact resistance of high-performance concrete (HPC). Three various
lengths (3, 12, and 18 mm) and six volume fractions (0%, 0.075%, 0.15%, 0.3%, 0.45%, and 0.6% by
concrete volume) of BF were used in producing sixteen HPC mixes. HPC compressive strength and
impact resistance were measured for each mix. Scanning electron microscopy (SEM) analysis was
also conducted on selected mixes to closely investigate the effects of the applied variables through
the microstructural scale. An empirical model was developed to study the relationship between the
impact energy and compressive strength of BF-reinforced HPC. The results show that adding BF
improves the compressive strength and impact resistance. Compared with the control concrete, the
compressive strength of the HPC reinforced with 3 mm, 12 mm, and 18 mm BF increased by 12.2%,
15.1%, and 17.5%, respectively. The impact resistance increased with a dosage of 8 kg/m3 for all
lengths of BF. The SEM observations revealed that the BF accumulated in pores and on the surface
of the attached cement which improved the microstructure of the interfacial transition zone (ITZ),
which further enhanced the strength and ductility of the HPC.

Keywords: high-performance concrete; basalt fibers; compressive strength; impact resistance; SEM analysis

1. Introduction

Concrete is widely used in almost all civil engineering fields such as roads, bridges, and
buildings because of its abundant raw materials, ease of construction, and high compressive
strength [1]. However, the low tensile strength and large shrinkage and deformation of
plain concrete (PC) limit its further development [2]. In order to solve this difficulty and
improve the use of concrete characteristics, scholars have found that the addition of fibers
can improve the performance of concrete, making it a new composite material [3]. PC is
considered to be a crackable material under tensile stresses due to its relatively low tensile
strength. Using randomly distributed fibers in concrete can control the development of
concrete cracks, and this concrete type is known as fiber-reinforced concrete (FRC) [4].

Fiber-reinforced concrete (FRC) is extensively used in engineering structures due to
its favorable mechanical properties and durability, especially for structures under harsh
environments, such as hydraulic and coastal structures [5]. A variety of fibers were used
in previous studies, including steel fiber [6,7], glass fiber [8], carbon fiber [9], and organic
fibers such as polyethylene terephthalate fiber. Those fibers nevertheless held a series of
drawbacks such as high density, high using cost, low resistance to chemical corrosion, and
so forth [10]. Fiber-reinforced polymer (FRP) has been used in the construction industry
due to its ability to increase energy absorption, as well as its corrosion resistance, tensile
stiffness, and strength [11,12]. FRP is anticipated to provide structures with substantial
energy absorption ability and deformability when subjected to extreme conditions such as
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impact loads and seismic actions. In practice, encapsulating concrete elements using glass
or carbon FRP provides a superior substitution to reinforced concrete structures that are
periodically subjected to dynamic loads such as the following: marine fender piers, piles
and girders of bridges, and road barriers [13,14].

Basalt fiber [15,16], an inorganic fiber extracted from melted volcanic basalt rock, is
currently available commercially. The reasons for this are comprehensively summarized
as follows: (a) less energy consumption and no chemical additive during the production
process coupled with the widespread availability of raw materials, which all make the
basalt fiber more eco-friendly and cheaper than some other fibers; (b) excellent dispersion
ability in the mixing, and thus there is not a need to mix in additional dispersion agents or
plasticizers, due to the addition of the basalt fiber; and (c) other advantages such as that
basalt fiber is non-toxic, has good resistance to chemical attacks, has heat resistance, has
superior interfacial bond strength with cement materials, etc., even though the mechanical
properties of a single fiber are relatively not as prominent as those of carbon fiber or others.
The dimensions of the fiber vary in a significant range, from 10 to 20 µm in diameter and
from 3 to 130 mm in length [15].

Therefore, the application of short chopped basalt fibers (CBFs) with a length in the
range from about 3 to 24 mm [17], is becoming popular in recent years. Alaskar et al. [18]
suggested that using shorter fibers distributed in concrete is a more effective method to
avoid micro-cracks and progressive spalling. In [19], CBFs of 3, 6, 12, and 24 mm in length
were mixed with a fiber volume up to 0.5%, and the results showed that the highest flexural
and splitting tensile strengths are obtained in the concrete with fiber volume and length of
0.5% and 24 mm, respectively, while the highest compressive strength corresponds to the
volume and length of 0.1% and 12 mm, respectively. Sadrmomtazi et al. [16] pointed out
that high amounts of fibers (more than 1.0%) cause severe mixing and casting problems,
in spite of great improvement in basic strengths. Niu et al. [20] indicated that adding
18 mm CBFs at 0.1–0.2% volume presents superior mechanical properties together with the
best chloride resistance. Jiang et al. [21] conducted a comprehensive analysis including
workability, strength, toughness, and durability, deducing that the optimum volume is
0.1% for CBFs with 12 mm, while in the meanwhile, its workability is compromised but
still meets specification. Adesina et al. [22] reviewed extensive influence factors, and
recommended that preliminary trials should be carried out to find the optimum volume
and length for a specified application of FRC before its application on a structural scale,
such as flexural members.

Some previous studies explored the performance of BF in concrete and showed vari-
able effects on its mechanical properties. Jiang et al. [21] showed that adding 1% BF
increased the concrete’s compressive and flexural strengths and decreased the drying
shrinkage in early ages. El-Shafie and Whittleston [23] carried out an experimental study
on the use of different chopped BF lengths and contents on the compressive strength of
normal concrete. The study reported some strength enhancements when 12 mm and 24 mm
chopped BF with contents between 0.1% and 0.5% were used. Similarly, Wang et al. [24]
used BF as reinforcement for high-performance concrete. Results from the study indi-
cated that the compressive strength of the concrete mixtures increased when using up to
0.2% dosage of BF. Concrete mixtures reinforced with 12 mm and 22 mm BF at a dosage of
0.1% were 4.6% and 5.7% higher in compressive strength than that of the concrete without
BF. Irine [25] used chopped BF using three different contents (1, 2, and 4 kg/m3) and the
results showed that increasing the BF content increased the compressive strength, splitting
tensile strength, and flexural strength by 14%, 62%, and 54%, respectively, compared with
no use of BF. Another researcher investigated the effect of BF dosage and length on the
slump of concrete mixtures. Results from the study showed that the slump of concrete
mixtures decreased with the increasing length and dosage of BF. The slump of mixtures
reinforced with 12 mm BF at a dosage of 0.05%, 0.1%, 0.3%, and 0.5% was 7%, 15%, 53%, and
65% lower than the concrete mixtures with no BF, respectively, compared with reference
concrete [21].
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Some previous studies have shown a variety of effects of the addition of BF on com-
pressive strength at a certain number of days. A study reported that the addition of
BF at 1.0% volume fraction caused an increase of 8.92% on the compressive strength
within 28 days [26]. Another study reported that the BFRC’s compressive strength was
4.22% higher than that of plain concrete at a fiber content of 0.3% volume fraction [1]. Ac-
cording to Jiang et al. [21], the addition of BF at 0.1% volume fraction caused an increase of
5.72% on the BFRC compressive strength within 28 days. The design of concrete buildings
depends mainly upon the concrete strength and serviceability with less concentration on
its durability and resistance to environmental effects. More attention should be paid to
durability-based approaches in all stages of building. Such stages included designation,
execution, operation, and maintenance.

High-performance concrete (HPC) is a type of concrete that is characterized by its
high strength, high workability, and high durability [27]. The American Concrete Institute
committee defined HPC as the concrete that provides special performance and uniformity
which could not be accomplished by traditional concrete. The compressive strength of
HPC was considered to be about 55–150 MPa. Using HPC in the construction industry
saves significant time required for constructing, as well as transportation costs. HPC
has the features of easy molding, high workability, high strength gains in early ages,
high mechanical properties in late ages, high modulus of elasticity, high toughness, high
abrasion resistance, lower permeability, high resistance to chemical attack, and low volume
stability [28]. The addition of a single fiber can only improve the performance of a single
aspect of the concrete. Enhancing the overall performance of concrete can be achieved by
mixing it with different fibers [29]. BF could significantly improve the deformation and
energy absorption capacities of concrete [30]. In comparison to fibers such as glass and
carbon fibers, BF is rarely used for large-scale applications due to the limited research and
understanding of its performance in concrete.

Therefore, the aim of the current study is to evaluate the effects of the volume fraction
and the length of chopped BF and the replacement ratio on the physical and mechanical
properties of HPC and BF together. In addition, a microstructure analysis was conducted to
provide insight into understanding the microstructures of HPC and BF in relation to their
mechanical properties. This research would help to understand the mechanical properties
of HPC and broaden the applications of BF in structural engineering applications.

2. Experimental Program
2.1. Materials

All concrete mixes were made with type CEM I 52.5 Portland cement produced by “Al-
Arish” company and conforming to the Egyptian standard ES 4756-1/2013 [31]. Crushed
dolomite of 10 mm derived from locally available quarry “Attaqa” and conforming to the
ES 1109/2008 [32] was used as coarse aggregate. Natural local sand having a fineness
modulus of 2.95 was utilized as fine aggregate. Locally obtainable silica fume (SF) supplied
by Egyptian Ferro Alloys Corporation was used as additional cementitious material in
all mixes. Three different lengths of chopped BF, namely, 3 mm, 12 mm, and 18 mm with
six volume fractions (0%, 0.075%, 0.15%, 0.3%, 0.45%, and 0.6% by concrete volume), were
used to produce the HPC. The configurations of BF used in this experimental work is
illustrated in Figure 1 and their characteristics are presented in Table 1. To achieve the
desired workability, a commercially high-performance polycarboxylate superplasticizer
(Sika Visco-Crete-5930) was used in the mixes. This superplasticizer (SP) type is specifically
designed to produce HPC and meets the requirements of ASTM C494 Type G and F [33].
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Figure 1. Configuration of basalt fibers used in this study.

Table 1. Basalt fiber characteristics.

Property Cut Length (mm) Diameter (µm) Density
(gm/cm3)

Elastic Modulus
(GPa)

Elongation at
Break (%)

Tensile
Strength (MPa)

BF-3 3 13 2.65 83 3.1 2574

BF-12 12 15 2.65 62 2.9 2450

BF-18 18 15 2.65 62 2.9 2450

2.2. Concrete Mix Design

Table 2 gives the details of the proportions of concrete mixes in this study. Sixteen HPC
mixes were designed with constant cement content of 450 kg/m3, SF content of 50 kg/m3

(10% of the binder), sand content of 625 kg/m3, dolomite content of 1075 kg/m3, water
content of 150 kg/m3 (water/binder of 0.3), and SP content of 10 kg/m3. BF with different
lengths, including 3 mm, 12 mm, and 18 mm, and different contents, including 2, 4, 8, 12,
and 16 kg/m3, have been implemented. The mix denotation is labeled according to fiber
length and content. For example, mix BF-18-8 indicates that basalt fibers of 18 mm length
were used at a content of 8 kg/m3.

Table 2. Mix proportions of concrete mixes.

Mix
Code

Fiber
Length
(mm)

Vf
(%)

Cement
(kg/m3)

Silica Fume
(kg/m3)

Sand
(kg/m3)

Dolomite
(kg/m3)

Water
(kg/m3)

SP
(kg/m3)

BF
(kg/m3)

BF-0 - 0 450 50 625 1075 150 10 -

BF-3-2 3 0.075 450 50 625 1075 150 10 2

BF-3-4 3 0.15 450 50 625 1075 150 10 4

BF-3-8 3 0.3 450 50 625 1075 150 10 8

BF-3-12 3 0.45 450 50 625 1075 150 10 12

BF-3-16 3 0.6 450 50 625 1075 150 10 16

BF-12-2 12 0.075 450 50 625 1075 150 10 2

BF-12-4 12 0.15 450 50 625 1075 150 10 4

BF-12-8 12 0.3 450 50 625 1075 150 10 8

BF-12-12 12 0.45 450 50 625 1075 150 10 12

BF-12-16 12 0.6 450 50 625 1075 150 10 16

BF-18-2 18 0.075 450 50 625 1075 150 10 2

BF-18-4 18 0.15 450 50 625 1075 150 10 4

BF-18-8 18 0.3 450 50 625 1075 150 10 8

BF-18-12 18 0.45 450 50 625 1075 150 10 12

BF-18-16 18 0.6 450 50 625 1075 150 10 16



J. Compos. Sci. 2023, 7, 250 5 of 17

2.3. Mixing Procedure and Specimens Preparation

All concrete ingredients, except the fibers, were firstly mixed dry for 2 min in a pan mixer,
then half of the mixing water and all superplasticizer were added and mixed for another
3 min. The remaining half of the water and BF were then added and mixed for 3 min.

Three concrete cubes of 100 mm size and one cylinder of 150 × 300 mm per testing
day were cast from each mix for measuring the compressive strength and impact resistance,
respectively. The specimens were mechanically compacted using a vibrating table and
left for 24 h before demolding and curing in water at 20 ◦C until the testing day. The
compressive strength was measured according to the Egyptian Standard [34] at 2, 28,
and 56 days. Four concrete discs with 150 mm diameter and 65 mm thickness were cut
from the 150 × 300 mm cylinders at 28 days concrete age using a concrete saw to test
the concrete impact resistance through a drop-weight test according to ACI committee
544 guidelines [35].

3. Results and Discussion
3.1. Workability

The effects of BF length and dosage on the HPC slump are presented in Table 3 and
Figure 2. It can be seen that all mixes incorporating BF had a lower slump compared to
the plain concrete mix (BF-0), as shown in Figure 3. With increasing the BF content or the
BF length, the slump decreased. Using 0.075%, 0.15%, 0.30%, 0.45%, and 0.6% dosages
of BF in HPC decreased its slump by 18%, 32%, 50%, 64%, and 77%, respectively, for the
3 mm BF; by 29%, 39%, 63%, 68%, and 84%, respectively, for the 12 mm BF; and by 38%,
57%, 71%, 82%, and 93%, respectively, for the 18 mm BF. Increasing the BF length at 3 mm,
12 mm, and 18 mm decreased the HPC slump by 18%, 29%, and 38%, respectively, at BF
volume of 0.075%; by 32%, 39%, and 57%, respectively, at BF volume of 0.15%; by 50%, 63%,
and 71%, respectively, at BF volume of 0.30%; by 64%, 68%, and 82%, respectively, at BF
volume of 0.45%; and by 77%, 84%, and 93%, respectively, at BF volume of 0.6%. The slump
decrease with BF dosage increase is attributed to the high water absorption of the BF which
results in a decrease in the free water content within the concrete matrix. In addition, the
relatively large surface area of the BF results in a decrease in the available cementitious
material needed for lubrication within the concrete matrix, and hence the concrete slump
decreases. Sadrmomtazi et al. (2018) [16] mentioned that there was a huge balling effect in
mortar mixes reinforced with a high dosage of BF which negatively affected the mortars’
mixing and placing.

Table 3. HPC slump test results.

Mixture
(ID)

Fiber Dosage
(kg/m3)

Slump
(mm)

BF-0 - 280

BF-3-2 2 230

BF-3-4 4 190

BF-3-8 8 140

BF-3-12 12 100

BF-3-16 16 65

BF-12-2 2 200

BF-12-4 4 170

BF-12-8 8 105

BF-12-12 12 90

BF-12-16 16 45

BF-18-2 2 175

BF-18-4 4 120

BF-18-8 8 80

BF-18-12 12 50

BF-18-16 16 20
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Figure 3. Slump measure during casting.

The observed adverse effect on HPC slump with increasing the BF length is attributed
to the increase in the existent fibers per unit volume. In addition, distributing the fibers
within the concrete matrix becomes more difficult when using lengthy fiber size that causes
non-uniformity among the concrete ingredients, and hence a slump reduction.

3.2. Compressive Strength

Different conclusions have been drawn on the effect of BF on the compressive strength
of concrete. Wang et al. [24] indicated that concrete samples reinforced with CBFs of 12 mm
and 22 mm at a volume of 0.10% were around 5% higher than that of normal concrete. The
test results obtained from Jiang et al. [21] were that the strength-effectiveness at 7 days
was higher than that at 28 days, and almost no fluctuation was observed for strengthened
samples in the program when compared to normal concrete at 28 days. This is possibly
because there was an obvious increase in the total pore volume and porosity at 7 and
28 days, which was adverse to the improvement of mechanical behavior. Among several
comparisons of strengths, most of the studies show that the optimum volume seems to be
the volume fraction, although the compressive strength is still under debate and hardly
provides a clear explanation [30].
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Table 4 displays the measured average compressive strength of the tested sixteen
HPC mixes at 2, 28, and 56 days concrete age. Figures 4–6 show the variation in HPC
compressive strength at all concrete ages. Compared with no BF in mix BF-0, increasing
the fiber content increased the HPC compressive strength at 2 days by up to 12%, 14.1%,
and 16%, respectively; at 28 days by up to 12.2%, 15.1%, and 17.5%, respectively; and
at 56 days by up to 7.9%, 12.8%, and 9.5%, respectively, when using 3 mm, 12 mm, and
18 mm BF lengths. These peak strength enhancements were achieved when BF was used
with a volume fraction of 0.3% in mixes BF-3-8, BF-12-8, and BF-18-8. However, beyond
0.3% BF, the compressive strength started to decrease with increasing the BF content. The
possible reduction in the compressive strength at higher dosages could be a result of the
formation of voids inside the composite which yielded a poor interfacial zone between the
BF and the cementitious matrix. Therefore, adding a proper amount of fiber can improve
the strength and toughness of HPC, but if the fiber fraction is too high, the internal defects
increase, which is not conducive to the improvement of strength [19]. Moreover, with the
increased dosage of fiber, it is more difficult for the fiber to uniformly distribute within the
cementitious composites, which adversely affects the strength development.

The highest compressive strength enhancements were observed at a concrete age
of 28 days compared with those at 2 or 56 days, as shown in Table 4. This was due to
the fact that the compressive strength increase for the HPC at 28 days was higher than
that at the early age (2 days). In addition, there was even a decrease in the compressive
strength of BF concrete at 56 days. This might be attributed to the poor interface adhesion
between the fibers and the concrete matrix that led to a drop in the substrate’s bonding
capacity [21,22]. Moreover, it can be found from the above results that the length of basalt
fiber has a beneficial effect on compressive strength, but it is not very obvious. The use of
18 mm BF in concrete shows a larger increase in compressive strength than that of 12 mm
or 3 mm BF. The reason may be that the longer fiber has a stronger bridging effect and
pulling-out resistance, which contribute to the strength development.

Table 4. Results of compressive strength for all mixes.

Mix
Code

Fiber
Length
(mm)

Vf
(%)

Compressive Strength (MPa)
2 Days 28 Days 56 Days

Measured
(MPa)

Strength
Enhancement

(%)
Measured

(MPa)
Strength

Enhancement
(%)

Measured
(MPa)

Strength
Enhancement

(%)
BF-0 - 0 46.8 - 86.3 - 99.6 -

BF-3-2 3 0.075 47 0.4 86.8 0.6 99.3 -0.3
BF-3-4 3 0.15 48.6 3.8 88.4 2.4 101.7 2.1
BF-3-8 3 0.3 52.4 12.0 96.8 12.2 107.5 7.9
BF-3-12 3 0.45 49.3 5.3 91.2 5.7 102.5 2.9
BF-3-16 3 0.6 48.1 2.8 89.8 4.1 99.8 0.2
BF-12-2 12 0.075 47.9 2.4 89 3.1 101.3 1.7
BF-12-4 12 0.15 49.7 6.2 92.7 7.4 105.1 5.5
BF-12-8 12 0.3 53.4 14.1 99.3 15.1 112.3 12.8

BF-12-12 12 0.45 51.2 9.4 93.7 8.6 103.6 4.0
BF-12-16 12 0.6 49.1 4.9 91.2 5.7 101.2 1.6
BF-18-2 18 0.075 49.4 5.6 90.5 4.9 102.3 2.7
BF-18-4 18 0.15 51.2 9.4 95.3 10.4 107.8 8.2
BF-18-8 18 0.3 54.3 16.0 101.4 17.5 114 14.5

BF-18-12 18 0.45 52.5 12.2 96.3 11.6 105.7 6.1
BF-18-16 18 0.6 50.8 8.6 93.8 8.7 102.7 3.1
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BF-0 - 0 46.8 - 86.3 - 99.6 - 

BF-3-2 3 0.075 47 0.4 86.8 0.6 99.3 -0.3 
BF-3-4 3 0.15 48.6 3.8 88.4 2.4 101.7 2.1 
BF-3-8 3 0.3 52.4 12.0 96.8 12.2 107.5 7.9 

BF-3-12 3 0.45 49.3 5.3 91.2 5.7 102.5 2.9 
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BF-18-4 18 0.15 51.2 9.4 95.3 10.4 107.8 8.2 
BF-18-8 18 0.3 54.3 16.0 101.4 17.5 114 14.5 

BF-18-12 18 0.45 52.5 12.2 96.3 11.6 105.7 6.1 
BF-18-16 18 0.6 50.8 8.6 93.8 8.7 102.7 3.1 
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3.3. Impact Resistance

Drop-weight tests were used to measure the impact resistance of HPC mixes in this
study. The test method is a modified version of that of the American Concrete Institute
(ACI) committee, as recommended by Badr and Ashour [36]. The process is attained
through a steel hammer with a total mass of 13.5 kg dropping from a 457 mm height
onto a steel ball with a 63.5 mm diameter which is placed upon the central surface of the
cylindrical (150 × 65 mm) concrete disc specimens made with a 25.4 mm triangular notch.
Figures 7 and 8 show the drop-weight test setup. The number of blows required to cause
a visible surface crack and subsequent failure were recorded for each specimen. Failure
was defined by either complete separation of the specimen or the impact piston being fully
embedded in the concrete [4].
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These values are similar to those reported by other researchers using the same test 
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In compliance with the ACI 544 committee report, the number of blows which are
required to produce the crack initiation have been recorded as the total strength of such
an initial crack; however, the number of blows which are required to obtain the complete
failure of the specimen are recorded as the strength of the fracture. Such a technical method
is used by various previous researchers [37,38]. The capacity of energy absorption used
within the test has been calculated through the use of Equation (1) [39]:

IE = mgHN (1)

where
IE—impact energy (N.m),
m—the mass of dropped ball (13.5 Kg),
g—the gravity-based acceleration (9.8 m/s2),
H—the height of drop (457 mm),
N—number of blows at ultimate failure.
These values are similar to those reported by other researchers using the same test

method [36,40]. This high variation in behavior could deter the practical application of
the fiber, since it is probable that a practicing engineer would prefer to have a higher level
of certainty in expected behavior [4]. Additionally, the results are confined to the loading
conditions of the test method (13.5 kg dropped from 457 mm).

In terms of the influence of BF on impact, the results from the study by Branston
et al. [4] indicated that BF had no significant effect on the impact resistance of concrete.
However, the study by Niaki et al. [29] on polymer concrete showed that the incorporation
of BF resulted in the higher impact resistance of the polymer concrete up to a dosage of
3%. Moreover, the reduction at higher BF dosage in the study by Niaki et al. [29] can also
be attributed to the balling effect which results in less activation of the fibers as they are
clumped together.

Table 5 illustrates the drop-weight impact test results. In this table, Vf is the volume
fraction of basalt fibers, t is the thickness of the specimen, and D is the diameter of the
specimen. Figure 9 demonstrates the average impact toughness (Energy/volume) of the
HPC mixes, compared to the control mix (BF-0). It is clear from the figure that the addition
of BF to the HPC has a direct effect on the impact toughness. At any BF length, increasing
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the fiber content up to 0.3% increased the impact toughness. Beyond that, the impact
toughness showed relatively less increase or decrease compared with the corresponding
control mix BF-0. Using 0.075%, 0.15%, 0.3%, and 0.45% fiber contents increased the impact
toughness by 3%, 33%, 101%, and 73%, respectively, at 3 mm length BF; by 24%, 97%,
194%, and 149%, respectively, at 12 mm length BF; and by 86%, 261%, 361%, and 298%,
respectively, at 18 mm length BF. The increase in impact toughness with increasing the
BF content is attributed to the crack-bridging effect that delayed the cracks’ initiation and
limited the cracks’ propagation.

Table 5. Test results for impact energy and impact toughness.

Mixture
No.

Fiber
Length
(mm)

Vf
(%)

Number
of Drop

t
(mm) D (mm)

Specimen
Volume

(m3)

Impact
Energy

(J)

Specimen
Mass
(kg)

Energy/
Volume
(kJ/m3)

Energy/Mass
(J/kg)

BF-0 - 0 22 65 151 1.163 × 10−3 1331.5 2.65 1144.9 502.4

BF-3-2 3 0.075 23 66 151 1.181 × 10−3 1392.0 2.78 1178.6 500.7

BF-3-4 3 0.15 28 63 150 1.112 × 10−3 1694.6 2.68 1523.9 632.3

BF-3-8 3 0.3 43 64 150 1.130 × 10−3 2602.4 2.71 2303 960.3

BF-3-12 3 0.45 36 63 149 1.098 × 10−3 2178.8 2.61 1984.3 834.8

BF-3-16 3 0.6 18 64 149 1.115 × 10−3 1089.4 2.63 977.0 414.2

BF-12-2 12 0.075 27 65 150 1.148 × 10−3 1634.0 2.69 1423.3 607.4

BF-12-4 12 0.15 41 64 148 1.100 × 10−3 2481.4 2.61 2255.8 950.7

BF-12-8 12 0.3 64 66 149 1.150 × 10−3 3873.4 2.73 3368.2 1418.8

BF-12-12 12 0.45 54 65 150 1.148 × 10−3 3268.2 2.71 2846.9 1206.0

BF-12-16 12 0.6 19 66 150 1.165 × 10−3 1150.0 2.68 987.1 429.1

BF-18-2 18 0.075 41 66 150 1.165 × 10−3 2481.4 2.73 2130.0 908.9

BF-18-4 18 0.15 77 63 151 1.127 × 10−3 4660.2 2.68 4135 1738.9

BF-18-8 18 0.3 103 66 151 1.181 × 10−3 6233.8 2.79 5278.4 2234.3

BF-18-12 18 0.45 84 64 149 1.115 × 10−3 5083.8 2.70 4559.5 1882.9

BF-18-16 18 0.6 20 64 151 1.145 × 10−3 1210.4 2.69 1057.1 450.0
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At any given BF content, except 0.6%, increasing the fiber length increased the impact
toughness. Using BF lengths of 3 mm, 12 mm, and 18 mm increased the impact toughness by
3%, 24%, and 86%, respectively, at 0.075% BF content; by 33%, 97%, and 261%, respectively,
at 0.15% BF content; by 101%, 194%, and 361%, respectively, at 0.3% BF content; and by 73%,
149%, and 298%, respectively, at 0.45% BF content. The use of longer fibers demonstrated a
stronger anchorage that enhanced the connectivity of the concrete matrix components, and
hence resulted in relatively higher impact toughness.

Increasing the BF content to 0.6% decreased the impact toughness by 15%, 14%, and
8%, respectively, at 3 mm, 12 mm, and 18 mm length BF. At 0.6% BF content, the impact
toughness decreased by 8–16% regardless of the BF length. The adverse effect of BF used at
0.6% content with any length was due to the BF balling and having lesser distribution within
the concrete matrix, which caused multiple voids and resulted in easy crack propagation
under impact loading.

Figure 10 shows the failure mode of some HPC specimens under impact loading. In
BF-0 mix, the crack extended from the specimen center in the radial direction toward the
specimen perimeter which exhibited brittle and sudden failure (single large crack). This
was due to the low tensile strength and lack of bonding in the transition zone between the
aggregate and cement matrix which obviously restricted the utilization of the HPC under
dynamic loading as shown in Figure 10a. Similar results were obtained in the HPC mixes
with different BF contents resulting in a slight change in failure patterns and the occurrence
of a single crack as shown in Figure 10b,c.

J. Compos. Sci. 2023, 7, x FOR PEER REVIEW 14 of 20 
 

 

At any given BF content, except 0.6%, increasing the fiber length increased the impact 
toughness. Using BF lengths of 3 mm, 12 mm, and 18 mm increased the impact toughness 
by 3%, 24%, and 86%, respectively, at 0.075% BF content; by 33%, 97%, and 261%, respec-
tively, at 0.15% BF content; by 101%, 194%, and 361%, respectively, at 0.3% BF content; 
and by 73%, 149%, and 298%, respectively, at 0.45% BF content. The use of longer fibers 
demonstrated a stronger anchorage that enhanced the connectivity of the concrete matrix 
components, and hence resulted in relatively higher impact toughness. 

Increasing the BF content to 0.6% decreased the impact toughness by 15%, 14%, and 
8%, respectively, at 3 mm, 12 mm, and 18 mm length BF. At 0.6% BF content, the impact 
toughness decreased by 8–16% regardless of the BF length. The adverse effect of BF used 
at 0.6% content with any length was due to the BF balling and having lesser distribution 
within the concrete matrix, which caused multiple voids and resulted in easy crack prop-
agation under impact loading. 

Figure 10 shows the failure mode of some HPC specimens under impact loading. In 
BF-0 mix, the crack extended from the specimen center in the radial direction toward the 
specimen perimeter which exhibited brittle and sudden failure (single large crack). This 
was due to the low tensile strength and lack of bonding in the transition zone between the 
aggregate and cement matrix which obviously restricted the utilization of the HPC under 
dynamic loading as shown in Figure 10a. Similar results were obtained in the HPC mixes 
with different BF contents resulting in a slight change in failure patterns and the occur-
rence of a single crack as shown in Figure 10b,c. 

 
Figure 10. Fracture pattern of concrete with different fiber volume fractions under the drop-weight 
test. 

Moreover, the addition of BF at 8 kg/m3 to the concrete improves the high resistance 
and maximum displacement response, in addition to changing from a single crack to mul-
tiple cracks as shown in Figure 10d–f. In terms of Figure 10g, it is notable that there are 
two apparent cracks due to adding basalt fibers at 12 kg/m3. Clearly, such a formed shape 
is considered to have a recommended pattern because of the ability of basalt fibers to 
bridge apparent cracks often according to stress, which further enhances the ductility and 
effectively reduces the brittleness of the specimens. However, adding basalt fibers at 16 
kg/m3 leads to the failure crack pattern being changed from group cracks to a single crack. 
Owing to the basalt fiber that is balled and is not distributed well inside the concrete, this 
results in voids that reduce the strength of the concrete and the failure of crack patterns 
are similar to that of the plain concrete as shown in Figure 10h. 

The results denote the ability of BF to bridge the cracks at higher strain levels in the 
specimens of high-performance concrete (HPC), resulting in a better ductility response. It 
can also be seen that the HPC specimens with an 8 kg/m3 basalt fiber content exhibit higher 
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Moreover, the addition of BF at 8 kg/m3 to the concrete improves the high resistance
and maximum displacement response, in addition to changing from a single crack to
multiple cracks as shown in Figure 10d–f. In terms of Figure 10g, it is notable that there
are two apparent cracks due to adding basalt fibers at 12 kg/m3. Clearly, such a formed
shape is considered to have a recommended pattern because of the ability of basalt fibers
to bridge apparent cracks often according to stress, which further enhances the ductility
and effectively reduces the brittleness of the specimens. However, adding basalt fibers at
16 kg/m3 leads to the failure crack pattern being changed from group cracks to a single
crack. Owing to the basalt fiber that is balled and is not distributed well inside the concrete,
this results in voids that reduce the strength of the concrete and the failure of crack patterns
are similar to that of the plain concrete as shown in Figure 10h.

The results denote the ability of BF to bridge the cracks at higher strain levels in the
specimens of high-performance concrete (HPC), resulting in a better ductility response.
It can also be seen that the HPC specimens with an 8 kg/m3 basalt fiber content exhibit
higher superiority in ultimate resistance and deformation capacity. Significant stress re-
distribution is observed after the cracking of the HPC specimen with a chopped basalt fiber
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content of 8 kg/m3, demonstrated by a deflection-hardening response. A ductile failure,
under impact loading, is also observed in the fiber specimens.

Generally, the mixtures containing BF are essential especially in impact resistance
strength in the case of comparison to the control mixture without BF (0%). All specimens
containing BF are clearly influential in preventing separation through bridging the crack
due to the increase in bond strength and coherence across the cement paste within the
mixtures containing BF in addition to coarse aggregate. Such additions demonstrate the
domains in which BF would be beneficial to high-performance concrete (HPC), which
are the domains that are submitted to such impact loading. It is clear that BF has a clear
effectiveness in a specimen’s brittleness reduction; in addition, fibers improve the concrete’s
ability to absorb such kinetic energy.

3.4. Relationship between Impact Energy and Compressive Strength

The relationship between the impact energy and compressive strength of basalt-fiber-
reinforced high-performance concrete at ultimate failure has been developed by regression
analysis as shown in Figure 11. As the volume fraction of basalt fiber increased; both the
compressive strength and the impact energy were increased. The correlative co-efficiency
for all the specimens has been 0.667 at 457 mm height.
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Figure 11. Relationship between impact energy and compressive strength.

It can be seen in Table 5 that the predicted value of impact energy is obtained from the
regression equation. These predicate values are in good agreement with the experimental
observations [39]. In the view of convenience and generality, the empirical relationship is
accurate and preferable to evaluate the impact energy by using the compressive strength of
basalt-fiber-reinforced concrete with carrying out the drop-weight test [40].

3.5. Microstructural Analysis

SEM analysis was carried out on concrete samples taken from some HPC mixes tested
at 56 days in compression and shown in Figure 12. In the mix BF-0 that contains no basalt
fibers, many components were observed, namely the following: calcium silicate hydrate
(C-S-H); calcium hydroxide (Ca (OH)2); in addition to many pores and cracks that were
found in the interfacial transition zone (ITZ). This led to a relatively low compressive
strength compared with the other mixes as shown Figure 12a. In Figure 12b, the presence
of BF in mix BF-18-8 resulted in a strength increase by bridging the cracks, and the basalt
fibers appear to be well embedded and connected to the matrix.
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Regarding Figure 12c, the BFs that are embedded also generate some cracks with
random orientations which would decrease the strength but increase the deformability by
debonding between the cement and aggregates. This is mainly due to the effectiveness
of the basalt fiber in preventing the growth and scope of cracks within the concrete’s
structure, which gradually prevents the concrete’s strength weakness to allow the concrete
to preserve and retain some post-cracked strength and to resist any apparent deformations
much more than the concrete without fiber [41,42]. For the BF-reinforced concrete, the BFs
are embedded within the matrix, which fills the pore space so that less crystalline CH in
addition to a much more C-S-H gel–like phase is produced. Thus, such a case leads to a
higher strength and density than that of the plain concrete as shown in Figure 12d.
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4. Conclusions

This laboratory study examined the compressive strength and impact resistance of
HPC with basalt fibers. The effect of basalt fibers at different volume fractions on the HPC
was evaluated. Additionally, microstructures were investigated by scanning electronic
microscopy SEM. Based on the study, the following conclusions can be drawn:
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1. BF was added to the high-performance concrete with the aim of increasing both the
ductility and the mechanical properties. The amount of BF influenced the workability
of the final product.

2. Using chopped basalt fibers enhanced the compressive strength of the concrete. The
optimum compressive strength value was obtained using a BF content of 8 kg/m3.
When the volume fraction of basalt fiber was 8 kg/m3, the compressive strength
was increased by 16.00%, 17.50%, and 14.45% at ages 2, 28, and 56 days, respectively,
compared with that of HPC without fiber.

3. The empirical relationship between the impact energy and compressive strength,
obtained from regression analysis, shows that the predictable values are in a good
agreement and integration with the empirical data.

4. Based on the experimental results, the addition of BF increased the number of blows
that the high-performance concrete was subjected to at ultimate failure compared with
HPC without fiber. Moreover, the results indicated this addition of BF significantly
influenced the impact toughness of the concrete when subjected to impact loading.
In the case of impact loading, the impact toughness significantly increased with a
dosage of 8 kg/m3 of BF compared with reference concrete. Therefore, the failure
mechanism showed less brittleness throughout, changing from a diagonal to a radial
failure pattern.

5. The SEM observations of the concrete showed that the BFs which accumulated in
pores and on the surface of the attached mortar could both strengthen the concrete
and improve the microstructure of the interfacial transition zone (ITZ), which further
enhanced the bonding strength and ductility of the concrete.

6. It is recommended for future studies to further develop and verify the relationship
between the concrete impact resistance and compressive strength using more experi-
mental measurements.
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